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Abstract

NASA sott-landed two Viking spacecraft on Mars in the summer ¢! 1976. These were
the free world’s first landings on another planet. This report provides a final,
comprehensive description of the navigation of the Viking spacecratt throughout their
flight from Earth launck to Mars landing. The tlight path design, actual intlight control,
and postflight reconstruction are discussed in detail. The report 1s compnsed of an
introductory chapter tollowed by five chapters which essentially correspond to the
organization of the Viking nawigation operations, namely, Trajectory Description,
Interplanetary Orbit Determination, Satellite Orbit Determunation, aneuver Analysis,
and Lander Flight Path Analysis. To the extent appropriate, each chapter describes the
preflight analyses upon which the operational strategies and performance predictions
were based. The inflight results are then discussed and compared with the preflight
predictions and, finally, the results of any postflight analyses are presented.
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Introduction

W. J. O’Neil and R. P. Rudd

The free world’s first landing on another plaret was
accomplished by the Viking 1 Lander when it flawlessly
soft-landed on the Martian plain Chryse Planitia at 04:53 PDT,
July 20, 1976. Less than two months later, the Viking2
Lander performed an equally magnificent landing on the
Martian plain Utopia Planitia at 15:37 PDT, September 3. It is
particularly significant that the very first attempt at such an
extraordinary feat was completely successful. Viking 1 landed
within 30 km of its target more ihan 300 million km from
Earth. Viking 2 landed within 10 km of its target. Both landers
have transmitted a tremendous amount of high-quality sci-
entific data to Earth via relay links with their parent vehicles,
Viking Orbiter 1 and Orbiter 2. Both Viking spacecraft con.
sisted of a Lander attached to an Orbiter. The Orbiter was
desigred to carry the Lander into Mars orbit, observe
candidate landing sites with television and infrared (IR)
instruments, deliver the Lander to the required position and
velocity to begin its descent, and to subsequently relay data
frrm the Lander to Earth during descent and throughout the
Lander’s 90-day surface mission. By “station-keeping” the
Orbiter in a near Mars-synchronous orbit (24.6-h perioé), the
Orbiter flew over the lander once each Martian day maintain.
ing a 30-60 minute communication link during which it
received and recorded Lander data at 16 kbps. Between the
daily links the data was played back to Earth at 8 kbps. In
addition to relaying the Lander data, both Orbiters also

transmitted tens of thousands of television pictures and IR
observations of Mars obtained by the Orbiters’ own science
instruments, Comprehensive discussions of the science data
obtained by the Landers and the Orbiters are presented in
Ref. 1.

This publication presents a final, comprehensive report on
the design, control, and reconstruction of the flight paths of
all four Viking vehicles. The initial work on the flight path
including the specification of requirements on the flight
hardware was done by the Viking Navigation Working Group
(NWG) from 1970 to 1973. In 1973 the Viking Flight Path
Analysis Group (FPAG) absorbed the functions and most of
the membership of the NWG. The FPAG continued the flight
path design, developed the navigation strategies, procedures,
and operational software and, ultimately, performed the
inflight navigation. Viking navigation included the precise
determination of the spacecraft trajectories (classically re-
ferred to as orbit determination), prediction of the trajec-
tories, design of the propulsive manecuvers required to effect
the necessary trajectory changes, and calculation of the Lander
descent guidance parameters.

The FPAG was a multi-agency team led by the Jet
Propulsion Laboratory (JPL) with members from JPL, Langley

b e et~



Research Center, Martin Manetta Aerospace Co . General
Flectnie Co.,und Analy licdd Medhanio Assoaates, Tnc, Tiguies
la and Ib present the FPAG as 1t existed durning the primary
nussions. Figure la hists the membership of cach team and
gves the aftiliation of each member mn recognition of the
contribution of his orgamzation. One of the most significant
tfactors contributing to the totally cohesive mitlight operation
of the FPAG was that oxcellent workmg relationships were
developed over the many yews the FPAG worked as a teamm
prepaning tor thght. Dunng the fhght all members were
co-ocated and  functioned as a umit without regard to
company affiliation.

Figure 1b identifies the tunctions of each FPAG team. The
Interplanetary  Orbit Determination Team (IPODT) was re-
sponsible for trajectory determination and prediction to the
point of engine igmtion tor Mars Orbit Insertion (MOI). The
Satellite Orbit Determination Team (SATODT) was respon-
stble for these functions after MOL. The SATODT was also
responstble for determining the landed location of each Lander
hased on radio tracking of the Lander. Radiometric tracking
data (two-way doppler and range) provided by the JPL Deep
Space Network (DSN) was the principal data type used in the
orbit determination process. The Tracking Data Conditioning
Team (TDCT) was responsible for editing and calibrating the
data for use in the JPI Orbit Determination Program (ODP).
The ODP was the primary orbit determination tool. All the
FPAG software operaied in the Univac 1108 computers at
JPL. During the Mars approach phases, optical tracking data
were also extensively used in the OD process. The optical data
were obtained by imaging either Mars or its natural satellite
Deimos against the star background with the Orbiter television
system.

Thie Orbiter Maneuver and Trajectory Team (OMATT) was
responsible for developing the maneuver strategics and design-
ing each individual propulsive maneuver required to deliver the
Viking Spaceciaft tu the proper position and velocity for
initiating the Lander descent. The orbit defined by this
position and velocity was known as the “separation orb.t™ —
the key navigation interface between the Orbiter and the
Lander. Specification of the separation crbit was a joint
responsibility of the Lander Flight Path Analysis Team
(LFPAT) and the OMATT. The strategy for achieving the
separation orbit was complicated by the necessity to observe a
variety of candidate landing sites under stringent observation
conditions prior to the Project commitment to land. The
OMATT was also responsible for the postlanding strategies and
individual maneuvers required to station-keep the Orbiter with
respect to the Lander to maintain adequate relay geometry
and, alternatively, to desynchronize the Orbiter, causing it to
“walk” around the planet in order to obtain global science
observations. Unlike its predecessor, Mariner 9, the Viking

Project routmely utilized attitude maneuvers of the spacecraft
to owveicome the physical linutations of the Orbiter sean
plattorm m order to pomt the science mstruments m any
direction and/or abign an mstrument raster o a preferred way
around 1ts boresight, The design ot these “non-propuisive”™
maneuvers was 4 joint tesponsibility of the OMATT and the
Orbiter Science Sequence Team (OSST). Fwmally, the OMAIT
dlso gererated all Viking Spacecraft/Orbiter tryjectory data
required by the Project.

The prmeipal mancuver tools of the OMATT were the
Midcourse Maneuver Operations Prograin (MMOP), the Mars
Orbit Insertion Operations Program (MOIOP), and the Mars
O:bit Trim Operations Program (MOTOP). Each program had
a design and analysis capabibty including Monte Carlo simula-
tions with appropnate approximations for predicting trajec-
tory control accuracy and propellant expenditure statistics.
Each program also had a single maneuver, high-precision
targeting capability. The JPL n-body. double-precision trajec-
tory program, DPTRAIJ, was the principal trajectory tool and
was the Project standard for flight path computations except
for the -« nspheric phase of the Lander descent.

The < inder Flight Path Analysis Team (LFPAT) was
responsible for the design and control of the Lander thght
pith from separation to touchdown. This involved the
precision targeting of the Lander's deorbit maneuver, genera-
tion of the attitude to be commanded at key points along the
trajectory, and specification of timed backup commands for

critical events to be sensed onboard. All the Lander Jescent
commands were stored in the Lander’s Guidance, Control and
Sequencing Computer (GCSC) days before separation, S, with
a routine update performed at S-39 hours and, as required,
updates at S-9.5 and S-3.5 hours. Following separation the
descent was completely autonomous - no command could be
received by the Lander until it was on the Mars surface.
Basically, the Lander attitude commands were 3 X 3 trans-
formation atrices relating the desired attitude to the
Lander’s attitude at the instant of separation. Attitude changes
were specified for the deorbit maneuver burn(s), beginning of
descent coast, mid-coast, pre-entry, and entry. Attitude
control was maintained with an RCS hot gas system until
0.05 g was sensed. After 0.05 g, aerodynamic stability main-
tained pitch and yaw control; an RCS was required for roll
control all the way to touchdown. It was crucially important
to maintain the proper angle of attack with the RCS to the
0.05 g point. This was accomplished by initiating a pro-
grammed pitch maneuver in concert with the pre-entry
attitude command.

The LFPAT targeted the deorbit maneuver and generated
the attitude command parameters using the Lander Targeting
Operations Program (LTOP). The Lander Trajectory Simula-
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tion (LATS) program was the P.oject standurd for computy-
tion of the Lander’s desceni through the Mars atmosphere.
LATS was a six-degree-of-ficedom, high-fidelity simulation
including the Lander’s attitude control svstem response
characteristics. The LFPAT used LATS to venfy the descent
guidance parameters generated by LTOP. These parameters
were independently checked to the 0.03 g point by OMATT
using DPTRAJ and auxiliary software. External to FPAG, the
Lander Support Office (LSO) at Martin Marietta Aerospace 1
Denver performed a complete simulation of the descent based
on the GCSC command load using the Viking Control and
Simulation Facility (VCSF). The VCSF contained a hybrid
analog-digital tacility utilizing bit-by-bit simulation.

The LFPAT was also responsible for reconstructing the
Lander trajectory from separation to touchdown using teleme-
tered onboard measurements from the IRU and pressure and
temperature probes in conjunction with bes* estimates of the
separation state vector and the landed location based on radio
tracking data. The PREPR (Preprocessor for Lander Trajectory
and Atmosphere Reconstruction) Program was used to smooth
the telemetered data and compensate the IRU data for cg
offset affects. It was also used to fill data gaps with simulated
data from LATS (subscquent processing required continuous
data). The Lander Trajectory and Atmosphere Reconstructiun
Program (LTARP) was then used to estimate the trajectory
based on the ‘‘sensed™ data file prepared by PREPR and the
estimates of the separation state and landed location provided
by the Satellite Orbit Determination Team.

Finally, the LFPAT was responsible for predicting the
performance of the Lander-to-Orbiter relay links. The Postland
Relay Link Program (RLINK) was the primary tool for this.
RLINK solved the geometrical problem of determining the
path of the Lander-to-Orbiter line-of-sight through the antenna
gain patterns of both vehicles based on the input trajectory of
the Orbiter and the input attitudes of both vehicles. The
resulting predictions of link margin (in dB) vs time were used
to establish when to turn the Lander transmitter and Orbiter
receiver on and off.

The foregoing has merely identified the primary functions
of the FPAG teams. In subsequent chapters of this report,
each team reports in full detail its inflight and postflight
activities, including all pertinent numerical results. (The only
exception is the Orbiter Science Sequence Team; its activities
are reported in Ref.2.) Each chapter is essentially self-
contained and the sequential order of the chapters is arbitrary,
Consequently, the reader may direct his immediate attention
to the chapter(s) of his primary interest.

Figure 2, which was extracted from Ref.3, presenis a
functional description of the total Viking Flight Team (VFT)

organizat.n. The figuie is included here to show the relation-
ships between the FPAG and the other clements of the VFT.
The total membership of the VET exceeded 800 people during
the primary misston.

The FPAG was instrumental in developing an operational
scheduling format that resulted in working schedules providing
considerable detail (event times resolution to 10min) yet
remarkable clarity for tens of days of the mission at a glance.
An example schedule in its actual working form is shown in
Fig. 3. These schedules were unique in providing for imme-
diate reconciliation of trajectory events (e.g.. time of peri-
apsis), command windows, and personnel schedules (particu-
larly metabolic considerations).

The remainder of this introduction is devoted to an
overview of the Viking flight path design followed by synopsis
of the inflight navigation activities on both Viking missions
tfrom launch to landing.

Please note that a comhiete list of acronym definitions is
given in an appendix to this /ntroduction. Most readers will
find it nec ssary to refer to this list for terminology used
throughout the remainder of this report.

I. Flight Path Design

As stated carlier, each Viking spacecraft consisted of a
Lander attached to an Orbiter. The Orbiter was designed to
carry the Lander into Mars orbit and perform a series of orbit
trim maneuvers to deliver the Lander into the separation orbit.
The requirements for site observations pre-landing and daily
post-landing Lander to Orbiter relay radio transnussions dic-
tated the design of a Mars synchronous separation orbit with a
periapsis altitude of 1500 km. The Mars synchronous orbital
period is 24.6 h. The period control accuracy requirement
was 4 min to ensure adequate relay communications geom-
etry for at least five (Mars) days after landing without any
reliance on Lander transmitter or Orbiter receiver timing
adjustment commands from earth. The tolerance on periapsis
altitude was - 50 km, +150 km. The lower limit was based on
relay considerations; the upper limit on constraining landing
dispersions.

The Lander was designed to perform a deorbit maneuver
shortly after separation from the Orbi r while in the
separation orbit to effect its descent and atmospheric entry.
The relationship between the separation orbit and the descent
trajectory is illustrated in Fig. 4. Duning descent the Lander’s
electrical power was supplied by batteries which were charged
by the Orbiter prior to separation. Battery capacity con-
strained the maximum allowable descent coast time (from

{Text continues on Page 13)
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SOFTWARE SUPPORT OFFICE

1. Coordinate analyses of VO, VL, and VMCCC

software failures detected and/or reporte.
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and VMCCC software change reguests

3, Coordinate implementation of approved VO,
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VMCCC software changes and new system
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-
bslosféz‘uumenls 10 enhanre scrence data refurn 3 Report Surtace Samgler status fo Lander 3 Distribute VL science analys:s program run praducts A5 :‘m'a.n Vl’lvclnmcl uplinks.
1 Knowledge aouired from Viking data Science Teams , fo science teams . “:u,:'v?' smn'u slu'm‘.u;q
b Better than planned systems perlormance 4, Sugport the development of V(L SOE's 1nvolving 4 Coordinate sctivities o* Lander Scrence Team Data ; p v science (nstrument s afety
3 Recommend revisions tn Mission Wrofile and/or VL use df the Surtace Samler Processing personnel with respect to (nitrument 0rne science uplink changes with MPG o8
SOF requirements 1o ennance science date return S Operate ang meintain the STL as required to performance evalugtion . ;“‘
necessitated by lower than pianned systems Gevelop ang verity VL SOE's S Assist i budgeting and control of Lander Science b Provide requ ral software program data base trac
Derformance or (asiures 6 Veriy the satety of commands which include Team computer usage -
4 Deveioy the Broiogy Investigation SOF Surtace Sampler operations
5 Review and concur with ail Mssion Profile andlor 7 Susgort ocopiration of madels of the Martian
VL SOF changes that effect V1. 5 nce . "Wf":" for exch landing m'
5 Dene required VL science insirument settings for the o ':"" Lander Science Teams the data
Nominal mission mdl revise a5 necessary ' m'u"':” contlicts on Surface
T Maintaic /L science insteument performance files
& Define VL science instrument TM channe) slorm ¥ Propare Surface Sampier pertormance
timits foorts
9 Monltor and analyze downlink data to deter mine VU
science Instrument atudl oerfor mance
10, Regort VL science instrument perior mance snalysis

Support the MCO in VO science data record
Dreperation, 0ata processing and comouter dats
analysis

0, Provide interpreted VO science data for use 23

1
1

PUblic 1n*3r mation
Suport L3S she certitication actrvities
Prepare VO schence raports and Propct regorts

. Support LSS sine certificaion activities

results and aperationat status

Oetermine imgacts of VI, parformance and planned Vi
science SOE's on VL sclence instrument periermance

Anaiyze and diagnose VL science instrument anomaties
and recommend afternate procedures

Prepare VL science instrument performance reports

Pertorm spacial Vi science tests  Caisbrations, v stusies.
8 resuired

Establish VL science dale return and precessing
requirements and priof ities

MaIntin and operate the VL science analysis

wiware
Prepace surisce madel e each (anding site
Operate the SPM
Qperate the GRE
Suppert the MCD in Vi data record prepar stien, dets
processing, snd computer Sets anslyuis -
Provide interpreted VL science data for use 8
public information

Prepace Vi science regerts and Project reperts
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MISSION PLANNING CROUP

| Generate Mission Prohiiey
2 Pertorm first-order S/C and ground system

constraint checks

3. Support LSS site cartification activities
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ORBITER PERFORMANCE ANALYS S GROUP

Generate and vaidate daily VO SOt s to impement *he Vession Profile

Genergte commanas for ail VO sequences

Analyze VO downlink diata 10 deter mine system ard sudsysiem pertormance
including VO science instrument performance

Pertorm real time analysiz of VO engineering data during «ritical
MissIon periods

Analyre and dugnose VO anomalres an¢ recommend work -afounds

Oevelop VO propulsive and non propulsive maneuyer SOE s ard protmtires

Evatuste xtual VO maneyver perfor mance

Provide nominai perfor mance himits for each VO enqineering data channel

Provide and update @3 required vO TM Lalidration tadles

Generate VO TM alarm and suppresston fimits

Provide leierommunications &quisition and link perfor mance predictions

Evaluate VO perfor mance trends and predict systen ang subsyuter
performance

Maintain VO system visibitity for perfor mance er hancement

Mantain VO systerr and subsvstem perfor mance files

PEA SCIENCE SEQUENCING TEAM
VL scince uphink changes info the uphink

Tasurance of manmum quantity and quatity
Moe VL science uplinks

7T VL science seuencing

VU science instryment satety

.7 oscience uphink changes with MPG and

| W 1T Softwiire program data Dase teackir 1

PROFILE INTEGRATION TEAM

Supeort 0SC and LSG in the deveiopment of
PCRs
. Maintan the WPS
Develop non-science VO Mission Profiles
Integrate VO science and non-science
Mission Profiles
Develop RS) Mission Profiles
Chack first order VO and ground system
constraints
Deveiop merged 4 vehiclel Mission Protis
Determine OSN station requirements
Oefine propulsive maneuver design

'2 irements

*w mwp =

LANDER PR PMLNT

+ Suppert LSG in development of VL PCR's
2 Deveicy VL Mission Prafiley
3 Cihack first-order VL constraints

e~ e

B e

[

ORBITER SYSTEMS ANALYSIS TEAM

Conduct long-term trand studies on ail enginesring parameters and evaluate
these long-term trends in terms of future VO perfor mance

. Menitor and anaiyze downlink data 1 determine YO scrence instryment

ngineering performance

Assess the impact of any untavorabi» trends on future VO performance aind
Seveiop strategies %0 Counter these adverse trends

Proguce VO maneuver SOE's with 2330C1ated CONtINGENCy urf SNgEments

Agpr dise the tizal performance of VO maneuvers and input any aoverse
Hpacts 10 the OCAST

Provide real-time YO analysts supgort during critical mission periods

Maintain a readiness fo respond to VO enyinsering channel alarm violations

Meintain & readingss posture such Ihat an uplink response Can de intiated
after notetication of 3 major VO anomaty

Provide a priori VO saling commands to OSCOT

, Provide YO TM channel alarm and sugeression limits for long=term

changing dsta

. Perform on a daily Baais, actual uplink and Aownlink VO telecom perfor mance

analyses, and furnish inputs to the OCAST on major discrepancies from
predictions

. Provide actual VO scan platiee m pointing directions for all science seuences

auecuted taking into accoumt S/C itmit cycles and misalignments of
deformities in the scan platiorm

Develop and recommend any special enginest ing tests for dealing with
non-standard of anomataus VO pertor mance

Assist the DSN in resl time and non-real time :n evaluating VO data qualrty

. Pertorm all required anatyses for closing out VO PFR's and VISA'S

o -

-

o

- pm ~

ORBITER COMMAND AND SEQUENC INC TEAM

Generate VO telemetry alar ™ imits tof short term changing data

Transter to 0SCOT darty alarm and suporession timits for il vC
engineering data

Provige the DSN with pregictions of station AGL s ang SR 5 a3 3 'unctior
of time for each OSN station 5 Bass

Praduce daily predwcts of upitnk and Gown(ini VO telecom 1Nk pardieters

Provide technicai support 10 the MPG for efticrent ata marageent it
plannIng VO science sequences

Coordirgte with the LPAG in the es1@lisnment of pradicts for the
parameters of the daily rélay Hink

Produce and vaikiate VO SOE's that implement aporoved Mission Profies

Produce validated VO rommand ioads for executing intendes VO 508 s

Produce valdated VO “tweak’ commands to enadle late updating of
3010C100 parameters 1N IMMINENT Dropuisive Maneuvers

Proguce predictions of VO telemetry responses associated with vO SO€ s

fstablish VO system and suds sstem performance dala processing
requirements and pfior hiey

Meintain 3 1brary of VO system and subsystem performance histor)

ORQITER SCIENCE PROFILE DEVELOPMENT TEAM

1 Sugport 0SG in geveigpment of VO PCR's
2 Develcg VO stience Mission Profiles

FOLDOUT FRAME

9~

RN




SPACECRAFT PERFORMANCE & FLIGHT PATH ANALYS 5 DIRECTORATE
Provide dsta and recommendations nesded in MBRING Mar MiSSIOr GeCisions
Generate S/C S0C's
Predict anatyze ang evaiute S/C perfor mance incluging VO scince

nstrument perfor mance
Cenerate commands
Provide and update TM Calitr stion tadles and alarm imits
Determine and predict &iusl SIC VO and VL trapiories and Maneuvers

% VO viewming cover me
Provide Macs 2tmosphere and wing mode!s based on oty dta
Estabingh metric tracking ang 5/C perfor mance data Processing requirements

ng priorifies
& Provioe real 1tme evaluation support to MCD uring ¢rHical Mmission oper stans

-~ -

-

-~

10 Support LSS site certitic shion activitiey
11 Detrne V{ test requirements for (SO support

LANDER PERFORMANCE ANALYS 1S CROUP

Gener e and vaikdate darly VI SOf 3 required io implement Mession Profiie

Generste Vi commands

Maintain V1 system and subsyslem perfor mance tiles

Provide and up dafe (as required’ the VI TM calibr stion tabies

Genergie VL TMchanne! alarm fimiy

fstatist Vi system and subsystem perfor mance Gate processing
requirements and priof ey

Anatyze downlink dats 10 deler mine VL systenm and subsyltem actual
gertormance

Anaiyle and d1agnote Vi anomdlies, recommend work-arounds

Predict VI TM 13000183 400 proviie alarm limst changes assacsated with
SOf changes

O Evatuste VL performance frends and predict system and subsyitem

performance
M Provide VL telecommunacations Xausiion ang 1ink parformance predictions

PRV SNV

© o=
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FLIGHT PATH ANALYSIS GROUP

Determine and predict actual S/C trajectorses

Assist the DSN In analyses of tracking data quatity

Generate trajactory data as required

Develop maneuver strategres and cakutate commandadie quantities for
VO and VL maneuvers

fvaluate actusl VO and Vi maneuver performance

Perform Vi trajectory design

Determine VL position on planet surtace

Reconstruct the v entry trajectory and derive an engineering mode!
of the Mars atmosphers and winds dased on entry data

Pertorm VO/VL retay irk geometry and margin caiculations

Design pracision VO science sequences

Determine actual VO science viewing coverage

Support radio entry science requirements

Support 155 site certrfcation xtivities

13 Support LSS vite cortiication K hivitigsy
14 Detine v( test requirements for |50 support

12 Maintan VL system visiility lor perfor marce enhancement

NG TEAM

1 changing data
"ty for 3l VO

L and SNR'S a8 3 tunction

Seiecom [Nk corameters
W 4ata mangmement in

prodicts for the

Powes Mussion Profiles
_intended vO SO€'s
13t updating of
nuvers
M1Aed with VO SOE's
Sata pracessing

~ -

@ @ o~ -

INDER SYSTEMS Y$is TEAM

Maintain VL system and subsystem peviormance files

Provide an¢ update 43 required Vi TM calibration
e

Generate VL TM channel alarm irmety

Estadlish VL system ang subsystem perforaanie duts
DIOCESHING requIrements ang prior s

Anaiyze Gowniink data 10 Setermine VL system and
subsystem actuat performance

Anatyze any G1agnose VL aromales, recommend
wOrk- rounds

Predict VL TM responses and provide alarm limit
changes :5300)aed with SOE changes

Evaluate vi performance teends and predict syshem
20 Subsystem peror mance

Provide VL telecommunic gtions Xquishion and hnk
pertormance sreextions

Mo1ntain VL system ang subsystem visBility for
peefor mance ennancement

Provioe supplemental Vi entry phase supgert ot JPL
8 roquired

L R COMMAND AND SEQUENCING TEAM

t Canerste and vatudate dly VI SOE's required o
implement the Mission Profile
2 Genersie VL commands

R
i

TRACK ING DATA CONDITION ING TEAM

1, Estadirsh metric tracking dats requirements

2 Monitor metric tracking data quantity and quatdy

3 Propare metric tracking cats quantity ang ouaiity report

& E3t mwtrac traciing Gata and prepare clean trking
datafiles

Provide pole motion and ttming dats

Provide ropospheric model Correction parsmeters

Provide sonospheric and interplanetary charged particie
calibration daty

Genarate fraquency independent DSN observable
pradictions lor the DSN and VMCCC

~p

ORBITER MANEUVER & TRAJECTORY TEAM

1, Develop candicate maneuver strategies In support of
mission planning

Andlyze planetaty quaranting requiremants

Destgn VO propulsive maneuvers

Design VO aftitude maneuvers

Determine VO commandable manauver parameters

Perform post-exscution VO maneuver anaiysss

Determine orbit Iifetime

Generate probe sphemer:s

Generate vO trajeciory data tape

Generate VO tra;sciory information

S om-upnmwn

INTERP ARY | VION TEAM

| Establish navigation meteic tracking data requivements

2 Pracess SK ratiometric tracking dats 1o deter mine current
best estimate of the interplanetary trapeciory

3 Establish requirements for monitoring and processing aperoach)
optical metric data

& Process meroach agtical metric data %o provide aptical Smsed
AProach it ppeckory estimate

S Pracess ragiometric tracking dsta and aperoach optical metrs
824 %0 provide improved aperoach trajeciory etimate and o
improve dynamic and dbservationat m 'y

ORRITER SCIENCE SEQUENCE TEAM

Design and deveiop hinal, precision W science scan

SRquences
Prapare YO selence scan soquence forecast
Prepare VO scionce scan seouence data package

SUMMANIZING GBS ervation CONGIONs and preeicted

-

Coverape
Detormmne actual VO science s:an sequence viawing
Coverage

-

—

SATELLITE ORDIT PETERMINATION TEAM

1. Estabiish novigation metric traching dat requirements
2 Prozess SK of VO rasiometric iracking Sata 1o deter mine

Current best estimate of 5 eitie ordit
1 Process 3K or VO radiemetric iracking dats 1o impreve
OFBal phase Bynamic and Bhservationsl medehs

& Pracess Vi ragiometr i traching dats to determine Vi position
5 Gonorse prabe sphemer iten

LANDER FLIGHT ©ATH ANALYSIS TEAM

Doveiop ang evaiuste candidate Smordit maneuver sir stegres

Dosign VL Gescent tramciory including deordit maneuver and
SAIshd trajeciary reisted garameters

Compule futl 312 -00gres -of -reesom dgrtal simy lation of
Profcted VL descont tr apctery

Support ord trim maneuver selection for landing

Support Lnding srie seiaction relative o VL (rajpectory desmn
<ansider shens

& Porform VL trapaciery, simesphare ang wing reconytruction
00 provie resuiting estimale of 1andes position

Pragict reigy 1k performance during sescent sng
st

- e

-~

~

-

Menrier 51 estimates of Lonesd potition and recommend
current best estimate
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ORIGINAL PAGE IB
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4, |dentity V1 anomalies and recommend emer=
gency cemmands necessary to safe the Vi
. Maintain appropriate alarms in the MICF and

Ditect and coardinate the operation of
the computer tacilittes

2. Prepare computer run requirements
p 3 Precure computer input decks, perform r
processing, and provioe outputy
for distribution ANALYS S SUPPORT TEAM
4. Pertorm special processing ang piotting
S, Distribute operational data products 1. Prepare input decks and run requests for science

0N QPERATIONS TEAM,

1, Oirect and control the oper ations of
commifted DSk eiements

2, MaIntain and report current operation at
status of DSN

3, Provide DS contiguration management
and control

4, Provioe reql-time monitoring and analysis
of radlometric Ing telemetry date

5 Proyvide realstims # alysis and verification
of acLurate D9N 1 sr8ling of command
data

& Provide DSN farure detection  recovery,

and reporting
Generate DSN 5CE s
& Allocate and schedile DSN rescurces

hod

-

MCCL MISSION OPLRATIONS “ONTRL _ _ °

1, Coordinse VFY nests tor providing, tending,
and mantaining VMCCC taciiities and
support equipment

2, Evaludle, report,ang log VRCCL status
and performance

3, Provide VMCCC conhiguration management
and contre!

4, Manage and operate intra-vMCCC communi-
cations equipment

S5, Previge YMCCC tariure detection, recovery,
nd reporting

6, Aliocate ang schedute VAV CU resources

SEQUENCE DEELOPNENT CROUP +LIRHT LUNTRUL CHOUP UATA S1 ¢ FURT GRULP
1 Gererate SUL s required iy V(D tor raat bmel ) Proaade reg' T monituring gnd control of § irect the genetgon of ol dete rerords
monudering ang sntro of the S and GRS the N and validate their L atent
> Generate nlegrated sonert, @4 required by JUiret canteur and ot dinate the Lommitted] D Mairtar the vt
canduct bth reas Tie an* planned VA C and DS support 4 Fruvide gLisuntdblity of date
VET actiohiws 1 Provide Jata procesyirg < oapport to gl 4 Monitot and 1og the TM quaiity and guantity

4N 1IN Gracessing systeri status
G ProuIde SORn e 40al v Is AL PR P SEOvItRy

e, g, loginputs, program outputs reai-lime
printer yutputs elc,
& Sort ali science data and date products tor picaup
9

ORBITER SPACECRAIT OPERATIONS TEAM
FLIGHT SEQUENCE TrAm l l
I, Transmit commands to the vU
| Produce master inteqrated /L ground 2 verity proper VO response fo atl - mmands o -
- R Pr;?jc‘e daity FLG SOF's N mevdé reg-time monitering and' evaluation DATA | IBRARY TEAM LATA MONITURING TEAM
P - of VO telemeiry | Maintain acccur abiity for atl data moved { Monitor anc lug ¢if reat-time TM data streams for
:. z;::t: g:::: EC:QIM“C trigger fhes 4 Igentity VO anamaties and recommend throvgh the 5 v status and data quéisty assessment
5 Maintaie SQE display emergenty commands necessary 1o 2 Perform the hibrary tunctions of indexing, filing, ¢ Loncur in V0 Gata stream setection for real-time
sate the VO cataloguing storage and retrieval for seiected dats processing
5. Maintain appropfiate alarms in the MiLH ~is\I0N datd 4nd documerts 3 Monitur and log ali command events, command
arJ MCCH 3 Mantain ibrary for nan-mission techniLal deta d41a transmissions, an¢ command system
QPERATIOND ANALYE 1 TEAM fiies, e g, , Viking test data, Mariner ‘71 status
1 Prepare weekly missinn oprrations ATIONS TEAM data et : (L.oneu Vi1 :na GDS fogs and comprle 3 CMSOE
- avenyiew wroduct tow: LANDER SPAGECRAFLQPLRATIONS TLAM 4 Provige magnetil 1ape contrnt an@ distribution oordinatethe replay of telemetry data
2 Prepare daty Vi1 operationy scheduies I, Transmit commands 1o the Vi S Respond to spet tel user data requests
3 \gentain ypdated mission profile 2. Verily groger Vi response to 3l commands 6. Provide hardcopy and other raproduction
timelines 3, Provide real-time monitoring and evalugtion services for iibrary purposes —-—-—-ﬂ
- of Vi telemetry 7 log and mcrotiim ¢l permanent reference oroducty

data distridution ists
MCCF W;r:\(;l&;:r;d‘::d approven data distridbutiol £DR's, and SEOR 3
10, Collect, assembie, and mail/ship il mission dta 2. vahate all archival or deitver able 0ata reco ds
Dackages 3 Specity content of 1ndividu i Cata packages and
DATA PROCESSING TEAM montor their status, delivery, and Xceptance
] i tatus and event dIspiays . .
I Maintain DSG status & v By 4 Process scientists requests for mission data

ATA f,

Request the production of TM 1SOR s, MOR's,

pachage quaitty upgrades

analysi and data records programs nd (heck
oulputs Tor corpietenesy

Lontrot ane fequest program runs tof b ey
and deta management

Provide coordinaticn in the production of video data
products among MIVS IPF and the OPT

4, Provide overlay production support

~

“DASHED” BOXES DENOTE 4P
INSTITUTIONAL FUNCTION

Fig. 2. Viking Might team functional organization
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separation to entry) to § h. To provide adequate margin with
respect to aerodynamic structural and thermal loads and
Shipout in the presence of trajectory dispersions and any one
of the five “‘equally hkely™ Martian design atmospheres, the
targetable entry corridor was constrained to be the flight path
angle range from - 16.2 to - 17.4 deg at 800,000 ft altitude at a
speed less than 4.625 k/s. The Lander Capsule RCS mounted
on the aeroshell, which was used for attitude con:rol during
descent, was also used to impart the deorbit velocity incre-
ment. Approximately 85% of the RCS fuel was allocated for
deorbit yielding a maximum velocity increment capability of
i56 m/s. Finally, to assure adequate relay communication
rrom the Lander to the Orviter throughout descent and for
11 minutes after landing, the Lander was to be 20 deg ahead
(i.e., downrange) of the Orbiter at the moment of entry.

The constraints on the foregoing parameters - coast time,
entry flight path angle, deorbit velocity increment, and lead
angle - determined the accessi*'e landing area with respect to
the separation orbit s illustrated in Fig. 5. PER is the down-
range surface angle from the separation orbit periapsis: XR is
the arc distance away from the separation orbit plane. One
degree of Mars surface angle is equivalent to about 60 km.
Observe that the maximum achievable crossrange was con-
strained by the S-h coust limit and the maximum available
deorbit velocity of 156 m/s. The downrange limit was deter.
mined by the shallow entry and the 156-m/s limits; uprange by
the steep entry and the S-h coast limits. Actually the cross
range capability was somewhat arbitrarily reduced to £3 deg to
avoid the rapid growth in landing dispersions which would
result beyond 3 deg. Also, as the coast time increases, the
required deorbit velocity inczement decreases. In order to
minimize entry mass the maximum deorbit velocity increment
of 156 m/s was to be expended. Therefore, for long coasts it
would have been necessary to use a “two-burn’ deorbit
maneuver totalling 156 m/s but designed so that the second
bum would partly cancel the effect of the first yielding the
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required net increment of less than 156 m/s. Siice it was
undesirable to use long coast times and two-burn deorbit
mancuvers, the extreme uprange apability was to be avoided
as mdicated in Fig. 5. The abo. margin considerations dic-
tated a “preferred” targeting region wherein the Lander could
be targeted to land up to three degrees away irom the orbit
plane and 2.5 deg downrange or uprange »f the midpoint. The
targeting controls were the direction, magnitude, and location
(in the separation orbit) of the deorbit .naneuve . Since the
accessthle landing area was “fixed” to the separation orbit as
illustrated in Fig. 6, the separaiion orbit had to be controlled
to “capture” the landing site within tie access:dle area so that
the Lander could reach the site within the capabilities and
constraints described above.

The elevation of the Sun at the landing site a* the time of
landing was a crucial parameter in the orbit design. The best
observations of the landing area would be obtained when the
Orbiter/Lander spacecraf was flying over the accessible area.
Following landing, the relay links would alsc occui in this
overflight region, and real-time television from the Lander was
to be obtained during the links. Consequently, TV imaging of
the landing area both from orbit and on the surface neces-
sitated a sun elevation angle (SEA) at landing that would yield
good shadowing. As shown in Fig. 7, the landing SEA and the
landing site latitude uniquely determined the landing point in
inertial space.

The ballistic approzch to sny planet is along a2 hyperboia
whose focus is at the planet’s center and whose inbound
asymptote approximates the straight line motion relative to
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the planet as the spacecraft enters the planet’s sphere of
influence. The “S-vactor” which is parallel to the asymptote
and passes through the planet center is fundamental in the
orbit design. It corresponds to what would be a vertical impact
trajectory as shown in Fig. 8. The Earth-to-Mars interplanetary
trajectory, which is uniquely determined by the launch and
arrival dates, establishes the S-vector. The plane of any
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possible approach trajectory contains the S-vector; therefore,
the plane can be changed only by rotation about the S-vector.
A coplanar orbit insertion maneuver is the most efficient
transfer from the hyperbolic “flyby” trajectory to Mars orbit.
Accordingly, the orientation (6 around §) of the approach
trajectory plane was controlled with midcourse maneuvers to
contain the inertial landing point in the plane as illustrated in
Fig. 8. Thus, the vertical impact point, the inertial landing
point, and the planet center uniquely specify the orbit plane.
The orientation y of the orbit within its plane was controlled
to center the accessible area over the landing point (Figs.8 and
9). The approach trajectory was targeted to minimize the orbit
insertion velocity increment required to transfer to the orbit
prescribed above. As illustrated in Fig. 9 this was essentially a
tangential transfer. The insertion velocity increment for
Viking 1 would nominally be about 1250 m/s — 85% of the
total Orbiter capability. Viking2 would require about
1160 m/s for insertion into a 28.7-h orbit initially,

An aiming plane passing through the planet center and
perpendicular to the S-vector known as the “B-plane” is used
to avoid nonlinearities in targeting. The approach trajectory is
controlled by controlling the point at which its asymptote
pierces the B-plane. This is the point at which the spacecraft
would fly through the B-plane if the planet has no mass (i.e., if
there were no gravitational bending). The vector in the B-plane
from the planet center to the asymptote is known as the
*“B-vector”; it corresponds to the scmi-minor axis of the
hyperbola. Knowledge and control of both the B-vector and
the time of arrival are the essence of interplanetary navigation.
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The Viking 1 B-plane is presented in Fig. 10. In this view
the planet appears as it would to an observer on the spacecraft
during the approach. The T-axis in the B-plane lies in the
ecliptic and is used as the reference direction for measuring 6.
(R completes the right-handed R-S-T frame.) The edge of the
trajectory plane coincides with the B-veclor; thus, the aim
angle @ completely orients the trajectory plane. The Viking |
B.vector was to be controlled to within S deg and 700 km of
the target, resulting in the approach control accuracy re-
quirement zone shown. This control requirement would ensure
that even in the presence of 0.99 orbit insertion errors, the
orbit could be adjusted with small orbit trim maneuvers within
the site acquisition propellant budget to achieve the required
separation orbit, i.e., to correct periapsis altitude to within the
allowed tolerance and to capture the landing site within the
Lander accessible area. The orbit insertion errors would be due
to errors in the knowledge of the approach trajectory (i.e.,
*“orbit determination™ errors) at the time the insertion

i-?, IO3 km

—

FINAL MARS
APPROACH CONTROL
ACCURACY REQMT
A0< 50, AB< 700 km

LANDING PT
(BACKSIDE)

10}
54, 10° km

Fig. 10. Viking 1 B-piane delivery requirements

commands were calculated on the ground and the execution
errors of the spacecraft in performing the maneuver. In
concert with the control requirement, the B-vector knowledge
requirement was set at 3 deg and 500 km. The Viking 2
requirements were 7 deg and 500 km and S deg and 350 km
for control and knowledge, respectively. The requirements
differed because the geometry of the two missions differed
significantly.

In the foregoing discussion *the landing point was treated as
a point in inertial space specified by site latitude and sun
elevation. The timing of the spacecraft in orbit had to be
precisely controlled so thar t.e intended landing site on the
Mars surface would, in fact, be under the Lander at the
monent of touchdown. The parameter “timing offset” was
introduced to achieve this control. Consider the meridian tixed
to the center of the Lander accessible area as illustrated in
Fig. 11. Timing offset was defined to be the time required for
the spacecraft to reach this “inertial” meridian after the
landing site has crossed it.

The Viking 1 in-orbit maneuver strategy for acquiring the
landing site is depicted in Fig. 12. To obtain adequate site
certification observations of the intended landing area the
timing offset had to be less than one hour. To capture the site
within the Lander accessible area the offset of the Orbiter at
the landing periapsis was to be 8 *8 min. Recall that the
Lander leads the Orbiter during descent; therefore, the
nominal Orbiter timing offset had to be positive at landing. To
expedite site certification and land 15 revolutions after
insertion, the strategy was to:

(1) Control the arrival time at Mars such that the timing
offset immediately after insertion (ie., periapsis-0)
would not exceed 15 min.

SPACECRAFT AT
INERTIAL LANDING
MERIDIAN

LANDING
SITE

AT ~ TIMING OFFSET

. w360 deg
MARS “24.8 h

Fig. 11. Timing offset
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(2) Insert into a very nearly Mars synchronous orbit such
that the 8-min offset would result at periapsis-15.

To aid the understanding of Fig. 12, consider a I-hour
subsynchronous postinsertion orbit (i.e., 23.6-h period). The
spacecraft will complete iis first revolution in 1 hour less than
a Mars day; thus the landing site will be 1 hour west (timing
offset = -1.0 h) of the meridian when the spacecraft is at the
meridian. The converse holds for the supersynchronous case,
and the problem is completely linear. The knowledge re-
quirement for generation of the orbit insertion commands
discussed earlier and the spacecraft execution accuracy en-
sured that the 0.99 error in the postinsertion period would not
exceed 3 h. A “phasing” maneuver was scheduled at Periapsis-
2 to change the orbit period such that the timing offset would
be 7ero at Periapsis-5. A “synchronizing” maneuver would be
performed at Periapsis-5 to drive the offset to +8 min at
Periapsis-15. Owing to their smaller size and the vast im-
provement in orbit determination “knowledge” once in orbit,
these trim maneuvers would be at least a hundred times more
accurate in period control than the insertion maneuver (i.e.,
1 min vs 3h). An orientation' correction maneuver was
scheduled near Periapsis-7 to move the accessible area in the
improbable event it was not accurately positioned with the
approach and insertion maneuvers. A fourth maneuver was
scheduled to correct the periapsis altitude and perform any
appropriate vernier timing adjustment in the revolution pre-
ceding Periapsis-11. Final orbit determination and Lander
targeting and commanding would then be performed between
Periapsis-11 and Periapsis-14 as indicated in Fig. 12. This
maneuver strategy guaranteed acquiring the landing site within
the 150 m/s velocity budget allocated for navigation disper-
sions; 25 m/s was suballocated for midcourse maneuvers,
125 m/s for insertion maneuver adjustments and the site
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acquisition orbit trims. The foregoing presented the “pre-
launch™ site acquisition strategy for Viking 1. The Viking 2
strategy, which was significantly different, is described in the
Maneuver Analysis chapter.

The salient features of the flight path design and control
strategy as it existed at launch have beer: presented. The actual
inflight performance will now be discussed.

Il. Viking 1 Inflight Synopsis

Viking 1 was launched by a Titan IIIE/Centaur launch
vehicle on August 20, 1975, on the 10-month journey to Mars
depicted in Fig. 13. The launch aimpoint was intentionally
biased about 0.3 million km from Mars as shown in Fig. 14.
The arrival time was biased about one day late. These biases
satisfied the following constraints: (1) the probability of
impacting Mars with unsterilized hardware was to be less than
10-6; (2) the first maneuver was to exceed 2 m/s to ensure
propulsion stability; and (3) the maneuver attitude was to
allow communication over the spacecraft low-gain antenna.

The crosses (+) in Fig. 14 show the variety of orbit
determination solutions obtained during the first few hours
after launch. By 12 h after launch sufficient tracking data
(doppler and range) were available to determine the solution
very well. All subsequent solutions were nicely clustered
within the area indicated; thus, the Centaur injection error was
about 20. The first midcourse maneuver scheduled for launch
plus seven days was targeted directly to the center of the
approach control zone discussed earlier (and to the final
desired arrival time). This zone lies within the dot on Fig. 14.
An enlarged view of the zone is shown in Fig. 15, where the 3¢
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orbit determination and execution errors for the 4.7 m/s
midcourse are displayed. The major orbit determination error
source was the uncertainty in the solar pressure force that
would act on the spacecraft throughout its journey to Mars.
This uncertainty could be reduced only after several months of
tracking, at which point the solar pressure coefficients could
be accurately estimated in the orbit determination process.
Note that the orbit determination and maneuver execution
errors were comparable and their combined total was small
enough to avoid planetary quarantine biasing and was well
within the earth departure control requirement. The departure
control requirement was set at 6000 km to ensure that the
approach midcourse maneuvers would be sufficiently small
that their errors would be inconsequential compared to the
approach orbit determination errors. After about a week of
post-midcourse tracking, it was clear that the actual execution
error was indeed small and no further maneuvers would be
required until Mars approach.

Durning the nine-month interplanetary *‘cruise,” the naviga-
tion emphasis was on refining the trajectory and observational
models. These refinements were very important to providing
the capability to do *“radio-only” redetermination of the
trajectory between the two scheduled approach midcourse
maneuvers. This effort resulted in significant adjustments of
the solar pressure coefficients and the Australian tracking
station locations. The effort also produced a “‘best” long.
(tracking) arc estimate of the trajectory utilizing all available
tracking data. This long-arc estimate provided the baseline for
encounter operations.

The encounter operations schedule provided for approach
maneuvers at both 30 and 10 days before arrival. A series of
observations of Mars and stars by the Orbiter television
camerzs was scheduled prior to each maneuver opportunity.
These observations were used to aid in the orbii determina-
tion process but were not to be relied upon to meet navigation
requirements. The first optical series confirmed the long-arc
radio solution, and it was then clear that a single approach
midcourse at 10 days before arrival would easily correct the
existing delivery error. The final delivery error would be
essentially the orbit determination error at the time the
midcourse was calculated. Therefore, the 10-day midcourse
was preferred since the second optical series could be analyzed
prior to its design.

The short-arc (~3 weeks) radio and optical orbit determi-
nation solutions '« not agree as well as expected with the
long-arc radio-only solution. There was more confidence in the
short-arc radio plus optical. Furthermore, it was fully demon-
strated that if this solution was used in targeting the approach
midcourse while the long-arc radio was actually the right
solution, the consequences would be minimal. In this event,
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the periapsis altitude would be about 150 km lower, but this
error would be easily correctable with the inorbit maneuver
strategy described earlier. Accordingly, the short-arc radio plus
optical solution was adopted without reservation. Fig. 16
presents this final premaneuver solution and its uncertainty.
Observe that the 3¢ uncertainty would be well within the
approach control zone following the maneuver since the
execution error would be negligible. Note also that the
interplanetary delivery error (i.e., the error prior to the
approach midcourse) was about 1800 km, corresponding to
about 1.5g with respect to the delivery accuracy predicted for
the departure control. Most of this error was due to solar
pressure prediction error as expected.

When the propulsion system was repressurized two days
before the midcourse, the pressure regulator in the propellant
feed system leaked such that the pressure buildup by the time
of orbit insertion would be much too high for safe engine
operation. It was possible to avoid this buildup by again
sealing off the pressurant supply with a pyro valve as it had
been sealed throughout interplanetary cruise. However, if this
were done, the mission would be lost if the last pyro “open™
valve did not open when commanded just before insertion.
Consequently, it was decided to leave the system open and
reduce the pressure with large approach midcourse maneuvers.
Accordingly, two maneuvers of 50 and 60 m/s were executed
at 9 and 4 days before arrival, respectively. The approach
midcourse that had been designed to correct the navigation
error was only 3.7 m/s.

In order to minimize propellant cost, these two maneuvers
were designed as retro maneuvers to reduce the approach
speed and thereby reduce the insertion velocity requirement.
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The insertion requirement would be reduced about ! m/s for
every 2m/s of retro during approach. However, these retro
maneuvers would also delay the Mars arrival by about 6.5 h so
that at least the first part of the site acquisition/certification
strategy discussed earlier (Fig. 12) was now invalid because the
initial timing offset would be +6.5h. To get back to the
original timeline as quickly as possible without any further
propellant penalties, it was decided to insert into a 42.5-h
orbit so that the spacecraft would nominally overfly the
landing site at the end of the first revolution — the 6.5-h
arrival delay plus the 42.5-h period would be equivalent to two
revolutions in the synchronous orbit. The first orbit trim
would be performed during this overflight to synchronize the
orbit (i.e., reduce the period to 24.6 h). The periapsis at the
end of the first revolution was called Periapsis-2 to maintain
the original relationship between periapsis numbering and
rission events (e.g., trim-1 was still scheduled at “Per-
apsis-2”).

An important factor in the decision to do the large
maneuvers instead of closing the propulsion system was the
excellent actual performance of the optical orbit determina-
tion process. Radio data alone could not adequately redeter-
mine the approach trajectory in the few days between these
maneuvers, but the optical data could. If the optical process
had not been working so well, it is unlikely that these large
maneuvers would have been attempted. Figure 17 illustrates
the maneuver performance. The predicted delivery error ellipse
for each was dominated by the spacecraft execution error owing
to both the large size of the maneuvers and to the excellent
orbit determination performance. The aimpoint was moved
progressively away from the planet due to the increased
bending of the trajectory that would occur at the lower
approach speeds and also due to the larger initial orbit. Note
that both maneuvers were executed very well. The final
delivery error was less than 30 km in the B-plane and less ihan
10s in arrival time. A third ser'es of Mars/stars observations
between the maneuvers was inceed instrumental in achieving
this accuracy.

A series of observations of the Mars' satellite Deimos
against the star background was used as planned to precisely
determine the final approach trajectory for calculation of the
orbit insertion maneuver commands. The last observation was
made 37h before arrival and incorporated in the orbit
determination as quickly as possible. The updated estimate
was then used to calculate updated insertion commands, which
were transmitted to the spacecraft at 16 h before arrival. The
updated estimate was in error by less than 10 km based on
postflight analysis.

The insertion maneuver was extremely accurate. The lander
assessible area was positioned within 0.1 deg of the ideal
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inertial location. The oibit period error was only 8 min;
therefore, it was possible to attempt achieving the sep ation
orbit directly with the single triin at Periapsis-2. The altitude
was already well within tolerance at 1513 km. The initial orbit
is contrasted with the separation orbit in Fig. 18.

The principal difficulty in directly achieving the separation
orbit with the first trim was accurately predicting tne timing
offset at Periapsis-15. Because of uncertainties in the Mars
gravitational harmonics the actual orbital period in each future
revolution was rather unpredictable. However, the Mariner 9
derived gravity field proved to be very accurate, and after
several revolutions of tracking, it was clear that the first trim
had, in fact, perfectly acquired the primary landing site as
illustrated in Fig. 19. It is seen that the primary site Al at
34.0°W 19.5°N had been captured virtually in the center of
the accessible area for a July 4 landing. Only 10 m/s of the
150 m/s navigation velocity budget was expended (to correct
navigation errors) in acquiring the Al site!

Several days before the last prelanding scheduled trim oppor-
tunity near Periapsis-11. the Al site was abandoned because
features observed in the site area implied hazardous terrain. A
new site AIR about 100 km southeast of Al was then
considered. A trim was designed for the opportunity near
Periapsis-11 to cause the AIR to “drift™ to the center of the
entry corridor for the July 4 landing. Lander descent trajec-
tories were targeted to AIR for separation orbits with and
without the trim. Before a decision was reached whether or
not to trim before descending to AIR, it was decided that
AIlR was too hazardous and that a safer area protably existed
to the northwest. Accordingly, a maneuver strategy was
developed to start a westward migration with a period trim at
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Periapsis-16 followed by an orbit orientation trim near
Periapsis-19 to move the accessible area as far north as prudent
based on obszrvations yet to be made. When it became clear
prior to Periapsis-16 that the accessible area should be movea
one degree north, the strategy was modified to combine the
orientation adjustment and the start of the migration into the
trim near Periapsis-19. The actual landing site was selected
during the migration; its coordinates 47.5°W 22.4°N war-
ranted resynchronizing the orbit at Peiiapsis-24. Thus the site
was captured in the accessible area for 2 July 20 landing as
shown in Fig. 19,

The orbit determination performance was exceptionally
good throughout the entire site acquisition phase. For ex-
ample, the time of Periapsis-19 was predicted within one
second eight revolutions earlier. All three of the prelanding
trims were executed so accurately that their errors were truly
inconsequential.

The final Lander targeting resulted in a nominal entry flight
path angle of - 16.9° (only 0.1° from ideal), a 3.1-h coast time,
and utilized a 156-m/s single-burn deorbit maneuver. The
navigation parameters transmitted to the Lander computer
39 h before separation included attitude command matrices
for deorbit, descent coast, preentry, and entry. The parachute
deployment altitude, terminal descent ignition altitude, and
the altitude-vs-velocity descent guidance profiles were set at
the standard values. Following separation the Lander executed
a flawless, autonomous descent as illustrated in Fig. 20.
Fig. 21 presents the Viking 1 landing accuracy, Observe that
the Viking! landed within 30km of its target, which
corresponds to a lo landing error. The Viking 2 landing
accuracy of 10 km is also shown.
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Fig. 19. Viking 1 actual site acquisitions

Ill. Viking 2 Inflight Synopsis

Viking 2 was launched by a Titan [IIE/Centaur launch
vehicle on September 9, 1975, and targeted for a Mars arrival
date of August 8, 1976. The 1l-month journey to Mars is
illustrate | in Fig. 22. As with Viking 1, the launch aimpoint
was bias:d to satisfy planetary quarantine requirements, to
assure the first midcourse maneuver would exceed 2 mps, and
to guarantee two-way communications during the first mid-
course maneuver burn, Figure 23 shows this intentional bias-
ing, the 99% launch vehicle dispersion ellipse and the early
orbit determination history.,

The crosses (+) in Fig. 23 indicate the orbit determination
solutions obtained during the first few hours after launch. By
10 hours after launch, the orbit solutions had stabilized and
further premidcourse solutions were clustered within the area
indicated. The Viking 2 Centaur injection performance was
approximately 2¢.

The first midcourse maneuver for Viking 2 was scheduled
for 10 days after launch. A velocity change of approximately
8 mps was necessary to achieve the required final Mars
encounter conditions. However, for reasons to be described,
this first midcourse maneuver was targeted to a different set of
Mars encounter conditions. This resulted in the necessity to
execute a near Mars midcourse maneuver to achieve the
required final Mars encounter conditions. Figure 24 illustrates
these two sets of encounter conditions. The “target for MOI”
point is the required final Mars encounter condition to
establish the proper Mars orbit for landing site reconnaissance
and landing. The “M/C1 target” is the aimpoint for the first
midcourse maneuver.

Initial maneuver analysis indicated that the first midcourse
maneuver could be targeted directly to the required final Mars
encounter conditions while still satisfying the required plane-
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tary quarantine probability of impact constraints. However,
because of the size and orientation of the midcourse maneuver
dispersion ellipse, this could result in the spacecraft being on a
Mars impact trajectory following the execution of the ma-
neuver. Should this be the case (approximately 20% proba-
bility, Fig. 25), a decision would have to be made to either (1)
execute a second near-Earth midcourse maneuver to correct
the execution errors of the first maneuver or (2) leave the
spacecraft on the impact trajectory until Mars arrival, correct-
ing the error with a near-Mars midcourse maneuver. Since it
was almost a certainty that at least one Mars approach
midcourse maneuver would be required in any event, and the
AV penalty for biasing the near-Earth midcourse maneuver to
avoid impact was relatively small (less than 5 mps), it was
decided to bias the targeted Mars aimpoint. This biased
aimpoint is indicated in Fig. 26 along with the midcourse

maneuver dispersion ellipse and its orbit determination and
execution error components. The biased aimpoint was selected
to (1) assure that the probability of being on an impact
trajectory following the first midcourse maneuver execution
was less than 1%, (2) maximize the ability to achieve a Mars
orbit if the spacecraft could perform only the insertion
maneuver but no more midcourse maneuvers, (3) assure that
the Mars approach midcourse maneuver spacecraft attitude
would provide communication in the burn attitude. and (4)
minimize the additional A} expenditure resulting from the
bias. The resulting AV for this near-Earth midcourse maneuver
was 8.1 mps.

As with Viking 1, the major orhit determination error at
the time of the maneuver was the uncertainty in the solar
pressure force. After about a week of postmidcourse tracking
it was clear that the actual maneuver execution error was
indeed small and no further maneuvers would be required until
Mars approach.

The navigation activities during the interplanetary cruise
phase for Viking 2 were similar to those for Viking 1.
Short-arc solutions were generated on a weekly basis including
the previous three weeks’ doppler and ranging data. These
weekly trajectory estimates were used to prepare tracking
predicts for the DSN stations providing mission support. Every
three to four weeks a long-arc solution was generated including
all of the doppler and range data after the near-Earth
midcourse maneuver, Comparisons of these short- and long-arc
solutions and the consistency of the solutions as the data arc
increases provided the means for validating the orbit determi-
nation process and verifying the orbit determination models
(e.g., station locations, solar pressure). These analyses com-
bined with the Viking 1 cruise orbit determinations resulted in
the adjustments to the solar pressure coefficients and the
Australian tracking station locations.

The encounter operations began 40 days before Mars
arrival. Extensive radio and optical tracking data processing
was completed during this 40-day time period in support of a
near-Mars midcourse maneuver 10 days before encounter and
the Mars Orbit Insertion (MOI) maneuver. During the en-
counter operations phase, the optical navigation tracking
schedule for Viking 2 differed from the Viking 1 schedule. For
Viking 2, three sets of star-Mars-star triads were scheduled
prior to the encounter-minus-10-day midcourse maneuver
rather than the two sets for Viking 1. This allowed an early
optical-only orbit determination for comparison with the radio
and radio-plus-optical solutions, and was important for
Viking 2 because of the concern over degraded radio tracking
datz as a result of increased solar plasma activity. This
increased plasma activity was due to the smaller Sun-Earth
spacecraft angle for Viking 2 (Viking 2 encounter occurred
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closer to solar conjunction than the Viking | encounter). In
addition to the different optical navigation tracking schedule
for Viking 2, revised long-arc radio tracking data processing
procedures were implemented based on postencounter analysis
of the Vikirz I radio data. These revised procedures resulted
in much improved long-arc radio orbit determination solutions
over the Viking I experience. These solutions exhibited close
agreement with the short-arc radio only and radio-plus-optical
solutions, The Viking 2 Mars approach midcourse maneuver
was executed a: encounter minus 10 days. The A} for this
maneuver was 9.2 mps. Because of the pressure regulator
problem on Viking 1, it was decided to delay repressurizing
the orbiter propulsion system until as late as possible before
MOL. As a result of this decision, the encounter-minus-10-day
maneuver was performed in the “blowdown” mode. The
propulsion system pressurization from the near-Earth ma-
neuver was sufficient to allow the 9.2 mps near-Mars maneuver
to be executed without additional pressurization. Figure 27
jllustrates the near-Earth midcourse aimpoint and the achieved
B-plane conditions. the differcnce being primarily a result of
the solar pressure modeling error. Also shown is the Mars
approach midcourse {AMC) maneuver targeted aimpoint, the
achieved B-plane conditions and the final Mars approach
control accuracy requirement zone.

Following the successful completion of the near-Mars
midcourse maneuver, additional optical navigation observa-
tions consisting first of star-Mars-star triads and then Deimos.
star single frames were acquired. These observations combined
with continuous radiometric tracking data coverage were used
to first confirm the midcourse maneuver execution accuracy
and then to determine the maneuver parameters for the MOI
maneuver. The preliminary MOl maneuver parameters were
determined based on radio and optical tracking data to six
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days before ncounter. As a result of the excellent Viking 2
approach orbit determination performance, the planned ma-
neuver update at 16 hours before encounter was not required,
Post-encounter trajectory reconstruction verified the B-plane
error of less than 40 km for the encounter-minus-6-day orbit
determination.

Because of the pressure regulator leak experience on
Viking 1, the nyro.valve for repressurizing the fuel and
oxidizer tanks for Viking ? was not fired until about 13 hours
before MOL. This was accomphished without incident, and
although a small leak was indicated after the repressurization it
was not a factor in the orbit insertion operations.

The MOI mancuver was accomplished on August 7, 1976,
placing the spacecraft in a Mars orbit inclined 55.2 deg to the
equator, with a periapsis altitude of 1519 km and a period of
27.623 hours. These parameters compare with the targeted
values of 55.0 deg, 1500 km and 27.414 h, The dispersion
from the targeted values were all within the expected
tolerances.

The target orbit period of 27.414 h for the post-MOI orbit
was selected to allow a landing site survey to be conducted
over 360 deg in longitude between the latitudes of 40 and
50 deg north prior to landing site selection. With the super-
synchronous orbit the spacecraft progressively ‘“walked”
around the planet in 40-deg steps. At each periapsis passage,
low-altitude observations of a region of the planet displaced
40 deg from the previous periapsis passage could be obtained.
This provided the opportunity to evaluate two of three
specified potential ianding areas for VL-2. These three
potentiui landing areas were in the longitude regions of Bl
(345 to 15°W), B2 (90 to 140°W) and B2 (200 to 270°W).
While VO-2 surveyed the B2 and B3 sites, the Bl site was
surveyed with VO-1 from its synchronous orbit over the VL-1
landing site. Figure 28 illustrates the inertial ground tracks of
the two Viking orbiters.

Because of the +12-min orbii period error, the orbit was
“walking” around the planet at a rate approximately 2.9 deg
per revolution faster than desired. That is, at each periapsis
passage the spacecraft was progressively 2.9 deg further west
from the nominal plan. In order to eliminate the effect of this
orbit period error and regain the nominal timeline and landing
site survey profile, a trim maneuver strategy employing
maneuvers on revs 2 and 6 was executed. The first of these
maneuvers reduced the orbit period by approximately 19 min;
the second maneuver resulted in an orbit with the nominal
otbit period. Thus, between revs 2 and 6 the orbit was
“walking” st a rate approximately 1.5 deg per revolution less
than desired. When the maneuver on rev 6 was completed, the
effect of the initial orbit period error had been nullified. This
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strategy provided reconnaissance of the B2 region on revs 4
through 8 and the B3 region on revs 9 through 1. In addition
to correcting the orbit period, the periapsis altitude was also
corrected to the desired 1500 km.

The orbit geometry and nature of the trajectory corrections
to be made resulted in an opportunity to execute these
inaneuvers in a unique manner with some definite advantages.
It was found that each of these maneuvers could be executed
while maintaining « Sun-Canopus acquired spacecraft attitude.
This had the advantage of eliminating the usually necessary
spacecraft turns to achieve the burn attitude. By eliminating
these turns, the inherent spacecrafi risk in leaving the ceiciiial
references was avoided as well as the possible need for the
spacecraft going into a battery share mode if the yaw tum
positioned the solar panels too far from the sunline. The major
navigation advantage, however, was the reduction in the
pointing contribution to the maneuver execution errors and
the resulting increased ort "2 conirol accuracy. The maneuvers
on revs2 and 6 were successfully executed in this Sun-
Canopus acquired attitude, a technique that was used a
number of times throughout the remainder of the mission
operaticas.

The orbit period established with the trim mineuver on
rev 6 resulted, as designed, in the spacecraft L..ng in the
middle of the Bl landing region when it passed through the
PER point (the center of the srcessible area; see Fig. ) on
rev 19. If the selected landing site had been in the B region, a
trim maneuver on rev 19 would have been performed to
scquire the final landing orbit with the sync mancuver
wecurring on rev 21. However, reconnaissance dats indicated
that both the Bl and B2 regions were too hazsrdous.

Accordingly, an area was selected in the B3 region specified as
48.0°N £1.5° areographic latitude and 226.0°W $2.0° longj-
tude.

In order to establish the separation orbit to reach this
landing region, trim maneuvers near periapsis on revs 16 and
18 were planned, with landing to occur near periapsis on
rev 25. Since the landing site was currently specified as a
region and not a point, the maneuver strategy was to ““center”
the separation orbit such that (1) VL entry flight path angle
changes could be used for down-track adjustments and (2) VL
cross ranging could be used for out-of-plane adjustments.
Fig. 29 illustrates this alignment of the lander accessible area
and the specified landing region.

In order to center the lander accessible area within the
specified landing region, an increase in latitude of the PER
point was required. This was comhined with the orbit period
changes necessary to establish the proper spacecraft landing
site time-space relationship. MOT 3, executed on rev 16,
decreased the orbit period by 3 h 21 min and increased the
latitude of PER by 1.5 deg. MIOT 4 executed on rev 18
increased the orbit period to be Mars synchronous and furthes
increased PER latitude by 0.3 deg. These two trim maneuvers
were also executed while maintaming Sun/Canopus acquisi-
tion, providing the benefit of reduced maneuver execution
errors.

Satellite orbit determination activities during this time
period consisted of generating both short-arc (single rev) and
long-arc (multi-rev) solutions. The Viking 2 supersync orbit
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period, while providing data tor updating the Mars gravity field,
made prediction less accurate than Viking 1 because of the
varying terrain at each periapsi- passage. This increased the
importance of Jate updates to key site certification observa-
tions and trim maneuvers. After the MOT 4 sync maneu 2r
was executed the prediction capability improved to the same
level as that achieved with Viking 1,

At separation minus 84 hours, the final landing stte location
was selected - 225.9°W and 47.9°N. Lander deorbit and
descent parameters were then de:ermined and transmitted :
the spacecraft at separation munus 39 hours. Landing occurred
near periapsis on rev 25, September 3, 1976. Lander targeting
tc achieve this landing site consisted of an entry angle of - 17.0
deg and a cross range of 0.1 deg. The coast time was 3.1 hours
and the Lander lead angle at the time of entry was 20 deg.

At Lander separation, an anomaly in the Orbiter attitude
control system caused a loss of the Orbiter’s roll reference.

This resulted in the loss of the real-time Lander telemetry
during descent because of the oft-Farth pointing of the orbster
high-gain antenna. Fortunately, in accordance with the nom-
inal plan, the Lander-to-Orbiter relay data were recorded on
the Orbiter tape recorder and played back after landing when
the Orbiter roll attitude was reestablished. During the time
period when real-time telemetry was not available, Lander
events were monitored by observing the changes in the relay
link reception. These changes were monitored on the grou..d
via the Orbiter engneering low-rate channel transmitted over
the Orbiter low-gain antenna

Reconstruction ~f the Lander trajectory following the
Orbiter replay of the Lander relay data confirmed near
nominal performance with a landing accutacy of 10 km. This
was illustrated in Fig. 21 along with the 99% landing disper-
sion ellipse.
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A/S
ACS
AGC
AMC
APF

ATBS
BER
CA
CBE
CD

CL
CLA
CMD
CMSOE
DECSET
DN
DPODP
DPT
DPTRAJ
DR
DRVID
DSG
DSN
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E

E
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EMA
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ERT
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EXEC
FCG
FOV
FPAG
GCSC
GDS
GMT
GRE
HGA
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IC
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Appendix

Definitions of Terminology

aeroshell

Attitude Controi System

automatic gain control

approach mid-course

argument of periapsis

accelerometer thermal bias shift

bit error rate

in-plane pointing angle

current best estimate

drag coefficient

lift coefficient

out-of-plane pointing angle
command

command sequence of events
downlink decommutation and decalibration set
data number

Double Precision Orbit Determination Program
Data Processing Team

Double Precision Trajectory Program
downrange

differenced range versus integrated doppler
Data Support Group

Deep Space Network

Deep Space Station

encounter

entry

Experiment Data Record

emergency early maneuver

emission angle

Earth mean equator

Earth received time

equivalent station location error
execution

Flight Control Group

field of view

Flight Path Analysis Group
Guidance Control and Sequencing Computer
Ground Data System

Greenwich Mean Time
ground-reconstruction equipment
high gain antenna

inclination

injection

initial conditions

initial computer load

incidence angle

inclination

Image Processing Facility

IPL
IPODT
IR
IRTM
IRU
ISDR
JPL
kbps
L/D
LAN
LATPER
LATS
LCAST
LFPAT
LGA
LPAG
LRC
LS
LSG
LSO
LSS
LTARP

LTOP
LTR

M

M/C
MAWD
MccC
MCCF
MCD
MCR
MDR
MEQ
MLvVA
MMOP
MOI
MOIOP
MOT
MOTOP
MPG
MPS
MSL
MTCF
MTVS
0))]
opbp
oIT

Image Precessing Lavoratory
Interplanewary Orbit Determination Team
infrared

infrared thermal mapper

inertial reference unit

Intermediate System Data Record

Jet Propulsion Laboratory

kilobits per second

lift-to-drag ratio

longitude of ascending node

latitude of PER

lander trajectory simulation

Lander Command and Sequencing Team
Lander Flight Path Analysis Team

low gain antenna

Lander Performance Analysis Group
Langley Research Center

landing site

Lander Science Group

Lander Support Office

Landing Site Staff

Lander Trajectory and Atmosphere Reconstruc-
tion Program

Lander Targeting Operations Program
lander trajectory reconstruction

Mach number

midcourse

Mars atmospheric water detector
Mission Control and Computing Center
Mission Control and Computing Facility
Mission Control Directorate

midcourse correction required

Master Data Record

Mars mean equator

master list of Viking anomalies
Midcourse Maneuver (Operations Program
Mars orbit insertion

Mars Orbit Insertion Operations Program
Mars orbit trim

Mars Orbit Trim Operations Program
Mission Planning Group

mission profile strategy

mean surface level

Mission Test Computing Facility
Mission and Test Video System

v:bit determination

Orbit Determination Program

Orbiter Imaging Team
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OMATT
OMSET
ONP
OPAG
0SCOT
0SG
0SST
OWLT
P/B
PAO
PCR
PDT
PER

PFR
PMC

PP

PQ
PREDIX
PREPR
PSA
PTC
PVRA

q

Q

0

Qss

RA

RCA
RCM?
RCS
RDR
RLINK
RPA

RSI

RTI
S.SEP
SAMPD
SATODT
SEA
SEAPER
SEDR

Orbiter Muneuver and Trajectory Team
optical measurement set

Optical Navigation Program

Orbiter Performance Analysis Group
Orbiter Spacecraft Operations Tean
Orbuter Science Group

Orbuter Science Sequence Team

one way light time

playback

Public Atfairs Office

Profile Chang2 Request

Pacific daylight time

true anomaly of landing site with respect to VO
separation orbit

Problem Failure Report

Problem Management Center

post processor

planetary quarantine

DSN Prediction System

preprocessor {or lander trajectory reconstruction
partial step algorithm

Proof Test Capsule
path-vary-regress-accum

dyramic pressure

heat load

heating rate

quasi-statistical sum

right ascension

radius of closest approach
reconstituted mission profile

Reaction Control System

Reduced Data Record

Post Landing Relay Link Program
retarding potential analyzer

radio science investigation

real-time 1maging

separation

Science and Mission Planning Directorate
Satellite Orbit Determination Team
Sun elevation angle

Sun elevation angle at PER
Supplementary Experiment Data Record

SLEP

SKT

SMA SMMA
SMB,SMIA
SNR

SOE

SOL
SPFPAD

SPM
SSG
STL
TCA
D
TDCT
TDLR
TIGN
™
TSAC
TSEP
UAMS
UTC
VCSF
VDL
VFT
VIS
VISA
VL
VLBI
VLC
VMCCC
VMCOE
VO
VPSS
XR

Sun-Larth-Probe

station keepmg tum

SeMi-Major axs

SCINFNINOT AX1s

signal-to-noise rauo

sequence of events

Mars duy

Spacecraft Pertormance and Flight Path Anulysis
Directorate

shadow prediction model

Science Steenng Group

science test lander

time of closest approach

touchdown

Tracking Data Conditioning Team
terminal descent and landing radar
time of ignition

telemetry

tracking system analytic calibration
time of separation

upper atmosphere mass spectrometer
Universal Time Coordinated

Viking Control and Simulavion Facility
Viking Data Library

Viking Fiight Team

Visual Imaging Subsystem

Viking Incident, Surprise. or Anomaly Report
Viking Lander

very long baseline interferometry
Viking Lander Capsule

Viking Mission Control and Computing Center
Viking modified classical orbital elements
Viking Orbiter

Viking Project Simulation System
crosstange

angle of attack

angle of sideslip

flight path angle

flight path angle at entry

velocity increment

arsidal rotation

auning angle in B-plane
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Trajectory Description

D. L. Farless, L. H. Dicken, and R. E. Diehl

I. Launch Phase

The two Viking *75 spacecraft were launched by Titan IIIE
booster vehicles with Centaur D-1T high-energy upper stages.
The two launch vehicles were the third and fourth Titan/
Centaur combinations to be launched and were designated as
vehicles TC-3 and TC-4. The launch trajectories utilized a
parking orbit coast phase between two Centaur thrusting
phases. Both launches were conducted from Launch C »mplex
LC-41 at the Air Force Eastern Test Range.

Viking 1 was successfully launched cn August 20, 1975,
after a nine-day delay. The delay was caused, first, by failure
of a thrust-vector-control valve in one of the Titan solid rocket
boosters and later by a discharged battery on the Viking
O.piter (VO) which necessitated replacement of the entire
spacecraft with the second spacecraft. Liftoff came at 21 h
22 min 0.6 s GMT, only 0.6 s after the nominal open-window
launch time for this day. Launch azimuth was 96.57 deg, and
the required Centaur parking orbit coast time was 15 min 20's.
Table 1 shows the nominal and actual Mark Event times for
the Viking 1 launch.

Viking 2 was launched 20 days later on September 9, 1975,
after several days of delay because of trouble with the orbiter’s
S-band radio subsystem. Liftoff came at 18 h 39 min 0 s, once
again right on the open-window launch time at an azimuth of
96.51 deg. Nominal and actual Mark Event times for this
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launch are presented in Table 2. Nominal Centaur parking
orbit coast time for this launch was 18 min 13 s.

Both launches were essentially nominal, well within

expected dispersions. Table 3 presents post-separation geo-
centric orbit elements for both spacecraft. These data are

Table 1. Viking 1 launch trajectory mark event list

Mark Event Nominal time  Actual time
0 Launch 21:22:00 21:22:00.6
1 Heat shicld jettison 21:23:40 21:23:40.2
2 Stage I ignition 21:23:51 21:23:51.0
3 Stage 1/0 separation (jettison SRM) 21:24:02 21:24:01.9
4 Stage | shutdown 21:26:16 21:26:19.7
B Stage | jettison 21:26:17 21:26520.4
6 Stage 11 ignition 21:26:17 21:26:20.3
7 Jettison Centaur standard shroud 21:26:28 21:26:32.3
8 Stage 11 shutdown 21:29:40 21:29:40.9
9 Stage H jettison 21:29:46 21:29:54.6

10 Centaur first main engine start

(MESI) 21:29:56 21:30:05.9
11 Centaur first main engine cutoff

(MECO1)/park orbit insertion 21:32:03 21:32:11.6
12 Centaur second main engine start

(MES2) 21:47:23 21:47:33.0
13 Centaur second main engine cutoff

(MEC02) 21:52:44 21:52:48.0

Launch date: 8/20/75
Launch time: 21:22:00
Arrival date:  6/19/76

Tar



Table 2. Viking 2 launch trajectory mark event list

Mark Event Nominal time  Actual time
0 Launch 18:39:00 18:38:59 96
i Heat shield jettison 18:40:40  18:40:40.0
2 Stage | ignition 18:40:51 18:40:52.0
3 Stage 1/O separation (jettison SRM) 18:41:02 18:41:02.9
4 Stage 1 shutdown 18.43:16 18:43:21 0
5 Stage [ jettison 18:43.17 18.43:21.6
6 Stage Il ignition 18:43 17 18.43:21.8
7 Jettison Centaur standard shroud 18:43:2R 18.43.3313
8 Stage Il shutdown 18:46:40  18:46.50.0
9 Stage 11 jettison 18:46:46 18:46:53.2

10 Centaur first main engine start

(MESI) 18:46:56 18:47:05.1
11 Centaur first main engine cutoff

(MECO1)/park orbit insertion 18:49 09 18:49:13.2
12 Centaur second main engine start

(MES2) 19 07:22 19:07:27.0
13 Centaur second main engine cutoff

(MEC02) 19:12:25 19:12:27.8

Launch date: 9/9/75
isunch time: 18:39:00
Arriva! date: 8/7/76
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Fig. 1. Targeted and achieved injection aimpoints for
Viking launches

Table 3. Orbital data
(Earth mean equator and equinox of 1950.0 coordinate reference)

Post-separation geocentric orbit elements

Injection orbit elements
from launch polynomials

Parameter Viking 1 Viking 2 Viking 1 Viking 2
Epoch, GMT 8/20/75, 21:52:43.4 9/9/75, 19:12:24.0 8/20/78, 21:52:44 9/9/75, 19:12:25
Periapsis radius, km 6,561.0 6,557.1 6,562.7 6,558.8
Semi-major axis, km -18,842.2 -26,502.4 -18,849.7 -26,466.1
Eccentricity 1.3482 1.2474 1.3482 1.2478
Inclination, deg 29.29 29.31 29.34 29.39
Longitude of ascending node, deg 104.48 83.56 104.40 83.52
Argument of periapsis, deg -159.71 -148.66 -159.66 -148.64
Time past periapsis, s 136.9 130.9 138.6 134.6
Trajectory energy, km?2/s2 21.155 15.040 21.146 15.061
Declination of outgoing asymptote, deg -10.48 ~-2.63 -10.47 -2.63

based on the best orbit estimates obtained prior to the near-
Earth midcourse maneuver on each spacecraft. For com-
parison, the injection orbit elements, based on the nominal
launch polynominals, are included in Table 3. Figure 1 is a
display of the injection targets and actual achieved injections
in the B-plane. Also shown are the final targets required for
the nominal Mars Orbit Insertion (MOI). The injection aim-
points were biased away from these MOI aimpoints to insure
that planetary quarantine (PQ) requirements were met in con-
sideration of expected launch vehicle dispersions, to guarantee
a minimum required AV for the first maneuver, and to insure
that the spacecraft attitude for the first maneuver would allow
real-time communications during the burn.

il. Interplanetary Phase
A. Heliocentric Orbit Description

The two Viking spacecraft were inserted into Type II
Class II interplanetary trajectories from Earth to Mars. That is,
they traversed more than 180 deg of true anomaly from
launch to encounter and arrival occurred after apoapsis of the
transfer orbit. Plots of the two trajectories are shown in Figs. 2
and 3, along with positions of the Earth and Mars. The
pre-near-Earth midcourse maneuver heliocentric orbit elements
for the two Viking interplanetary trajectories are presented in
Table 4. The epochs of these conditions are the times of the
tirst midcourse maneuvers. The total central angle traveled

N
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Fig. 2. Viking 1 heliocentric trajectory

60 DAYS FROM
LAUNCH

SCALE: 10° km
Fig. 3. Viking 2 heliocentric trajectory

Table 4. Heliocentric orbit elements
(Earth mean orbit piane and equinox of 1950.0 coordinate reference)

60 DAYS FROM
LAUNCH

Pre-midcourse Post-midcourse

Parameter Viking 1 Viking 2 Viking 1 Viking 2
Epoch, GMT 8/27/75, 18:30:00 9/19/175, 16:30:00 8/27/75, 19:59:12 9/19/7" 6:59:12
Periapsis radius, km 149.778 x 10* 150.584 x 10¢ 149.779 x 10¢ 150.58 « 10°
Semimajor axis, km 199.644 x 10¢ 200.168 x 10* 199.728 x 10¢ 200.29; x 10*
Eccentricity 0.24978 0.24771 0.25008 0.24818
Inclination, deg 4.48 2.92 448 2.92
Longitude of ascending node, deg 146.72 165.82 146.72 165.83
Argument of periapsis, deg 198.70 185.02 198.68 184.97
Time past periapsis, days -10.0899 5.5947 -10.0076 5.6439
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from launch to encounter for Viking1 was 201 deg in
304 days and for Viking 2 was 203 deg in 332 days.

Launch occurred on the descending node of the transfer
orbit in each case. so the majority of the trajectory was flown
below the echiptic plane but encounter with Mars was above
the ecliptic plane. It is interesting to note that, although
Viking 1 was launched first and encountered Mars first,
Viking 2 actually passed Viking 1 and reached the orbit of
Mars first. Mars having not yet arrived at this point in its orbit,
Viking 2 continued on to apoapsis of its heliocentric orbit
before encountering Mars on the way back toward the Sun.
M-~anwhile, Viking 1 was overtaken near apoapsis of its helio-
centric ellipse by the faster moving Mars.

B. Near-Earth Midcourse Maneuver
Effects

Both Viking launches required that the aimpo.ut at Mars be
biased away from the planet. For this reason, at least one
midcourse (M/C) maneuver, executed shortly after launch, was
mandatory. For both spacecraft, one near-Earth M/C, 7 to 10
days after launch, was sufficient to meet all mis.ion require-
ments. In the case of Viking 2, the M/C maneuver was also
biased away from the desired final target as discussed in
Maneuver Analysis. Figure 4 is a sketch of the B-plane at Mars
showing the achieved post-M/C encounter points along with
the targeted aimpoints for the M/C designs. Table 4 lists the
post-M/C heliocentric orbit elements for Viking 1 and
Viking 2. These are the best estimates of the two-body inter-
planetary orbits for the two Viking spacecraft.

MARS IMPACT RADIUS

~— VIKING 2
MOI AIMPOINT
TCA = 8/7/75
11:52 GMT
5%, 10% km
1 l
1 T
5 10 15
VIKING 2
POSI M/C ACTUAL
TCA = 8/7/76 12:21 GMT -

P

VIKING 2
BIASED M/C AIMPOINT

5T (\— TCA = 11150 GMT
-1
~—— VIKING 1
POST M/C ACTUAL
ICA = 6/19/76 16530 GMT
104 —VIKING 1

MOt AIMPOINT
TCA = 6/19/76 16:25 GMT

Fig. 4. Targeted and achieved midoourse manev /er aimpoints
for Viking

C. Solar Pressure Eftects

The effect of solar radiation pressure acting on the Viking
spacecraft throughout the interplanetary phase of the trajec-
tories is to cause a change in the encounter point relative to
Mars oi about 20,000 kilometers. This elfect was allowed for
in targeting the launches and the near-Earth M/C maneuvers by
calculating the solar pressure effects using the best estimate of
the solar radiation constant and the dimensions of the space-
craft. However, several months into the mission, solution tor
actual solar pressure effects indicated modification to the
spacecraft solar pressure model to allow for colar radiation
impingement in areas of the spacecraft not previously included
in the model. These changes caused the encounter points for
both spacecraft to move by about 1000 km relative to Mars.

D. Interplanetary Trajectory Data

Time history plots of several parameters relative to the
interplanetary trajectories are presented in Figs. S through 10
for Viking | and in Figs. 11 through 16 for Viking 2. In each
case, the first two figures plot geocentric range and range rate,
the next two figures plot geocentric declination and right
ascension (relative to Earth equator and equinox of 1950.0),
and the last two figures plot heliocentric and areocentric
range. All data are plotted against calendar date.

Il. Encounter Phase

Only one encounter phase M/C maneuver was planned for
Viking 1. to take place 10 days before encounter. However, a
leaking pressure regulator valve was encountered when the
pyrotechnic squib valve, which sealed off the high pressure gas
supply during cruise, was opened shortly before the maneuver.
To reduce the pressure accumulating in the propellant tanks,
two M/C maneuvers were executed, one on June 10, 1970, at
11:00 GMT, about 10 days before encounter and another on
June 15 at 14:00 GMT, about 4 days before encounter. Since
these maneuvers had to be large — about 50 meters/second -
to achieve the required reduction in propellant tank pressure,
they were used to reduce the Mars-relative velocity of the
spacecraft. This delayed the arrival time by a total of over 6
hours and also decreased the required MOI maneuver AV,

Table 5 presents areocentric encounter orbit elements for
Viking | before the approach midccurse maneuvers and after
each of the two maneuvers. The changes in the encounter orbit
geometry were dictated by changing MOI requirements as
detailed in the Maneuver Analysis chapter of this document.

Viking 2 required only one encounter phase M/C

maneuver — the leaky valve problem was precluded by waiting
until shortly before MOI to open the squib valve and doing the

n
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Table 5. Areocentric orbit eilements
(Mars mean equator and equinox of date coordinate reference)

Vihme 2

Vikinge ! —
Pre-approach Post-approach Post-apy o h Pre-approach Postapproach
Parameter M/C M/C M/C2 M/C M/C
Rads of closest approach, km 51709 S5108 S561.6 127 50507
Sennumagor anis, km -5774.6 H008.8 6279.7 61849 6167.1
Fecentnietty {.8955 19178 1.8856 28064 1 X190
Inchination, dey 16 44 3IR.44 KLEIN 42 81 SSAR
Longitude of ascendiar node, deg 116.76 13218 12987 5389 36.52
Argument of pertapsis, deg 1571 12 9% 15.3% §7.%2 R1 4R
Time of periapsis passage, GMT 6/19/76 6/19/76 6/19'76 8/07/76 RIN7:76
f6-31 23 2037 50 22 5408 12:21 13 114508
Hypertolic excess veloaty, km/s 3723 2670 2.612 2631

2635

M/C n the blowdown mode. The M/C mancuver was executed
about 10 days before encounter on July 28, 1976, at 01 00
GMT. Tuble 5 lists the acrocentric orbit elements at encounter
before and after the M/C.

iy o st T g B

which the second penapsis would have occurred if the nominal
mission protile had been tollowed. In order to preserve the
day/rev number sequence which had previously heen estab-
lished, the first rev ot Viking | was labeled rev 2 and there was
no rev 1. This is the reason Table 6 begins with rev number 2.

IV. Mars Orbit Phase

On June 19, 1976, at 22:59 GMT, Viking | was mserted
into a highly elliptical orbit about Mars atter a 38-min MOI
motor burn. The orbit elements atier MO! for cach orbit
revolution up to the end of the nominal mission are presented
in Table 6. The definition of rev number 15 as tollows: A rev is

i measured from apoapsis to apoapsis with apoapsis being the

Viking 2 was inserte d mto Mars orbat seven weeks later on
August 7, 1976, at 12 09 GMT afer a 39-mun MOl motor
burn. Table 7 lists the rev-by-rev orbut elements tor this space-
craft through the end of the nonunal mussion.

Periodic discontinuities may be observed in the normal
progression of the orbit elements in these tables. These wll

start of each rev; i.c., apoapsis number 1 precedes periapsts
number 1. Orbit insertion is assumed to occur on rev O so that
the first apoapsis is the start of rev 1, An mmediate exception
to this rule was made with Viking 1. Because of the large
approach M/C maneuvers exccuted with this spacecraft,
Viking | was inserted into a 42.5-h-period o1bit instead of the
planned 24.6-h orbit. The period was reduced 10 24.6 h by a
Mars orbit trim (MOT) maneuver near periapsis st the end of
the first full rev. This periapsis would normally have been
numbered “1”" but it occurred on the GMT day and time at

usually be the result of MOT maneuvers, as between tevs 2 and
3 in Table 6. A list of MOT maneuver execution times is
included here as Table 8 to awd in identifying these points,
This hst is complete regardless of the absence of some MOT
numbers. A number of trim maneuvers were planned and
designed but never executed. Some other, generally small,
discontinuities in the orbit elements are attributable to up-
dates in orbit determination solutions, lack of tracking data, or
poor orbit determination due to noisy data dunng solar
conjunction.
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Table 8. VO-1 Mars orbit slements

Rev. No. Apoapsis/Penapsis Period, h RCA. km INC (MEQ). LAN (MFQ). APF (MEQ).
GMT date and time, 1976 deg deg deg

2 6/20 20:16:56 42.35210 4907.19 3, 588 129.7960 39.759¢6
6/21 17:28:15

3 6/22 05:47:19 24.66124 4907.10 37.8787 129.6765 39.9378
6/22 18:07:55

4 6/23 06.27:40 24.65884 4907.03 37.8849 129.54454 40,1125
6/23 18:47:26

5 6/24 07:07:06 24.65640 4906.96 37.8911 129.4145 44.2872
6/24 19:26:48

6 6/25 07:46:24 24.65393 4906.89 37.8975 129.2837 40.4619
6/25 20:06:01

7 6,26 08:25:32 24.65143 4906.81 37.9039 129.1531 40.6365
6/26 20:45:05

8 6/27 09:04:32 24.64889 4906.73 37.9104 129.0226 40.8111
6/27 21:24:00

9 6/28 09:43:22 24.64633 4906.65 37.9169 128.8922 40.9856
6/28 22:02:45

10 6/29 10:22:03 24.64374 4906.56 379238 128.7620 41.1601
6/29 22:41:22

11 6/30 11:00:38 24.64113 4906.46 37.9301 128.6319 41.3346
6/30 23:19:49

12 7/01 11:38:57 24.63850 4906.37 37.9368 128.5019 41.5091
7/01 23:58:06

13 7/02 12:17:10 24.63586 4906.26 37.9435 128.3720 41.6835
7/03 00:36:14

14 7/03 12:55:13 24.63320 4906.15 37.9502 128.2423 41.8579
7/04 01:14:13

15 1/04 13:33:07 24.63082 4906.04 37.9570 128.1126 42.0322
7/08 01:52:01

16 7/08 14:10:51 24.62784 4905.92 37.9638 127.9830 42.2068
7/06 02:29:40

17 7/06 14:48:28 24.62514 ©905.80 37.9706 127.8534 42.3808
7/07 03:06:30

18 107 15:25:10 24.62280 4908.74 37.97157 127.7264 42.5508
7/08 03:43:51

19 7/08 16:02:28 24.62012 4905.62 37.9876 127.5949 42.7449
7/09 04:20:38

20 7/09 16:43:52 24.771574 4906.92 37.6949 124.7660 44,8918
7/10 05:06:44

21 710 17:30:17 24.77270 4906.70 37.7168 124.6130 45.1146
1M 05:53:28

22 7 18:16:33 24.76986 4906.54 37.7238 124.485) 45.2906
m2 06:39:39

23 712 19:02:38 24.76700 4906.38 37.1306 124.3578 45,4668
/13 07:28:39

24 713 19:48:34 24.76415 4906.22 3727 124.239%0 456123
714 08:11:31

25 7/14 20:31:03 24.65140 4902.50 37.7007 124.1978 43,8188
/18 08:50:3

26 118 21:10:02 24.64859 4902.33 37.7078 124.0713 45.9953
7/16 09:29:29

27 116 21:48:51 24.64579 4902.17 37.7148 123.945) 46.1717
mi 10:08:13

28 m? 22:27:30 14.64300 4901.99 31.72.8 123.8189 46.3481
718 10:46:47

2 7/18 23:08:59 24.64022 4901.81 37.7288 123.6928 46.5244
71 11:25:11

»
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Apoapsis/Penapsis

Table ¢ (contd)

LAN (MFO).

Rev. No. Per.od, h RCA. km INCIMEQ). APE (MEQ).
GMT date and time. 1976 dep deg deg

30 7719 231.44:18 24.63744 4901.63 37,7388 123 5669 46.7008
7/20 12.03.26

3 7/21 00.22:31 24.63607 4902.19 37.7424 123.4365 46.8764
7121 12:41:37

32 7722 01:00°37 24.6319} 4902.00 17 7493 1233108 47.0524
7/22 1319 38

33 7/23 01 38 34 2463118 4901 81 17.7562 1231852 47,2286
7/23 13 57.30

34 7/24 02.16:20 24.62840 4901.60 37.7631 123.0596 47,4048
7124 14.35 11

35 7/2s 02:53:57 24.62568 4901.40 37.7700 122.9341 47,5811
7/28 1512 43

36 7/26 03 31.23 24,6229} 4901.19 17.7768 1228087 47.7572
7/26 15 50008

kY 7/21 04 08-40 24.62016 4900.97 37.7836 122.6833 47.9334
7/27 10 27 17

38 7/28 w4.45:47 2461742 491,76 37.7908 1225879 48. 1096
7/28 1704 19

39 7/29 0s 22 44 24 61468 4901153 37,7972 1224328 48,2858
7/29 17.41.11

40 7/30 05 59 32 261194 4900,30 37.8040 12213072 48,4620
7/30 18.17.53

41 7/31 06:36 09 2460919 4900,07 37.8108 1221818 48.6381
7/31 18.54.26

42 8/01 07.12 36 24 600644 4899.83 378176 122.0564 48.8143
R/01 19 30.48

43 8/02 07.50 13 24.60569 4900.09 378145 121.9410 48.9604
8/02 20:07-01

44 8/03 08:28:06 24.63793 4898.84 37.9011 121.7756 49.3066
8/03 20:43:03

45 8/04 09:06:26 24.63777 4898.80 37.9009 121.7778 49.3038
8/04 21:25:34

46 R/08 09:44:36 24.63507 4898.50 37.9074 121.6530 49 4790
8/08 22:03:40

47 8/06 10:22:37 24.63237 4898.21 37.9139 121.5282 49.6545
8/06 22:41:36

48 8/07 11:00:28 24.62968 4897.90 37.9203 121.403§ 49.8301
8/07 23:19:22

49 8/08 11:38:10 2462700 4897.60 379267 121.2788 50.0056
8/08 23:56:58

50 8/09 12:15:42 24.62432 4897.29 37.9330 121.1542 50.1812
8/10 00:34:26

s1 8/10 12:53:04 24.62168 4896.97 37.9394 121.0296 $0.3568
8/11 01:11:43

$2 8/11 13:30:17 24.61898 4896.6$ 37.9487 120.9050 50.5324
8/12 01:48:51

$3 8/12 14:07:20 2461632 4896.33 37.9820 120.7804 $0.7080
8/13 02:25:49

54 8/13 14:44:13 24.61366 4896.01 37.9582 120.6559 $0.8836
8/14 03:02:38

58 8/14 18:20:87 2461100 4895.68 37.9645 120.5313 $1.0893
8/18 03:39:17

6 8/18 18:57:31 24.60833 4895.34 31.9707 120.4066 $1.2349
8/16 04:15:46

57 8/16 16:33:56 24.60567 4895.0) 37.9769 120.2820 $1.4108
8/17 04:52:06
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Rev No.

Apoapsis/Pertapsis

GMT dute and bmie, 1976

58

59

60

6l

66
67
68
69
70

7

73
74
75
76
”
78

79

8]
82

83

817
8/1%
8/18
8/19
8/19
R'20
820
®/21
821
§/22
8/22
823
823
R/24
8/24
8/2S
8/28
8/26
8/26
8/27
8,27
B/28
8'18
8/29
8/
8/30
8/31
8/31
9/01}
9/01
9/02
9/02
9/03
9/03
304
9/04
9/08
9/08
9/06
9/06
9/07
9/07
9/08
9/08
9/09
9/09
9/10
9/10
9/11
911
912
9/12
9/13
9/13
9/14
9/14

17
15
17
06
8
36
18
07
19
07
20
08
20,
09
M|
Ny
21
10

A

]
3
11
pXR
i
).

12

n
28
46
o4
2
40
87
1§
31
51
Ny

26°

44
[§2}

19:
R

54
N
29
36
03

21

iR

.55

12

29.

1
17
17
17
13
08
59
S0
15
22
n2
43
19
56
27
<R
24
50
11
33
49
06
17
29
s
41

No 46 43

13:
i1}

13.
0.
14:
02:

03

44

20.40

37
54:
1
28:

37
28
20
06

14 44:53

03:
18.
0

(13}

34

18:16

4.

52

15:51:29
4:08:00
16:24.32
04:40:59
16:57:26
05:13:01
§7:29:20
05:45:34
18.01:48
06:17:56
18:34:08
06:50:09
19:06:14
06:02:33
16:59.03
03:55:10
i4:51:29
01:47:49
12:44:10

Peniod b

24 67029‘;
24.60032
23 89763
24 59494
23 5020
24 S8954
24.58682
2488400
R IRM
2487861
24 57586
2497310
24.57033
24.56736
24.56470
24.56201
24.55924
24.55648
24.55373
24.55099
24.54827
24.54397
24.54113
24.53831
24.53550
21.87718
21.87698

21.877193

Tebie 6 (contd)

RO A R

483,00
4894 32
1893 4
4893.02
489327
489292
4892.56
4892 20
4891.84
4891 47
4891 10
4891 73
4890 36
488Y.99
4889.62
44558924
488887
488849
488,11
4887.73
4887.38
4886.80
4886.43
4886.08
488547
4885.17
4884 82

4883.37

INC MGy,

de

37 9893
379954
I8 007
K. 0079
REEIIEY!
W.0203
IR 00268
38.0327
IRIREE
I8 (450
xnsg2
IROST4
N 0616
IR.0697
380759
3K 0820
38.0881
380942
18,1002
38 1062
38.1260
38.1320
381379
38.1538
381298
383

38.1297

1T YR

[ANMEON
dew
|i’n |<7;
1200328
1199077
119 TR28
119.657%
119 8328
1194076
119 2827
1191470
1190314
FIS S8
I8 TR0
IR 6540
1188278
IR d0lE
118.2750
118.1482
1180213
117.8942
117.7668
1176391
117.5068
117.37187
117.2504
117.1219
116.9917
116.8512

116.7192

APE (M O).

dk"'

5] SK62
ST 7618
51 9378
S22
S2.I8R8
§2 4645
§).6413)
§2 8187
§294914
31670
S4 4426
REIEN
L0938
4. 8693
£4.04449
54.2204
54.3989
54.5714
54.7469
54,9224
$5.0978
55.2883
554637

§5.639)

55.8244

56.0344

56.2084

56.3%¢1

A



PR

Table 6 (contd)

Rev. No. Apeapsis/Periapsis Period. h RCA. km INC (MEQ). LAN (MLO). AP! (MEQ),
GMT date and time, 1976 deg deg den

86 9/14 23:40.33 21.87928 4884.18 38,1279 116.5934 56 5552
9/15 10:36.55

87 9/15 21:33:17 21.87912 4884.22 38.1309 116.4682 56.7330
9/16 08:29:40

88 9/16 19.25 56 21.87615 4883.81 38.1374 116.3309 56.9122
9/17 06:22:14

89 9/17 17:18:31 21.87634 4883.22 38.1359 116.1862 57.0898
9/18 04:14:49

90 9/18 15:11:13 21.88004 1882.92 38.1282 116.0534 57.2693
9/19 02:07:37

9] 9/19 13:04:00 21.87961 4882.64 38.1297 115.9277 57.4505
9/20 $0:00:24

92 9/20 10:56:42 21.87727 4882.42 38.1043 115.7753 57.6303
9/20 21:53:02

93 9/21 08:59:57 22.22920 4835.90 38.3090 115.7176 57.9874
9/21 20:06°51

94 9/22 07:13:42 22.22968 488543 38.3025 115.5870 58.1616
9/22 18:20:36

95 9/23 05:27:32 22.23107 4885.14 38.3000 115.4602 58.3349
9/23 16.34:2¢

96 9/24 03:41:76 22.23192 4885.16 38.1004 115.2467 58.5102
9/24 14:48-23

97 9/25 03:08:11 24.64537 4909.35 38.1579 115.0810 59.7747
9/25 15:27:33

98 9/26 03:46:50 24.64313 4909.09 38.1634 114.9552 §9.9485
9/26 16:06-08

99 9/27 04:25:21 24.64092 4908.82 38.1690 114.8295 60,1224
9/27 16:44:35

100 9/28 05:03:44 24.63874 4908.56 38.1744 114.7038 60.2964
9/28 17:22:54

101 9/29 05:42:00 24.63658 4908 30 35.1799 114.5782 60.4703
9/29 18:01-06

102 9/30 0 -20:08 24.63444 4908.05 38.1852 114.4526 60.6443
9/30 18 %10

103 10/01 06:58:09 24.63243 4907.74 38.2104 114.3375 60.8217
10/01 19:17:07

104 10/02 07:36:02 24.63033 4907.49 38.2157 114.2120 60.9956
10/02 19:54:57

105 10/03 08:13:47 24.62824 4907.24 38.2209 114.0865 61.1696
10/03 20:32:38

106 13/04 0v.51:25 24.62616 4906.99 38.2261 113.9610 61.3437
10/04 21:10:12

107 10/05 09:28:55 24.62409 4906.74 38.2313 113.8355 61.5178
10/05 21:47:39

108 10/06 10:06:18 24.62202 4906.49 38.2364 113.7100 61.6919
10/06 22:24:58

109 10/07 10:42-34 24.61996 4906.24 38.2415 113.5844 61.8661
10/07 23:02:10

110 10/08 11:20:42 24.61789 4905.%) 38.2466 113.4588 62.0404
10/08 23:39:14

11 10/09 11:57:43 24.61582 4905.74 38.2517 113.3331 62.2147
10/10 00:16:11

112 10/10 12:34:44 24.61419 4905.52 38.2304 113.1893 624120
10/11 00:53:10

113 10/11 13:11:31 24.61213 4905.31 38.2354 113.0635 62.5865

10/12 01:29:53
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Rev. No. Apoupsis/Perrapsiy Pertod. h RCA. kin INC (MEFQ), LAN (MLQ). APE (MLEQ),
GMT date and time, 1976 deg deg deg

114 10/12 13:48:11 24.61005 4905.09 38.2405 112.9376 62.7609
10/13 02:06:29

115 10/13 14:24:43 24.60795 4904.87 38.2455 112.8117 61.9355
10/14 02:42:58

116 10/14 15:01 08 24.60584 4904.65 38.2508 112.6856 63.1101
10/15 03.19.19

117 10/15 15:37:25 24.60370 4904.43 38.2556 112.5594 63.2847
10/16 03:55:32

118 10/16 16:13:35 24.60153 4904.20 38.2616 1124332 63.4594
10/17 04-31:38

119 10/17 16.49:36 24.59934 4903.98 38.2657 112.3067 63.6342
10/18 05:07:35

120 10/18 17:25:30 24,5971} 4903.75 38.2708 112.1802 63.8090
10/19 05.43:25

121 10/19 18:0):16 24.59485 4903.52 38.2759 [12.0538 63.9839
10/20 06:19:06

122 10/20 18:36:53 24.59254 4903.29 38.2810 111.9267 64.1589
10/21 06:54:40

123 10/21 19-12:22 24.59020 4903.05 38.2861 111.7996 64.3339
10/22 07:30:04

124 10/22 19:47:42 24.58780 4902.81 38.2913 1116724 64.5089
10/23 08:05:21

125 10/23 20:22:54 24.58536 4902.57 38.2965 111.5450 64.6840
10/24 08:40:28

126 10/24 20:57:57 24.58286 4902.32 38.3018 111.4174 64.8592
10/23 09:15:26

127 10/28 21:32:51 24.58030 4902.07 38.3071 111.2896 65.0345
10/26 09:50:15

128 10/26 22:07:35 24.57768 4901.82 38.3125 111.1615 65.2097
10/27 10:24:55

129 10/27 22:42:10 24.57499 4901.56 38.3179 111.0332 65.3851
10/28 10:59:25

130 10/28 23:16:35 24 57224 4901.29 38.3233 110.9046 65.5605
10/29 11:33:45

131 10/29 23:50:50 24.56942 4901.02 38.3288 110.7758 65.7359
10/30 12:07:55

132 10/31 00:24:55 24.56652 4900.74 38.3344 110.6466 65.9114
10/31 12:41:5$

133 11/01 00:58:49 24.56355 4900.45 38.3400 110.5171 66.0870
11/01 13:15:44

134 11/02 01:32:32 24.56050 4900.16 38.3457 110.3873 66.2625
11/02 13:49:22

135 11/03 02:06:05 24.55736 4899.86 38.3515 110.2572 66.4382
11/03 14:22:48

136 11/04 02:39:26 24.55414 4899.55 38.3573 110.1266 66.6138
11/04 14:56:03

137 11/05 03:12:35 24.55084 4899.23 38.3631 109.9957 66.7895
11/05 15:29:06

138 11/06 03:45:32 24.54746 4898.90 38.3690 109.8644 66.9652
11/06 16:01:57

139 11/07 04:18:17 24.54399 4898.57 38.3750 109.7326 67.1409
11/07 16:34:36

140 11/08 04:50:49 24.54043 4898.22 38.3810 109.6004 67.3166
11/08 17:07:02

141 11/09 0r 23:08 24.53680 4897.86 38.3871 109.4677 67.4924
11/09 17:39:14
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Table 6 (contd)
Rev. No. Apoapsis/Periapsis Period, h RCA., km INC (MEQ), LAN (MEQ), APF (MEQ),
GMT date and time, 1976 deg deg deg

142 11/10 05:55:14 24.53309 4897.49 38.3932 109.3345 67.6681
11/10 18:11:14

143 1/m 06:27:06 24.52930 4897.11 38.3993 109.2008 67.8438
11/11 18:42:59

144 11/12 06:58:45 2452544 4896.72 38.4054 109.0666 68.0195
11/12 19:14:31

145 11/13 07:30:10 24.52153 4896.31 38.4115 108.9318 68.1952
11/13 19:45:49

146 /14 08:01:21 24.51756 4895.89 38.4176 108.7964 68 3708
11/14 20:16:52

147 11/15 08:32:17 24.51356 4895.47 38.4237 108.6605 68.5464
11/15 20:47:41
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Table 7. VO-2 Mars orbit elements

Rev. No. Apoapsis/Periapss Penod. I RCA. hm INC (M1 Q), LAN (MI-O). APL (M1 Q).

GMT date and time. 1976 dey dey der

1 8/08 01:27.53 27.623 49122 55.17 36.37 69.32
8/08 15:16:35

2 8/09 05:05:11 27.620 49124 55.18 36.28 69.36
&/09 18.53:53

3 8/10 08 33:16 27.313 4893.0 55.20 36.07 66.77
8/14 22.12:40

4 8/11 11:52:10 27.317 48929 5521 36.00) 69.381
of12 01:31:41

5 8/12 15:11:26 27.325 4893.0 535.26 35.90 69.806
8/13 04:51:12

6 8/13 18:30.49 27.321 4892.8 55.21 35.80 69.90
8/14 08-10:28

7 8/14 21:52°53 27.413 4895.0 55.21 35.72 70 02
8/15 11-35:17

8 8/16 01:17:44 27415 4895.3 55.20 35.63 Tk
8/16 15:00:12

9 8/17 04:42:45 27419 4895.3 55.19 35.53 70.158
8/17 18:25:20

10 8/18 08:07:56 27.420 4895.3 55.19 35.43 70.20
8/18 21:50:33

11 8/19 11:33:04 27.417 4895.6 55.19 35.33 7125
8/20 01:15:36

12 8/20 14:57:57 27.412 4895.7 55.20 3524 70.3]
8/21 04:40:20

13 8/21 18:22:51 27.417 4895.7 55.19 35.15 70.37
8/22 08:05:23

14 8/22 21:48:07 27.424 4895.8 55.18 35.04 70.42
8/23 11:30:52

15 8/24 01:13:25 27.418 4895.8 55.19 34.94 70.46
8/24 14:55:59

16 8/25 04:38:23 27413 4896.0 55.19 34.85 70.52
8/25 18:21:31

17 8/26 06:22:43 24,040 4818.3 55.65 34.78 72.66
8/26 18:23:57

18 8/27 06:25:12 24.042 4818.6 55.65 34.70 72.71
8/27 18:26:29

19 8/28 06:45:15 24.622 4883.0 55.39 34.40 73.65
8/28 19:03:56

20 8/29 07:22:35 24.622 4882.9 55.38 34.38 73.66
8/29 19:41:16

21 8/30 07:59:56 24.622 4883.3 55.38 34.29 73.73
8/30 20:18:37

22 8/31 08:37:17 24.622 4883.6 55.38 34.20 73.79
8/31 20:55:58

23 9/01 09:14:38 24,622 4884.0 55.38 34.11 73.86
9/01 21:33:20

24 9/02 09:52:00 24.623 4884.4 55.38 34.02 73.92
9/02 22:10:42

25 9/03 10:29:23 24.623 4884.8 55.38 33.93 73.9%
9/03 22:48:05

26 9/04 11:06:51 24.626 4885.5 §5.39 33.85 74.03
9/04 23:25:39

27 9/05 11:44:26 24.626 4886.0 55.39 33.77 74.09
9/06 00:03:15

28 9/06 12:22:02 24.626 4886.4 55.39 33.68 74.15
9/07 00:40:51
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Table 7 (contd)
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Rev. No. Apoapsis/Penapsis Period. h RCA, km INC (MEFQ), LAN (MELQ), APE (M1.Q).
GMT date and time, 1976 deg deg deg

29 9/07 12:59:39 24.626 41886.8 55.3Y 3359 74.21
9/08 01:18:28

30 9/08 13:37°16 24.627 4887.2 55.39 33.50 74.28
9/09 01.56:06

31 9/09 14.14:55 24.627 4887.7 55.39 33.41 74.33
9/10 02:33.46

32 9/10 14:52:35 24.628 48R88.2 5539 33.32 74.44
9/11 03:11:26

33 9/11 15.30:21 24.628 4888.6 55.39 33.23 74.46
9/12 03:49:09

34 9/12 16:08:00 24.628 4889.0 55.39 33.14 74.53
9/13 04:26:52

35 9/13 16:45:44 24.629 4889.5 55.39 33.05 74.59
9/14 05:04:37

36 9/14 17:23:30 24,629 4890.0 55.39 32.95 74.66
9/15 05:42°25

37 9/18 18:01.18 24.630 4890.5 55.39 32 86 74.73
9/16 06:20:14

38 9/16 18:39:08 24.630 489019 55.39 32.77 74.79
9/17 06:58.05

39 9/17 19:17:01 24.631 48914 55.39 32.68 74.85
9/18 07:35:58

40 9/18 19:54:55 24.632 4891.8 55.39 32.59 74.92
9/19 08:13:53

41 9/19 20:32:52 24.632 4892.4 55.39 32.51 74.97
9/20 08:51:52

42 9/20 21:10:52 24.633 48929 55.39 32.42 75.03
9/21 09:29:53

43 9/21 21:48:54 24.634 4893.3 55.39 32.33 75.10
9/22 10:07:47

44 9/22 22:26:59 24.635 4893.8 55.39 32.24 75.16
9/23 10:46:03

45 9/23 23:05:07 24.636 4894.3 55.39 32.15 75.22
9/24 11:24:13

46 9/24 23:43:20 24.637 4894.9 55.38 32.04 75.31
9/25 12:02:27

47 9/26 00:21:35 24.638 4895.4 55.38 31.95 75.38
9/26 12:40:44

48 9/27 00:59:54 24.639 4895.9 55.38 31.86 75.44
9/27 13:19:08

49 9/28 01:38:17 24.640 4896.4 55.38 31.76 75.50
9/28 13:57:30

50 9/29 02:16:44 24.641 4897.0 55.38 31.71 75.53
9/29 14:38:27

51 9/30 02:57:44 24.643 4925.5 55.34 31.27 75.89
9/30 15:17:01

52 10/C1 04:56:43 26.794 4902 3 74.90 54.60 68.34
10/01 18:20:16

53 10/02 07:44:16 26.794 4902.3 74.90 54.60 68.34
10/02 21:08:07

54 10/03 10:32:07 26.800 4902.1 74.89 54.56 68.28
10/03 23:56:08

55 10/04 13:20:13 26.802 4902.0 74.89 54.51 68.22
10/05 02:44:19

i 56 1C'05 16:08:19 26.800 4902.2 74.89 54.44 68.18
10/06 0§:32:21
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Table 7 (contd)

Rev. No Apoapsis/Peniapsis Pertod, h RCA, km INC (MFQ), LAN (MEQ), API (MEQ),
GMT date and time, 1976 deg dep deg

57 10/06 18:56:08 26.793 4902.6 74.89 54.4() 68.13
10/07 08:19:56

58 10/07 21:43:35 26.788 4902.6 74.89 54.36 68.09
10/08 11:07:15

59 10/09 00:31°06 26.795 4902.5 74.88 54.31 68.06
10/09 13:54.59

60 10/10 03:19:10 26.806 4902.6 74.87 54.27 67.99
10/10 16:43:23

61 10/11 06:07:31 26.805 4902 6 74.88 54.25 67.86
10/11 19:31.42

62 10/12 08:35:33 26.795 4902.4 74.89 54.21 67.80
10/12 22:19:27

63 10/13 11:43:06 26.789 4902.7 74.90 54.16 67.76
10/14 01:06:48

64 10/14 14:30:32 26.791 4903.0 74.90 54.12 67.73
10/15 03.54:19

65 10/15 17:18:15 26.798 4902.9 74.R9 54.07 67.68
10/16 06:42:13

66 10/16 20:06:23 26.802 4902.7 74.88 54.03 67.60
10/17 09:30:29

67 10/17 22:54:31 26.801 4903.0 74.88 53.98 67.54
10/18 12:18:35

68 10/19 01:42:25 26.795 4903.4 74.89 53.94 67.48
10/19 15:06:18

69 10/20 04:26:56 26.788 4903.6 74.89 53.90 67.44
106/20 17:53:37

70 10/21 07:17:21 26.791 4903.5 74.89 53.85 67.41
10/21 20:41:11

71 10/22 10:05:16 26.803 4903.6 74.87 53.79 67.37
10/22 23:29:24

72 10/23 12:53:36 26.807 4903.8 74.87 5375 £7.29
10/24 02:17:51

73 10/24 15:41:48 26.799 4903.7 74.87 53.71 67.21
10/25 05:05:48

74 10/25 18:29:20 26.790 4903.8 74.88 53.67 67.17
10/26 07:53:14

75 10/26 21:16:55 26.790 4904.2 74.88 53.62 67.13
10/27 10:40:39

76 10/28 00:04:32 26.796 4904.3 74.87 $3.58 67.09
10/28 13:28:28

7 10/29 02:52:29 26.801 4904.1 74.87 53.53 67.03
10/29 16:16:33

78 10/30 05:40:37 26.802 4904.3 74.86 53.48 66.97
10/30 19:04:43

79 10/31 08:28:39 26.797 4904.7 74.87 53.41 66.96
10/31 21:52:36

80 11/01 11:16:17 26.790 4905.1 74.87 $3.36 66.91
11/02 00:490:00

81 11/02 14:03:40 26.789 4995.1 74.87 §3.32 66.88
11/03 03:27:22

82 11/03 16:51:21 26.800 4905.2 74.86 §3.27 66.83
11/04 06:15:22

83 11/04 19:39:35 26.808 4905.4 74.85 §3.23 66.76
11/05 09-03:51

84 11/05 22:27:54 26.802 4905.4 74.86 53.18 66.69
11/06 11:51:59
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Table 7 (contd)

P S

Rev. No. Apoapsis/Periapsis Pertod. RCA. km INC (MLQ), LAN (MEQ). APl (MLQ),
GMT date and time, 1976 deg dew dep

85 11/07 01:15:44 26.792 4905.5 74.87 53.15 66.63
11/07 14:39:32

86 11/08 04:03:14 26.789 4905.7 74.86 53.14 66.49
11/08 17:26:56

87 11/09 06:50:45 26.794 4906.0 7486 53.10 66.45
11/09 20:14:36

38 11/10 09:38:36 26.800 4906.2 74.85 53013 66.43
11/10 23:02:38

89 1/11t 12:26:42 26.803 4906.2 74.85 52.99 66.36
11/12 01:50.49

90 /12 15:14:47 26.799 4906.6 74.85 52.94 66.30
11/13 04:38:48

91 11/13 18:02:32 26.792 4907.1 74.86 52.90 66.25
11/14 07:26:19

92 11/14 20:49:57 26.788 4907.2 74.80 52.86 66.22
11/15 10:13:37

93 11/15 23:37:29 26.796 4907.3 74.85 52.82 66.18
11/16 13:01:23
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Table 8. Mars ordit trim (MOT) maneuver execution times

Ignition

Time
Spacecraft Maneuver Date (GMT),
1976

V-1 MOT 1 6/21 17:26
V-1 MOT 5 7/09 00:40
V-1 MOT 6 1/14 07:12
V-1 SKT 22 8/03 03:00
V-2 MOT 1 8/09 17:16
V-2 MOT 2 8/14 08:31
V2 MOT 3 8/25 17:48
V-2 MOT 4 8/27 20:26
V-1 MOT 7 9/11 19:04
V-1 MOT 8 9/20 22:15
V-1 MOT 9 9/24 15:10
V-2 MOT 5A 9/29 04:33
V-2 MOT § 9/30 21:08

This trim was for lander relay station keeping purposes
and was labeled SKT for that reason.
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Interplanetary Orbit Determination

K. H. Rourke, N. Jerath, C. H. Acton, W. G. Breckenridge, J. K. Campbell, C. S. Christensen,
A. J. Donegan, H. M. Koble, N. A. Mottinger, G. C. Rinker, and F. B. Winn

I. Introduction

This chapter presents a general description of the Viking
interplanetary orbit determination activity extending from
launch to Mars encounter. The emphasis is on the technical
fundamentals of the problem, basic strategies and data tynes
used, quantitative results, and specitic conclusions derived
from the inflight experience. Special attention is given to the
use of the spacecraft-based optical measurements and their
first application as a principal navigational data type for an
interplanetary mission. The optical-based orbit determination
in fact was the primary contributor to the exceptional
inturplanetary navigation accuracy experienced by both Viking
missions. The Viking application of optical orbit determina-
tion relied in large part on the technology developed and
demonstrated by the Mariner 9 Optical Navigation Demonstra-
tion (Refs. 1-3).

The contents of this chapter can be summarized as follows:
Section 11 presents a brief description of Viking navigation-
related interplanetary events. Section Il discusses the princi-
ples of the various orbit determination system elements. The
description includes tie identification and quantification of

the major system errors. Section IV surveys the software
system established for the orbit determination data processing.
Section V discusses the orbit determination strategies
emploved for Viking, including strategy rationale developed
using a simplified model of the spacecraft-based optical
observables. Section VI describes the salient results of the
launch, departure, and cruise orbit determinaticn operations.
Section VII describes the long-arc radio data processing results.
Section VIII describes the inflight solar pressure model
improvement resulting from inflight analysis. Section IX
describes the operational processes required to reduce raw
spacecraft-based observations into data usable for orbit
determination. Section X describes the collection of inflight
approach orbit determination results and evaluates their
accuracy with respect to precision post-flight reconstruction
results. The complete set of interplanetary OD solutions are
compiled and tabulated in Section XI. Section XII discusses
the DSN station locations at some length and Section XIII
contains an analysis of satellite ephemeris related issues.
Section XIV concludes the article with some general state-
ments drawn from the Viking inflight experience, with
emphasis on conclusions that may assist orbit determination
efforts on future interplanetary missions.
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Il. Mission Description

Table 1 and Fig. 1 depict the prime interplanetary o,
deternunation related events that occurred during the Viking
mussions. The cntical events for navigation and orbit determi-
nation are the execution of the spacecraft midcourse correc-
tion (M/C) and Mars orbit insertion (MOI) maneuvers, The
departure corrections were required to remove expected
launch vehicle errors. The approack midcourse corrections
were needed to remove errors in the departure corrections, in
the trajectory prediction, and ir. general to ensure the required
accuracy of the delivery of the Viking spacecraft to Mars.
During the Viking I approach, two corrections were made
before insertion instead of the normally expected single
correction, The second correction, executed just 4 days before
Mars encounter, was not necessary for navigational purposes,
but was required to relieve propellant overpressurization
caused by a wvalve malfunction onboard the Viking I space-
craft. Following the approach M/C, the interplanetary orbit
determination activity was completed with the delivery of
estimates supporting the computation of the Mars orbit
insertion maneuver commands.

For each maneuver, the accuracy of the specific orbit
estimate used to derive the maneuver commands directly
affected the accuracy of the maneuver itself, For approach and
orbit insertion maneuvers, the orbit determination accurucy
largely determined the accuracy of the post-maneuver
trajectory.

At the times indicated in Table 1, best orbit estimates weie
required in support of maneuver calculations. At these points,

Table 1. Mission events

Event Viking 1 Viking 2
1. Launch 8/20/75  9/9/75
2. Initial estimate L+3h L+3h
3. Final departure M/C estimate 8/25/1S  9/17/75
4. Departure M/C 8/27/15 9/19/75
5. Orbiter instrument checkout 10/13/75 10/9/75
6. Sran platform calibration 1 2/9/76 2/13/76
7. Solar pressure model update 3/10/76  3/10/76
8. Scan platform calibration 2 4/11/76  4/14/76
9. Navigation mode! finalization 4/25/76  4/25/76
10. Start planetary operations 5/10/76  (,29/76
11. Start optical navigation 5/17/76  1/6/76
12. Final approach M/C-1 estimate 6/6/76 7/28/76
13. Approach M/C-1 6/10/76  7/28/76
14. Final approach M/C-2 estirate 6/14/76
15. Approach M/C-2 6/15/76
16. Preliminary MOI estimate 6/17/76  7/31/76
17. Final MOI estimate 6/18/76  8/6/76
18. MOl 6/19/76  8/1/76

10% km

At

10 4y ‘ 13"

Fig. 1. Mission events

the available navigation observations (1adio tracking data from
the Deep Space Network and onboard optical observations
from the spacecraft) were incorporated into best estimates.
The best estimates were passed by the Interplanetary Orbit
Determination Teamn to other elements of the Viking Flight
Path Analysis Group for the maneuver analysis and the
ultimate generation of spacecraft executable commands.

Table 1 also lists events aiding the direct navigation
support, including navigation model refinement and the
spacecraft instrument checkout and scan calibration activity.
The instrument checkout and scan calibration activity were
crucial to the preparation for obtaining the spacecraft-based
optical measurements.

ill. Orbit Determination System
Fundamentais

The orbit determination system used for Viking has as
inputs ground-based radio metric and spacecraft-based optical
ohservations. These input data are then “fit” in a least-squares
sense to obtain a “solution” of the spacecraft state (position
and velocity) at a reference epoch. This “solved for™ state is
numerically integrated to obtain an estimated spacecraft
trajectory.

The orbit determination process requires three sets of

models: trajectory models determine the spacecraft trajectory
in an inertial coordinate system: observation models relate the
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observations to the spacecraft trajectory; filter models deter-
mine how the observations are fit to obtain the solution.

A. Trajectory Models

The equations of motion of a spacecraft in the solar system
are given by

r(t)=f[e(r), 1]

where r is the position vector and ¢ is time. The terms in the
acceleration function f include gravitational forces of the sun,
the planets, and their satellites. The parameters in this model
are the masses of the respective celestial bodies and their
positions relative to the spacecraft at any given time. Their
positions are obtained by planetary ephemeris interpolation,

There are also nongravitational accelerations. Solar pressure
is the major such acceleration and depends on the spacecraft
mass, size, and orientation, as well as on reflectivities of
various spacecraft components and the orientation and dis-
tance of the spacecraft with respect to the Sun. 1here can also
be uncontrolled outgassing, ¢.g.. attitude control leaks. In the
case of Viking, venting of air and water vapor from the lander
parachute and bioshield insulation was also a significant effect.
The third type of spacecraft acceleration is caused by the
engine firing when a maneuver is performed.

8. Observation Models

For each observable obtaincd, a computed observable is
calculated, based on the current pominal spacecraft trajectory.
The two are differenced to form a “residual.” The vector of
residuals forms the right-hand side of the data equation that
the filter uses. The length of this vector is minimized in a
least-squares sense when a solution is formed. Following is a
brief summary of how the observables are computed.

C. Radio Data Models

There were two types of radio metric data used in orbit
determination for Viking. Doppler is a measure of the
diffurence in frequency of the carrier signal received from the
spacecraft compared to that transmitted. The observable is an
average of this difference over some sample time 7. It can be
expressed in terms of range rate or differenced range between
the spacecraft and station as:

f 1+T)2 .

-T/2

,% [p(r +T/2)- plt - r/z)]

¢

where p is the range, f, is the transmitted frequency, and ¢ is
the speed of light.

Range is given by the round-trip transmit time of a signal
irom the station to the spacecraft and return, Thus:

ot )=t

. =t .
receive receive transmit

Ir(z,) -r(tﬂc)l

c

e ltg, )= (1))
+ JESS SE —

c

+ relativity corrections,

where r (t,) + r (1,) are position vectors of the station at
transmit and receive times, and r (f5 ) is the position of the
spacecraft at the time the signal is received there and
retransmitted toward Earth. To obtain these vectors requires
an ephemeris interpolation to find the position of Earth,
knowledge of the station location, and knowledge of UT and
polar motion (Earth rotation rate changes and Earth wobble).
See Ref.4 for a detailed discussion of radio observational
models.

Radio metric data is affected in two ways by the media
through which the radio waves pass. First, the Earth’s
troposphere slows the velocity of a signal passing through it,
which is especially imponant at low elevations where the
signal path through the atmosphere is comparatively long. All
radio metric data are corrected for tropospheric effects with a
seasonal model that is a function of the spacecraft elevation
angle.

Second, there are charged particles both in the Earth’s
ionosphere and in clouds of space plasma streaming outward
from the Sun. A modulation on a carrier signal (for example,
the modulation used for the range measurement) is slowed by
an amount proportional to the total number of electrons
encountered along the propagation path. An approximation
for *his “‘group velocity” is

N
V'=c(l-l/2K}-;)

where c is the speed of light, V is the electron density, fis the
carrier frequency, and K is a constant. The small velocity
decrease, due to plasma, increases the transmit time as seen in
the range observable by an amount

e
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The phase velocity, which determines the doppler observ-
able, is similarly influenced by plasma. The phase velocity is
increased, however: i.e.,

Vp=c(1+1/2KiV;)
i

The total phase change is the integral of V, along the
propagation path

¢,=de1=¢-(1+1/2—£ /vm)
P 2
1 JA I

The net change in electron content along a propagation
path can be determined by differencing integrated doppler
from relative range. This procedure takes advantage of the
opposite, but equal, influences the plasma has on group and
phase velocities. This difference is called DRVID (for Differ-
enced Range Versus Integrated Doppler) and was used to
correct t"e doppler data in some of the solutions discussed in
Section X.

The range observables must be ..librated for the transit
time of the range signal within the ground station and within
the spacecraft. This calibration is n.easured and computed for
each pass of data.

D. Optical Data Modeis

The optical observables used in Viking orbit determination
are a “line” number and “pixel” number of the optical center
of an image of either Mars or Deimos., The line and pixel
numbers give the location on the TV raster formed by one of
the vidicon cameras onboard the spacecraft. These observables
along with the camera pointing direction give an angular
measurement between either Mars or Deimos and ~ fixed
inertial direction.

A camera optical model iclates the electromagnetic image
to the theoretical physical image. A camera alignment model,
attitude control telemetry, and star images are used to
determine camera pointing direction. The Mars limb model
defines the line and pixel of the planet center given an image
of a disc or partial disc. The Mars and satellite ephemerides are
needed, along with the spacecraft ephemeris, to give the
inertial direction needed for the computed observable.

Table 2 describes the process used to transform an inertial
vector from the spacecraft to an object into line and pixel
numbers. The optical measurements syst-.im and the end-to-end
processing of the measurements are described in detail in
Section IX.

E. Filter Mode!s

The filter used in the Viking Orbit Determination Program
{ODP) is a minimum variance filter. It is formulated as a
“Square Root Information Filter” (Ref. 5). It can be operated
in two modes: a hatch or weighted least-squares mode where
all data are used together for a solution, and 4 sequential mode
where the time span of data is divided into smaller batches. In
the sequential mode, there are stochastic parameters whose
values change from baich to batch, but are statistically
correlated. Details on the application of estunation techniques
to orbit determination are given in Refs. 6 and 7.

In obtaining « solution, a list of parameters to be esti:nated
and a list of parameters to be *‘considcred™ are chosen. The
estimate list includes the spacecraft state (position and
velocity at some epoch) and possibly parameters from the
trajectory and/or data modeis (e.g., solar pressure parameters,
station locations, and Mars mass or ephemeris). “*Consider™
parameters are not solved for in the solution, but are
parameters whose uncertainty increases the uncertainty
(covariance) of the solution.

Table 2. Optical obssrvables

R SER LRI
Vo = [C]e [P} = [A] ¢ [R] -;l

tmage location (line and pixel)

CETI -T]
L}

= location of Visual Imaging System (VIS) line of sight (line
and pixe!)

K = VIS scan raster transformation, linear part (line and pixel/
millimeter)

d = nonlinear distortion err - a function of 1mage position,
F?, (mm)

F = optics model, transforms from v to image position (mm)

¥. = unit vector to object in camera coordinates

L)

transtormation for camera alignment v..t scan platform

- N
]

= transformation, scan platform wrt spacecra:t body
coordinates, includes gimbal angles

transformation for attitude control ruotion of spacecraft
body wrt spacec raft nominal orientation

>
(]

R = transformation y*om ine¢rtial/reference coordinates to space-
craft nominal orientation

unit vector 1o object in inertial/reference coordinates
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The a priori statistics of both the estimated and consider
parameters must he choser. The observation set to be included
in the solution along with the observation weights must be
selected. If the sequential Nfter maode 1s used, the batch sizes,
the correlation time, the set of stochastic parameters, and the
a nriori statistics also must be chosen,

F. Orbit Determination Process

Figure 2 illustrates the orbit determination process by

desciibing the data flow between the three sets of models
discussed. It is divided into four horizontal sections, Section 1

consists of mputs; Section 1, data preparation: Section 111, the
mainline processing: and Section 1V is a list of decisions made
by the orbit determination analyst.

This process was implemented for Vikine by the orbit
determination software system described in Section IV, The
major clements of this systeni, which actually consist of
subsystems of separate UNIVAC (108 computer programs, are
the Orbit Determination Program (ODP). the Optical Naviga-
tion Program (ONP), and the Optical Measurements Set
(OMSET).

~. —— /ﬂ\ R .
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i DOPPLER \ RANGE DATA (5,“ \ UT AND \
: DATA l DATA (RAW | cataloG | | POLAR
/ s PICTURLS) \ J \ MOTION
~_ S ,/ AN / e Tl
ELIMINATE BLUNDER POINTS
AND OBVIOUSLY BAD DATA IDENTIFY IMAGES ‘]
.| COMPRESS DATA, i.e , OBTAIN CENTERS
AVERAGE OVER SEVERAL DETERMINE CAMERA
1 MINUTES POINTING DIRECTION
CAMERA LINE AND
POINTING PIXEL OF
YA.(‘,‘Y
]
[' I DATA I SELECTION |
OBTAIN DATA PARTIALS FOR THE DYNAMIC
o ryy | TARAMETERS ¥
INTEGRATE EQUATIONS OF Ty z z
MOTION 20 0 puymysa e SN S
F-tim A v - TIME OF OISERVADLE O DATA SELECTION
M. | AND VARIATIONAL EQUATIONS a7, | ANO FOR THE DATA PARAMETERS 90 AND WEIGHTS
(.‘_7)- i‘(ﬂ.!i 2 i) i N
OBTAIN RESIDUALS, Z - OMSERVABLE - COMPUTED
OBSERVAME
CHOT S8
' %rw PARAMETER cnoost: cuoou:
. . DATA PARAMETER VALUES . DATA SILECTION
- . Bk TS A i AR e
‘ ) wonmvm. 5. yron AS
VARATIONAL PAR ]

Fig. 2. Orbit determination process
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G. Critical Orbit Determination inputs

(3) Spacecraft 2 priort solar pressure coetficients supplied

. ) by Viking spacecraft engineeririg personnel.
The orbit determination process requires, m addition to the ’ & & o

observainon data desenb J previously, input values for numer-
ous tundamen2l constants and parameiers required by the
trajectory and observaiion models, The most critical of these
mptts, those most strongly ai® ciing the orbit determmaticn
output, are summarized below, along with then corresponding
external sources.

¢4) Demmos satellite ephemens supplicd by research sup-
ported by the Marner 9 Optical Navigation Demonstra-
ton (Ref 8.

(5) Trmng, polar motion, and transnussion media calihrie
tion supplied by the tiacking system analytic calibra-
(1) Planetary ephemens  supphed by the JPL planetary tton element of the JPL Operations Support Office.

ephemens development progrim.

Accuracy values for these data and the assouaied eftects on
orbit determination are deseribed m the following subscction,

(2) Trackmg station locations. supplicd by the NASA
Oftice of Tracking and Data Acquisition.
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H. Orbit Determination Errois

The error in an orbit estimate results from an accumulation
of a laige number of identified error sources. Each error
influences the estimation accuracy to a different extent
depending on the mission phase, observation set, and estinia-
tion process. Although a large comprehensive error model was
used during flight for error analysis, relatively few errors are
really significant in their ultimate influence on orbit determi-
nation accuracy. These errors are listed ‘n Table 3. Each major
error is identified, its one-sigma level is given, and the
corresponding orbit determination error is indicated. Two
error levels have been indicated for the optical observations.
The larger is the conservative value adopted before flight to
asow for some performance variations in the optical measure-
ments system. The smaller values are consistent with the values
observed during flight.

IV. Orbit Determination Software System

The basic functions of the orbit determination process are
described in this section in terms .f their .mplementation in
the Viking orbit determination software system including the
ODP, OMSET, and ONP. These programs are actually systems
of subprograms or links .hait perform individual orbit determi-
nation functions, e.g., trajectory integration, solution genera-

tion, and tracking data plotting and printing. These links
generally communicate by UNIVAC 1108 mass storage files.

The primary task of the software system was to generate
trajectory estimates based c radio data and optical data. The
four types of solutions generated were radio solutions, optical
solutions, radio plus optical solutions, and optical plus radio a
priori solutions. The software interfaces used in generating
these solutions are shown in Fig. 3. A detailed summary of the
software inputs and outputs is given in Tables 4 and 5. For
definitions of the programs and intermediate data files see
Table 6.

For the ODP aad the ONP, the large number of inter-
mediate data files and solution files were systematically and
efficiently stored on and retrieved from magnetic tape by the
“FARMER,” an autcmated file management system. Mass
storage data files remamned on the computer system tor
approximately 24 h betore they were transferred to magnetic
tape. For the ODP, the solution information was automatically
extracted from the Salient Information File and stored in a
data base at the time of transfer,

The operation of the orbit determination software system
was typically controlled ty the use of computer demand
terminals. During the encounter phases, at least three com-

Table 3. Orbit determination system error model

Observation . Major
type Error type/lo error Descriptinn estimate error
Rudio: doppler and range L juvalent station location error (ESLE) Errors in the radio measurements 300 to 500 kin
Distance from Earth’s spin axis: 1 5m Jue to either physical uncertain- at £ - 10 days
Height off equator: 15m ties in tracking station locations
Longitude: 3m or location like effects due to
errors in time, polar motion or
transmission media calibrations
Solar radiation
Reflectivity per axis: §% - 1000 to 1500 km
a. launch
Nongravitational acceleration
Constant acceleration: 1.2 X 10”12 km/s? Errors due to gas leaks and A/C 100 km
Stochastic acceleration: 0.4 X 10712 km/s? imbalance at E - 10 days
Planetary ephemeris
Earth’'s relative error: 50 km -— 50 km
Data noise
Doppler: 1 mm/s, 60-s count - 50 to 100 km
Range: 15m - at E - 10 days
Optical Data noise Errors due to random center location, 60 to 30 km
Line: 1 to 0.5 pixels puinting determination, und teleme- at E - 10 days

Pixel: 1 to 0.5 pixels
Center finding bias (Mars obs.)
Line: 2 *0 1% of target radius
Pixel: 2 to 1% of target radius
Satellite ephemeris

try error

Irreducible bias in determining center 70 to 3§ km
from limb ovbservations
50 to 15 km 50 to 15 km
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Fig. 3. Orbit determination software interfaces

puter demand terminals were used on the UNIVAC 1108 to
operate the ODP. OMSET, and the ONP concurrently. A
typical operat - -l sequence for the encounter phase is given
in Table 7.

V. Orbit Determination Strategy
A. Radio and Optical Orbit Determination

The Viking mission was designed requiring only radio orbit
determination. The Project requirements on interplanetary
orbit determination reflect this as shown in Table 8. Require-
ments on B-plane accuracy are given for the midcourse
maneuvers at Earth departure, Mars approach, and for the
Mars orbit insertion maneuver, The .cquirements are based on

Table 4. OD software inputs

ODP OMSLT ONP

Planetary ephemeris file E E E
PV file 1 1 1
Card images of user optional inputs 1 I i
Program control card file 1 I 1
Optical regres file 1 I
Lock files of nominal values 1

Planctary ephemeris partials file E F
Radio data file E

Radto regres file I

Star catalog file E E
Pointing related engineering telemetry F

Optical data file E

Picture data hardcopy E
Satellite ephemeris parameters 1

P: ture sequence file containing geometry I

data

Optical working file of neminal values 1
Edited optical data file I
Radto covariance file 1

Note- E indicates an external input and I indicates an internal input
to the OD software system

the need to ensure that the Viking prelanding Mars orbits were
acquired with sufficient accuracy within specific propeilant
allotments. The table includes associated radio accuracies
assuming the nominal Viking error model (Table 3). In each
case, the major error affecting the capability at that time is
identified. The accuracies and capabilities are shown in Fig. 4.
The radio capab.iities satisfy the requirements on a 99% basis.

In 1972, following the successful engineering demonstra-
tion of spacecraft-based optical navigation by Mariner 9,
Viking adopted optical navigation as a backup to enhance
navigation reliability. This was not done because of specific
concern over radio orbit determination, a function which had
performed without difficulty in previous interplaneuary flights.
Instead, optical orbit determination was adopted as a relatively
inexpensive means for complementing radio orbit determina-
tion which, for Viking, would be operating under demanding
circumstances, including stringent navigation requirements vs a
rather unfavorable radio navigation geometry. Furthermore, it
was recognized that the optical capability provided the
oppor ity to greatly improve navigational accuracy. This
improvement would provide the attendant benefits of simpli-
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Table 5. OD software outputs

User sclected files of interinediate X X X
calculations

Radio regres file X

PV file X

Radio solution, covariance and residuals X

hard. opy

Radio covariance file X

Plots of image geometry X X
Updated nptical observation model X
Processed optical data file X

Line and pixel residuals X

Updated satellite ephemeris parameters

Picture sequence file

Optical regres file

Optical solution, covariance and residuals

hardcopy

b I T

Note: Residuals and solutions were often summarized as plots

Table 6. OD software glossary

Farmer

obp

OMSET

ONP

PV file

Radio covariance file

Regres file

Salient information file

A system of programs used for automatically
cataloging, storing, and retrieving mass
storage files on magnetic tape

Orbit determination program

Processes radio metric observations and
ONP-processed optical observations to
generate radio-based and radio-plus-optical
orbit estimates

Optical measurements set
Processes raw optical observation data to
generate processed optical observables

Optical navigation program
Processes optical observables to generate
optical-based orbit estimates

Contains probe ephemeris plus variational
pastials as sum and difference arrays

Contains radio covariance and state vector
used as a priori by the ONP for optical-
based solutions

Contains computed observables, residuals,
and data partials

Contains a record of the major computa-
tions made by each ODP link during a run

Table 7. Typical operations sequence

Generate radio solutions

Generate PV file for ODP, OMSFT, and ONP

Get radio data and calibrations
Generate radio regres with ODP
Analyze radio data residuals

Iterate PV/regres it necessary
Generate radio solution with QDP
Deliver radio covanance file to ONP
Generate multiple radio solutions

Process optical data
Get PV tile from ODP
Get opticai data and hardcopy
Do video image extraction
Do image center finding
Do pointing error calibration
Analyze optical data residuals
Deliver OMSFT data file to ONP

Gererate optical solutions
Get PV file from ODP

Get processed optical observations from OMSIT

Generate optical regres with ONP
Delwver optical regres to ODP
Generate optical solution with ONP
Analyze opticdl data residuals

Get radio covariance file from ODP
Generate multiple optical solutions

Generate radio plus optical solutions
Get PV file from ODP
Get radio regres from GDP
Get optical regres from ONP

Generate radio plus optical selution with ODP

Generate new PV file, deliver best estimate

Evaluate above solutions agamnst short- and long-arc solutions

Select best solution
Generate new PV file with ODP
Deliver new PV file to all users

Note: Muitiple solutions are generated by varying the data set, param-

eter list or weights, or filter options
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Table 8. Mission requirements and radio capability

Planned target Reqguirement Radio capablity
Myjor
Parameter B,km 4, deg TCA IABLkm  laol, deg  ITCALs SMAA km  SMIA Km 6 pa A, dey -0 error
Viking 1
Departure M/C 9,737 47 16:24.45 5,000 Circular 900 1.200 300 129 260 Solar
radiation
pressure
model
Approach M/C 700 5 900 250 61) 77 KK 1SLI
MOI 300 3 15 145 10 70 s ISLI
Viking 2
Departure M/C 11,959 1S5 11:51:41 5,000 Circular 900 1.500 300 160 240 Solar
radiation
pressure
model
Approach M/C  9,421* -13.6* 11:51:41* 500 7 901 485 40 95 215 FSLF
MOI 350 5 15 250 S 91 5 ESLI
*Planned target at time of Departure M/C. Final target was modified slightly on approach.
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fied mission operations and increased fuel reserves, which
ultimately enhance science return.

The detailed mechanics of the Viking optical observa..:s
are given in Section IH. The specific geometric configuration
of the optical observations during .pproach is shown in Fig, 5.
The standard conceptualization of the optical observable is
given by

¢=

x|

(see Fig. 6). The angle measurement ¢ applies to either the line
or pixel effective angle observation. The position measurement
X is the corresponding B-plane displacement. For Viking, the
line and pixel B-plane displacement correspondence is, to a fair
degree of accuracy. represented by

Line: -5-T

Pixel: B-*R
(see Fig. 5). An extension of the optical model proved very
helpful:

=X-XT.=(§)1 X
T R

¢RT R

where 7' = time to go. For an approaching spacecraft,k =V..
the planet-centered hyperbolic excess velocity.

This extension describes the way spacecraft normal velocity
and B-plane displacement intluence the observation. The
velocity produres a bias, while the B-plane displacement
produces = 1/T signature. If observations are taken at two
times, 7, and T,, X and X are determined unambiguously.
The expression for the accuracy in “estimating”™ X is given by

oy =0,V T,

Sc: Fig. 7 and observe the importance of increasing observa-
tion arc length (AT=T, - T,).

This illustrates the important tact that the optical observ-
able permits separation of the trajectory displacement from
eithes optical bias or velocity errors, provided that observa-
tions are obtained over a sufficiently long data arc. For this
reason, long optical data arcs were planned for Mars approach.

This did in fact allow orbit estimates based on only the optical
data. As indicated in Section X, the “‘optical-only™ estimates
generally agreed well with the radio only and the radio plus
optical estimates. The agreement between the basically inde-
pendent means for determining the approach orbit greatly
enhanced the confidence placed in the final orbit determina-
tion results.

B. Approach Observation Schedules

Figure 8 displays the approach observation schedules
planned and executed for the Viking 1 and Viking 2 missions.
Each schedule covers the 40-day period before each encounter
(termed the “planetary operations phase,” during which the
most intense preorbit insertion preparations took place).

Du-ing this time, the Earth-based doppler and range
tracking coverage was virtually continuous. The optical abserv-
ations included the star-Mars-star triads and star-Deimos single
frames discussed in Section IX. A total of 35 triad observa-
tions was scheduled for each Viking delivery. The observations
were concentrated at the end points of the 20-day arc
preceding the “final” (£-10 day) M/C. That distribution was
optimal with respect to the strength of the observations. The
Viking 2 schedule included a data set midway between the
endpoints to permit a preliminary optical-only determination.
The number of observations was considerably larger than
necessary for accuracy. The redundancy was included to allow
for the possibility of lost observations and to provide
sufficient data for residuals analysis,

Following the approach midcourse maneuvers, additional
triads were planned to allow rapid orbit redetermination
capability as well as a means for postmaneuver camera
pointing validation. After the final triads, the sequence of
Deimos-star observations was scheduled to support orbit
insertion. These observations were carefully planned to pro-
vide good coverage of the satellite orbital motion, permiiting
separation of satellite ephemeris errors from spacecraft trajec-
tory errors in the estimation process.

C. Orbit Estimation Strategies

There exists a large degree of flexibility in obtaining
interplanetary orbit estimates, and the process of arriving at a
final best estimate supporting a critical midcourse maneuver is
by no means straightforward. The procedure generally consists
of obtaining a large variety of solutions based on varying
treatments of the available data sets. A summary of the more
important data treatments is presented in Table 9. A perfor-
mance analysis of some of these treatments is given in Section
X. During flight, thorough analysis of these results then
identifies, and hopefully resolves, any problems with particular
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Table 9. Data treatment

Observation sets
Short arc radio (21 day+)

Doppler plus range

Doppler only

Rarge only

Doppie plus range with DRVID calibrations

Long arcr1adio (selection of all previous data)

Doppler plus range

Range only

Radio plus optical
Optical

Orbit determination filter
Sequential filter
Vveighted least squares

Solution vector

S/C (state)

State, solar pressure (SP)

State, Deep Space Station (DSS) locations

State, SP, DSS

State, range biases

Data weighting

1-mm/s doppler, 1 pinel optical (nominal)

3-mm/s doppler. 0.5 pizel optical (account for charged particle
corrupted doppler, good optical measurements,
performance)

Radio and optical data combination
Direct radio plus optical
Radio consider covariance and esumate plus optical

data sets and ultimately leads to the selection of the final best
estimate.

Special consideration was given to the particular character
of the radio and optical orbit estimate accuracies. Generally,
the radio estimates proved to be very accurate in B+T (~10-km
errors) and relatively inaccurate in B+R (~200- to 400-km
errors). The optical-only errors were equally distributed in B-T
and B*R and generally much more accurate than the radio
solutions in B+R. The optical solutions were very inaccurate in
TCA, however. These factors provided the following set of
criteria that proved very successful in obtaining accurate and
reliable final estimates:

(1) Final B*R is consistent with the optical-only B+R.
(2) Final B-T is consistent with the radio B+T.

(3) Final TCA, accounting for the radio correspondence of
B*R and TCA variations, should agree with the radio
TCA.

This is not to suggest that the final estimates were constructed
ad hoc, or by hand. Instead, data weighting and filtering
specifications were modified, usually slightly, to produce radio
plus optical snlutions that satisfied the above criteria.

VI1. Orbit Determination Results
A. Launch/Earth Departure Phase

The launch/Earth departure phase of the mission exten jed
from launch to the first trajectory correction maneu s,
which were made 7 days and 10 days after launch, on Viking 1
and 2, respectively. The purpose of the maneuvers was to
remove the nominal planetary quarantine bias and the launch
erior,

Viking 1 was launched on August 20, 1975. with Trans-
Mars Injection (TMI) occurring at 21:52:48 GMT. Viking 2
was launched on September 9, 1975, with TMI occurring at
19:12:28 GMT. Figures 9 and 10 show for each spacecraft the
Mars B-plane with the injection aim points and the launch (or
injection) dispersion ellipses. The sequence is also shown of
orbit determination solutions from 1 hour past up to several
days past TMI. These solutions are summarized in Table 10 for
buth spacecraft along with the one-sigma uncertainties mapped
to the Mars B-plane. Note that during the first few hours past
injection, angle data (ground tracking antenna hour angle and
declination) were used. As the spacecraft-station range
increases, the angle data are no longer useful and were not
used again.

The major error source contributing to the uncertainties
shown in Table 8 is nongravitational acceleration uncertainty,
in the form of solar pressure uncertainty, It is not possible to
estimate solar pressure effects in the early launch/Earth
departure phase because the inverse distance squared signature
of a solar pressure acceleration error cannot be distinguished
from a possible constant gas leak. Thus, a high reliance must
be placed on the nominal solar pressure model. The first few
estimates also have a significant uncertainty due to the
uncertainty in the assumed Earth gravitational constant,
Finally, s the spacecraft-station distance increases, the sensi-
tivity of orbit estimates to station location errors tends to
increase.

B. Cruise Phase

This portion of the intarplanetary flight followed the
departure correction maneuver, and terminated at start of
planctary operations, 40 days before actual encounter, The
basic activities during this phase are the provision of:

(1) Ongoing updates and assessments of the spacecraft
orbits for the primary purpose of predicting tracking
antenna pointing and transmitter frequency.

(2) Best-estimate trajectories to support planning and
calculations for the Mars approach maneuvers follow-
ing.

(3) Evaluation of the overall accuracy level of the orbit
determination system,
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Table i0. Launch departure solutions
Data span, DSS Data B-Rokm B-Tkm TCA  SMAAkm SMIA.km  6,deg  of
from injection
6/20/76
Vikiny 1 nominal -210,270 162,760 17:07
1h 42 Doppler, angle  -240,500 105,960  20:55 28,270 4,710 127 (hgm
3.5h 42, 44 Doppler, angle ~272,040 157,930 22:50 14,100 51§ 121 ih sm
6h 42,61 Doppler -277,470 164,500 23:19 9,180 420 125 39m
9h 42,61 Doppler, range  -275,740 163,360 23:12 1,610 260 130 m
6 days 43,61, 11 Doppler, range  -277,200 164,500 23:19 1,1378 2502 1352 sm
8/9
Viking 2 nominal -163,290 339,730  13:01°
1.6 h 42 Doppler, angle -299,550 555,650 09:25 22,370 1,680 158 s8™
7.3h 42, 61 Doppler -311,600 602,400 10:23 44,020 350 153 2h am
9.6h 42,61 Doppler, range  -301,560 581,580 ¢ -18 1,670 275 161 4m
S days 11,12, 42,43, Doppler, range  -301,810 581,900 69:20 1,65¢3 2908 ivid 33m
61,63
10 days 11, 12,42,61,63 Doppler,range  -301,870 582,110  09:21 2,2908 .« 3389 1588 5.8m
4Station location uncertainties added to error model. l"l'CA date is 8/8 for this entry only
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One of the tasks to be accomplished during cruise was to
determine the nongravitational force environment of the
spacecraft. Specifically, it was necessary to determwe to an
accurate level the solar pressure model for the spacecraft and
simultaneously monitor the tracking data for any indication of
a large attitude control gas leak or other acceleration anomaly.
A large solar pressure modeling error of 5% will accumulate
approximately 1000 km in position error by Mars encounter
time. The goal was to increase the accuracy to perhaps 2% by
the inflight processing of tracking data. For the Mars mission,
months of tracking data were required to achieve this leve; of
solar pressure model accuracy.

Typically, item 1 was satisfied on a weekly basis by
processing a “short” data arc, which included the previous 3
weeks of two-way doppler and range data. The term “long
arc” was applied to data spanning the entire cruise phase. Each
arc length shows different characteristic sensitivity to possible
error sources; treating the two data arcs separately provides a
good measure of the overall orbit determination performance.
Figures 11 and 12 show a partial history of short-arc solutions
mapped to Mars for each spacecraft. A description of the
long-arc processing follows in the next section.

Vil. Long-Arc Radio Data Processing

This section presents a special description of the inflight
and postflight processing of the Viking 1 and 2 radio data arcs
spanning the entire interplanetary cruise. In summary, the
orbit estimates using the long radio data arce did not behave as
well as 2xpected on Viking 1. The Viking 1 B-plane estimate
was in error by nearly two sigma, even allowing for the later
application of ionosphere corrections to the tracking data. The
Viking 2 estimate was quite accurate, however, owing to
modifications to the long-arc strategy determined from
analysis of the Viking | long arc post Viking 1 encounter.

A. inflight Processing

The long-arc data processing was performed every 3 to 4
weeks and generally followed the outline of the short-arc
processing activity. These data sets generally included all data
(20-min doppler samples, 3 or 4 range points per pass)
collected to date, from the near-Earth midcourse on but prior
to any approach midcourse burns.

It had been expected that the processing of the long-arc
data would produce stable and accurate radio-only trajectory
estimates throughout the cruise phase and help verify the orbit
solutions based on early approach optical data. The long data
arcs provide more of a heliocentric trajectory determination,
and as such are less sensitive to equivalent station location
error (ESLE in Table 8) effects than the short arc counter-
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5 ACCURACY AT
6500 £ - 10 days

A

Fig. 11. Viking 1 cruise solutions

parts. Also, long arcs contain the slowly varying 1/R? solar
pressure acceleration signature, and can thus be most effec-
tively used to evaluate the nominal solar pressure model, This
last aspect is discussed further in Section VIII.

The actual inflight results from the long arc radio process-
ing were mixed. The last few long-arc estimates were
uniformly accurate in ecliptic B+T as was to be expected (see
Section V) but not in B*R (see Fig.13). The real-time
solutions from the Viking 1 long arc data were 1 error by
several hundred kilometers at the time of the approach
maneuver. Figures 13 and 14 summarize the history of long
arc solutions for each mission. Note that the final Viking 1
inflight estimate (point E in Fig. 13) was in error by -250 km
in B“R relative to the delivered “best” estimate obtained from
short-arc radio and optical combined processing, This error
constituted more than a “2.5 sigma” bias. See Section X for
further discussion of the approach orbit determination results.

Based on analysis of the Viking1 long-arc solutions
following Viking 1 MOL, the Viking 2 long-arc solutions were
improved by implementing the following strategies:

(1) Adding Faraday calibrations for Earth ionospheric
charged-particle effects (solution F of Fig. 14). This
resulted in the removal of a 90-100 km bias in B*R.

(2) Introducing a constant nongravitational acceleration to
absorb unmodeled error effects, and subsequently
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converging the long arc trajectory using a sequential
filter fit (solution G of Fig. 14).

In contrast to Viking 1, the resulting Viking 2 long-arc
estimates were much improved, and in fact strongly supported
the final best approach cstimate. The sequential filter, state-
only fit of the long data arc to the final data set 10 days from
encounter was nearly coincident with the delivered short radio
arc plus optical result.

B. Postflight Processing

As mentioned above, the cccuracy of the mflight Viking 1
long-arc orbit determination was less than that expected
initiaily, as measured aguinst the near-Mars short-arc radio-
plus-optical data solutions. Good solutions of B+7T and TCA
were obtained; however, the 72°R solution, as mentioned
earlier, was in error-by approximately 250 km. The following
remarks summarize the efforts made to rectify the Viking 1
long arc solution,

The dynamical environment for the interplanetary cruise is
considered to bc favorable for obtaining good radiometric-
based heliocentric orbit determination. Between the Earth
departure maneuver and the Mars-approach maneuvers, the
spacecraft translational motion resulting from gravitation.l
and solar pressure accelerations could be modeled in a
straightforward fashion. The contribution to the translational
dynamics from the attitude control system vas minimal,
owing to the use of coupled attitude thrusters. One notable
but minor exception was the venting of atmospheric pressure
from the lander during the Earth departure phase and later
venting during planned checkout tests. (The events are
discussed in more detail in the material to follow.)

Thus it was felt that with some further attention to detailed
postflight processing, the long-arc solution could be made
compatible with the very accurate near-Mars radio-plus-optical
solution. Such a solution was finally obtained by accounting
for the following phenomena:

1. The orbit solution was referenced to the improved
planetary ephemeris DE-96. This ephemeris was available :or
use during real-time flight operations and was evaluated at that
time using sho:t data arcs. To accomplish the postflight
reprocessing in a rcasonable fashion, the doppler data was
compressed to 2-h samples, from the 20-min inflight sample
rate. A station location set compatible with DE-96 was
obtained, and the trajectory recomputed based on DE-96, The
first entry of Table 11 shows a change of +59 km in B+R and
-9 km in BT for the switch from ephemeris DE-84 to DE-96.

2. Two spacecraft outgassing events were identified from
plots of the doppler and rarige residuals based on inflight

sofutions. These events were verified postflight by the Viking
spacecraft team, and the effective velocity increments resulting
were accounted tor. Figure 1S shows the nommal doppler
residuals from the inflight data. Note the slight initial <lope in
the plot, indicating a somewhat cons ant, unmaodel:d space-
craft acceleration. Also note on the plot reference to the two
jumps in the residuals, which occurred on 10/30/75 and
11;23/75. These jumps were traced postflight by the space-
craft operations team and were attributed to two planned
events. The first jump, on 10/30/75. was attributed to a quick
venting of 2tmaospheric pressure from the GCMS instrument in
an unknown direction. The second jump was due to venting of
propellant pressure from the lander, also in an unknown
direction as part of a planned lander chechout sequence. The
two jumps are seen to have a fairly small magnitude, on the
order of S mHz along the Earth line-of-sight direction, or
about 0.3 mm/s, and thus, even if ignored, have only a small
effect on the solution. Two impulsive velocity increments were
introduced to account for the jumps, and as shown in the
sccond entry of Table 11, the Mars B-plane coordinates
changed by only -7km and -13km in B*R and BT
respectively. Figure 16 shows the final doppler residuals after
including the effective velocity impulses. As a matter of
interest, these same events also occurred for Viking 2, but in
the opposite sequence. Figure 17 shows the lander checkout
occurring on 11/21/75, when propellant was vented, and the
GCMS venting occurring on 11/25/75. The larger slope in the
initial doppler residuals in the figure is due to the lander
bioshield venting, which was documented inflight. It was

Table 11. B-plane suminary of Viking 1 postflight long-arc data
processing

B-R BT

J-inal inflight solution (long-arc) 5,520km 7,300 km

Postfhight long-arc improvements aAB - R AB T

1. Orbit referenced to improved 59 km -9km
ephemeris DE-96

2. Estimate velocity increments due to space- -7 km ~-13km
craft outgassing on 10/30/78 and 11/13/78

3. Add calibrations to account for +31 km +3 km

ionospheric effects

4. Recestimate solar pressure
coefficients using data set derived
from items 1-3 above

+150km  +14km

B-R B-T TCA (UTC)
Final postflight solution 5,752 7,298 6/19/76 16.31:21
(long-arc)
Best inflight solution 5,774 7,280 /19/76 16:31:23
(radio + optical)
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confirmed postflight that the venting did cease at about the
time shown in the figure.

3. Calibrations based on Faraday rotation data obtained
from the DSN were introduced to account for ionospheric
effects on the doppler and range data. Figures 18 and 19 show,
resnectively. the uncalibrated ... calibrated doppler residuals.
The calibrated residuals are much smoother in general; the
larger level of apparent noise at the end of the data arc is
probably due to space plasma effects, which were more
pronounced during the approach phase and not removed by
the Faraday correction. In the case of a long radiometric arc
thes - effects can he assumed to be random and near-zero mean
aid were not evn' ““tly accounted for in the long-arc process-
v, Figures © .ad 21 corapare, respectively, the range
restduals for tne uncalibrated data and the calibrated data.
M e ihat the difference is not strictly due to the correcting of
the range data itself for ionosphere, which is on the order of
1-2 meters, but is due to the effect »f the doppler calibrations
on the orbit solution. The range residuals are from a combined
doppler and range fit, where the effective doppler data weight
dominated the range data weight. The third entry in Table 11
indicates that the application of ionospheric calibrations
increments the B-plane position by +31 kmin B<R and +3 km
inB-T.

4. After including the above adjustments and reconverging
the trajectory, the solar pressure coefficients were reestimated.
Table 12 compares the final inflight and postflight solutions.
The final entry in Table 11 shows that the revised coefficients
accounted for the largest B-plane change, +150 km in B*R and
+14 km in B-T. This procedure for trajectory convergence
differed from the usual inflight procedure in that the solution
used to converge consisted of the spacecraft state vector plus
solar pressure coefficients from the final inflight soluion.

In summary, several general conclusions regarding iong arc
radiometric data processing can be stated:

(1) Careful attention should be paid to accurate representa-
tion of spacecraft-based dynamics, to both guard
against real orbit effects, and eff: cts which mainly
corrupt the data, and reduce the overall solution
confidence, as in the case of the early gas leaks on
Vikings 1 and 2.

(2) The orbit estimates should be converged as necessary to
preserve the accuracy of the linear corrections made
throughout cruise. In this regard, as a practical mea-
sure, the doppler compression rate should be on the
order of several hours for continuous t.acking missions
to keep the data processing costs to a minimal level.

(3) lonospheric effects should be calibrated for inflight.
These could be derived from either Faraday observa-

.

Table 12. Comparison of solutions for Viking 1 solar pressure
parameters

Assumed constants
g0 ke=km?

11'128‘2

Solar flux constant: 1.01 X 1

Spacecraft bus area projection in X-Y plane: 26.607 m?
(includes solar panels, scan platform, lander, miscellaneous
structure)

“Radius of high-gain antenna: 0.737 m

Depth of high-gain antenna:  0.244 m
Final 1'inal
inflight  postilight
solutions  solutions
Spacecraft bus
Z-axis coefficient (GR) 1.173 1.183
X-axis coefficient (GX) 0.060 0.0
Y-axis coefficient (GY) 0.036 (AR
Interior surface of high-gain antenna
Specular reflectivity (MUF) 0.05 0.05
Diffuse reflectivity (NUF) 0.10 0.08

tions, in which case formal requirements for these data
should be included in project planning, or from
dual-frequency or DRVID tracking observables.

VIil. Solar Pressure Model improvement

The major portion of the Viking spacecraft solar pressure
acceleration was modeled by a constant-area flat plate reflec-
tance representing the total cross-sectional area projected
normal to the spacecraft-Sun line and the composite set of
reflectance properties. A precise geometric model was separ-
ately defined for the parabolic Earth-pointing radio antenna
since its projected cross-sectional area varied with time. The
antenna contributed about 5% of the total solar pressure
acceleration.

Solutions for the constant coefficients of the flat plate
mode! and for the paraboli: antenna were made throughout
the cruise period, using both long and short data arcs. The
final solutions, used for encounter OD and prediction, were
made approximately two months before each encounter.
Table 13 gives the nominal and final inflight adjusted values
for the two vehicles. The values given in this table are
essentially the composite values of (1 + yB) for the flat plate
representation, where v is the fraction of incident radiation
which is reflected from the plate, and B is a factor depending
on the diffuse and specular portions of the reflection. As the
solar pressure coefficient determination was proceeding, an
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Table 13. Comparison of inflight solutions for Viking 1 and Viking 2
solar pressure parameters

Nominal
Parameter values Infhight solutions
Viking 1 and  Viking 1 Viking 2
Viking 2
Spacecraft bus
Z-axis coefficient (GR) 1.234 1.173 1179
X-uaxis coefficient (GX) 0.0 0.060 0.037
Y-uxis coefficient (GY) 0.0 0.036 0.025
Interior surface of high-gain
antenna
Specular reflectivity (MUF) 0.05 0.08 0.05
Diffuse reflectivaity (NUY) 0.10 0.10 0.10

error was discovered in the specification of the nominal
effective flat plate area and in the inclusion of reradiation
effects in the nominal coefficients. This error was corrected by
allowing the area to remain fixed and adjusting the nominal g,
coefficient from 1.320to 1.234.

Note that most of the orbit solution migration shown in
Fig. 11 is due to mapping the orbit solution to Mars with the
uncorrected nominal solar pressure coefficients, through
successively shorter times to encounter. The nominal parabolic
antenna solar pressure coefficients are also shown in the table.
Because of the small overall effect of the antenna, the nominal
values could not be improved on.

IX. Optical Measurements Processing
A. Optical Measurement System

The optical measurements system of the Viking spacecraft
consists of the Visual Imaging System (VIS), scan platform
(S/P) and articulation control system, attitude control system
(A/C) and the ground software required to combine their data
to generate observations of the direction to Mars, or its
satellites, with respect to the stars. The spacecraft subsystems
involved are modeled in the software. These models are
calibrated using preflight and inflight data so that they can be
used to transform measurements into accurate navigation
observations.

The VIS consists of two vidicon cameras with offset
1.54-deg by 1.76-deg fields of view (FOV), which overlap by
0.38-deg. They are sensitive enough to make detectable imnages
of stars as dim as 9.5 visual magnitude with a 2.66-8 exposure.
The images are recorded, and then transmitted as 1056 lines of
1204 samples of intensity with 7-bit resolution. The cameras
are shuttered and images recorded during alternate 4.48s

frame times. The math model of the cameras relating image
sample positions to directions relative to the S/P includes
camera alignment, optical focal length, scan raster center, scale
factor, rotation and nonorthogonality, and the geometric
distortion in the vidicon,

The VIS is pointed in a desired direction by the scan
platform articulation control system. The two orthogonal
gimbals, clock and cone, are commandable in 0.25-deg
increments and telemetered with 0.04-deg resolution. The
math model of the scan platform includes the misalignments
of the gimbal axes and instrument mounting surfaces and
calibrations for the gimbal angles, null offset, scale factor,
hysteresis, and harmonic errors.

The reference for the S/P pointing is the spacecraft attitude
in space, which is controlled relative to the Sun and a ref-
erence star by the attitude control system. The nominal
spacecraft attitude is defined by the directions to the Sun and
reference star, but the actual attitude is defined by the error
signals from sun sensors, star tracker, and/or gyros depending
on the attitude control mode in use. The math model of the
attitude deviations includes sensor null offsets, scale factors,
and gyro drift rates.

The parameters of these math models were calibrated using
VIS pictures of stars taken in flight. The VIS scan raster and
geometric distortion parameters were estimated using images
of a reseau grid marked on the vidicon face, with a posteriori
image residuals of 0.25 pixel, 1o. The VIS focal lengths and
camera-to-camera alignment were estimated using successive
VIS frames of a star field (the Pleiades) and of Mars and
adjacent stars. The scan platform and attitude control param-
eters were estimated by comparing VIS pointing determined
from angle telemetry with that determined from the stars
appearing in the pictures.

B. Optical Observables

Two types of navigation observations were made using the
VIS: stars-Mars-stars picture triads and satellite-star pictures.
The triads are used when the Mars image is smaller than the
FOV. Because of sensor dynamic range limitations, Mars and
dim stars cannot be imaged accurately in the same picture. The
two long-exposure star pictures are used to determine the
pointing direction and rate of one camera. Using this, the
pointing direction at the time of the Mars exposure is
evaluated. The calibrated camera-to-camera alignment then is
used to define the pointing direction of the camera taking the
Mars picture. Because stars in the narrow FOV do not
determine the rotation/twist of the S/P as accurately as the
angle telemetry, the telemetry is used in the pointing
estimation process. Accurate rotation is needed because of the
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relatively large angular separation between Mars and the
centroid of stars imaged in the other camera. A Mars limb
model is then used to find the center of the Mars image on the
frame. The camera pointing direction and the location of the
center of the Mars image in the camera FOV combine to give a
measure of the direction from the spacecraft to Mars.

The satellite-star pictures image a Mariian satellite against a
star background in a single picture and are used when the Mars
image is larger than the FOV and the picture will not contain
Mars. The long exposure required to see dim stars will not
seriously overexpose small satellite images. For this type of
navigation measurement, the angle telemetry is not as
important since the satellite centroid-of-stars separation is
smaller. Again, a centerfinding technique on the satellite
image, along with the pointing direction determined by the
star background and the satellite center location, gives a
measure of the direction from the spacecraft to the satellite.

C. Sequence Design and Pointing Optimization

The initial design of a navigation measurement sequence
was chosen considering the time period to be covered, the
frequency/number of measurements required to achieve the
required accuracy, and the availability of suitable stars. Each
picture/triad in this preliminary sequence was then repointed
to optimize the data return. Special software was used to
determine the pointing that guaranteed observation of Mars/
satellite and maximized the probable number and brightness of
stars, considering the range of S/P pointing errors and attitude
control limit cycle. Also, in the early sequences, to optimize
the probability of picture acquisition, the desired pointing was
manually corrected for systematic S/P control offsets. The
offsets were later automatically applied in the commanding
process, making the manual operation no longer necessary.

The success of this optimization is demonstrated by the
fact that not one picture/triad of the 142 planned was
unusable because of missing the target or stars.

D. Data Flow and Management

Many Viking Flight Team organizations were involved in
scheduling and processing navigation pictures. A large volume
of pictures was processed, with relatively few problems, as a
result of two important decisions:

(1) Acquisition of optical navigation data was specially
managed by the people processing the data.

(2) Navigation pictures were given priority over all other
concurrent picture processing requests.

7

The following events and times depict a typical processing
sequence for a Mars observation triad played back at 8 kbits/s-

Triad recorded at To
spacecraft

Triad received at Mission T,+ 80™
Computing Center

Video reconstructed T, + 140™
Optical measurement T, + 200"

processing complete

E. Telemetry Data Processing

The camera pointing at the shutter time of a picture was
determined from the A/C and S/P angle telemetry. Three
different sources of these data were used: the chain of data
processing softwar- nsed to generate pointing for science
pictures, real-time monitoring of telemetry displays, and
telemetry extracted from the engineering telemetry embedded
in the recorded pictures.

Camera pointing, as derived from telemetry, was used to
determine expected picture content: objects and their loca-
tions. These predicts were used to prepare input for OMSET to
specify the areas of the picture to be extracted as arrays of
intensity values. These areas would be offset by the difference
between predicts and actual location once a known object
(Mars or Deimos) had been located in the hard copy of the
picture.

F. Picture Data Processing

The picture data (array of intensities) processing consisted
of the determination of the locations in the image frame of
four types of images: reseau, star, large body (Mars), and small
body (Deimos). Generally, this consisted of either extracting
an area around a small image and determining its center from
the intensity profile or locating points on the limb of a large
body and determining its center by fitting an ellipse to the set
of limb points.

Reseau images were processed for camera distortion calibra-
tion. Areas around the known reseau locations were put in a
file by OMSET. Because of thc large number of reseau images
to be processed, special softwarc was used to determire the
reseau location in each area and to write formatted location
data for input to OMSET, which would do the calibration.

Star images were manually located from printcut of the
extracted area around the image and edited into the predicts
file in place of predicted locations. The star location criterion
used was eyeball interpolated peak intensity.



Mars limb points wete found by OMSET using interpolated
threshold crossings. Analysis of Mars pictures taken during
Scan Cal Il indicated that the best results were obtained for a
threshold about 10 DN (~10% of peak signal) above the
background. The limb fitting was done by OMSET at three
different levels of data point editing with the operator
selecting the one to be used and inserting that location into
the predicts file.

Deimos images were too small to be located by their limb,
but were generally larger and brighter than star images, Tie
location criterion used for minimizing the effects of bean
pulling, based on analysis of Mariner 9 data, was the center of
a box circumscribed about the image, using tangency points
just above the peak background level.

G. Optical Observables Generation

The residuals from processing of the star and target images
and engineering telemetry were evaluated and each image was
accepted, rejected, and/or reevaluated until a consistent set of
data remained. Errors removed by this process include data
transcription errors, mislocated stars (e.g., peak of background
identified as dim star), bright stars biased by beam bending,
dim stars not definitely located on the first attempt but found
when star reference predicts were available, etc.

Processing of the Mars observations produced estimates of
the VIS pointing and attitude control rates based on engineer-
ing telemetry and the star images in the first and third
pictures. These values and the calibrated camera-to-camera
alignment were used to determine the pointing of the camera
imaging Mars. The VIS pointing angles, pointing covariance
and expected image locations were updated based on this
estimate. Residuals and their statistics were then computed.
The same process, except for attitude control rates, was
performed for the simpler, single-frame Deimos observations.

Each processed observation was added to a composite
Optical Measurement File, which was used for orbit determina-
tion. This file contained picture time and best pointing based
on star images, image 1dentifications and distortion corrected
locations, and their statistics.

H. Processing Results

1. Pointing control and knowledge accuracy. The space-
craft attitude control and scan platform pointing subsystems
performance for control of camera pointing met or exceeded
the $0.5-deg contiol requirement as evidenced by no loss of
data because of pointing error. The knowledge accuracy is
indicated in Table 14, which gives the statistics of star
residuals, the difference between observed star locations and

Table 14. Pointing knowiedge accuracy (pixels)

Viking 1 Viking 2
Line® Pixel? Line? Pixel?
Observation
sequence m g m o m ] M o
Mars 1 14 13 11 26 10 10 18 11
Mars 2 12 10 2 19 19 9 -1 16
Mars 3 -56 12 12 23 5 9 6 9
Mars 4 - - - - 4 14 15 9

Deimos -91 16 -7 18 5 16 8 13

31 line or pixel = 0.0015 deg.

the predicted locations, based on the calibrated model, and the
angle telemetry.

The migration of the mean line residual on Viking 1 is due
to platform offsets induced by stress during two midcourse
maneuvers. Even with this offset, the knowledge accuracy was
better than the 0.25-deg (170 pixels) requirement.

2. Mars and Deimos residuals. Part of the measurement
validation process was to maintain a plot of Mars/Deimos
residuals after pointing correction. These plots are shown in
Figs. 22 through 25, The reasonableness and consistency of
these residuals indicated the performance level of center-
finding. To make the plots nominally a straight line, residual
line and pixel were plotted vs reciprocal time to encounter.
Slope of a line of residuals is essentially proportional to
B-plane miss and the intercept to measurement bias or cross
velocity errors (see description in Section V).

3. Detrended measurement accuracy. A quantitative eval-
uation of the target residuals was obtained by estimating a
target center-finding error (proportional to angular diameter)
and a bias to remove the slope and intercept from the plotted
residuals. The remaining error indicates the consistency or
noise of the data. The Deimos residuals, wiich are affected by
Deimos ephemeris, were corrected for observed ephemeris
errors. The detrended standard deviations are given in Table 15
and indicate that the performance level achieved far exceeded
expectations.

X. Approach Orbit Determination Evaluation

The output of the orbit determination process is a series of
orbit estimates used in navigating the spacecraft. Asindicated
in Section V, these estimates are not the product of a single
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Table 18. Detrended target residusis (pixels)
Viking 1 Viking 2
Observation
sequence o line a pixel o line o pixel
Mars 1 0.36 0.28 0.27 0.26
Mars 2 0.22 0.28 0.33 0.29
Mars 3 0.34 0.20 0.32 0458
Mars 4 - - 041 0.39
Deimos 0.20 0.43 0.38 0.37

process, but are selected from a collection of orbit estimates,
each obtained from a different treatment { the available
relevant observation set. This section considers the general
behavior of this set of solutions from which the best estimates

4
, [ ® PIXEL &\_’
O LINEt ) .

; 7 NOM TRA . B-R 7284 km;
8 1 8-7 = 6944 km
g T gy
8 48 42 36 8
3 HOURS 10 ENCOUNTER
E}‘ -2 T

Fig. 24. Viking 1 Deimos residuals
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Fig. 25. Viking 2 Deimos residuals

were selected. As would be expected, many more solutions
were generated and analyzed during flight than can be
presented here. Attention will be restricted to what is
considered to be the set of most important solutions. More
details on specific solutions can be obtained from the compila-
tion in Section XI.

Variations of the solution values presented reveal the rela-
tive accuracy of various solution types, and some insight can
also be gained into the selection process by which the best
estimates were obtained. Analysis of relative solution varia-
tions did not provide the sole criterion, however. Consistency
of observation residuals and evaluation of the expected or
formal accuracy of the specific solutions provided criteria
equally as important.

The absolute accuracy of the estimates can be evaluated
only for the pre-MOI phase: that is, the estimates obtained
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following the final approach midcourse. This evaluation can be
made with respect to the reconstructed orbit estimate based
on radio measurements made just before insertion. The near
Mars data is sufficient in strength to allow determination of
the encounter parameters to a high degree of accuracy, gener-
ally to within 10km in B+ R and B * T and less than 15 in
TCA. These estimates, although very accurate, are available far
too late in the flight to assist in maneuver preparation. No
such absolute reference is available for estimates prior to the
approach midcourse maneuvers because of the relatively large
uncertainty in the maneuver execution,

Table 16 presents the delivered orbit estimates including
preliminary and final deliveries for each maneuver during the
approach phase. The maneuver target values and associated
execution uncertainties are given for the maneuver preceding
the estimate. The relatively large execution errors predicted
for the Viking 1 approach aidcourse maneuvers were the
result of the large (~50 m/s) maneuvers required to alleviate
the Viking 1 propellant pressurant problem. Also presented in
the table are the pre-MOI reconstructed estimates based on the
near-Mars tracking data.

Figures 26 through 30 show actual orbit estimates obtained
during flight. The solutions for B+R are plotted as a function
of the time of the end of the observation set. The solution
values are plotted with respect to the final best estimates for
each approach phase, including the reconstructed estimates for
pre-MOI estimates. The solutions are presented according to
whether they were generated by the ODP (radio and radio plus
optical) or the ONP (optical).

Solution values for TCA and 8T coordinates have not been
included. The TCA coordinate is not critical for navigation
analysis. The BT coordinate was well determined by radio
observations generally to within £10 km. This is because T lies
in the ecliptic, in which most of the interplanetary spacecraft
motion occurs. The effect is especially pronounced for Vik-
ing 2 owing to the near coincidence of .he T direction and the
line-of-sight from Earth, The relative precision in determining
B°T was not shared by the optical-only solutions, yet in all
cases these solutions agreed well with the radio and radio plus
optical B-T solution values. The consistency of the optical-
only solutions with the radio solutions in the B-T coordinate
provided an extra margin of confidence in the optical-based
results,

Observations and conclusions based on the presenied data
can be given as follows:

(1) The radio only, uncalibrated solutions at times exhibit
large variations. The variations are smaller and the
solutions prove to be more accurate when the radio
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data is calibrated for charged-particle effects. This,
therefore, strongly indicates that the radio estimates
were highly influenced by charged-particle activity and
that the DRVID calibrations are effcctive in alleviating
these errors. Note that the sequential filter performs
well for Viking 1, but is very unstable for Viking 2
prior to the approach midcourse. This behavior is not
uncommon to sequential filter processing when the
data noise levels increase significantly. This was defi-
aitely the case for Viking 2 in comparison to Viking 1
as the result of increasing doppler errors due to space
plasma activity.

The long-arc solutions (further discussed in Section
VII) are stable, yet are not particularly accurate. The
Viking 1 long-arc solutions in fact are in error beyond
that predicted by covariance analysis. This proved to be
a problem during the Viking 1 approach, and the long-
arc estimates were largely discounted in selecting the
final pre-AMC-1 hest estimate. The Viking 2 pre-AMC
estimates include long-arc solutions that behave inter-
estingly like the Viking 1 long-arc solutions. An im-
proved long-arc solution is shown, however, which
includes modified processing strategies that resulted
from after-the-fact analysis of the Viking | long-arc
solutions post-Viking I MOI. Some description of this
solution and the attendant modifications is given in
Section VII. The improved solution nearly equals the
delivered best estimate. However, agreement at this
level should be taken as largely coincidental considering
the expected accuracy of the long-arc solution,

Following each midcourse maneuver, solutions contain-
ing only postmancuver observations wese compared
with solutions that included premaneuver data and
solved for maneuver parameters, The through-maneuver
solutions are seen to be superior to the postmaneuve.
solutions until considerable postmaneuver data has
become available.

Generally the optical-based estimates performed ex-
tremely well, particularly once a sufficient optical data
arc length was obtained. With respect to estimating
B*R, the optical data proved far superior to radio
observations. Generally, the optical-only solutions,
again given sufficient arc length, produced B:R esti-
mates as accurate as any produced by radio plus optical
solutions.

Prior to Viking 1 AMC-1, some difficulty was encoun-
tered initially when combining radio and optical data.
This problem was partially the result of the early large
dispcrsions in the radio solutions, and occurred in both
the direct radio + optical and the radio a priori + opti-
cal processing procedures. The problems disappeared
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Table 16. Orbit estimate deliveries

Parameter B-R.km BT . kin TCA
Viking 1
Pre-AMC-1
Preliminary best estimate (delivered 5/21/76) 5,694 7.340 16:30.41
Final best estimate tdelivered 6/6/76) 5.774 7.289 16°31:23
Pre-AMC-2
Target value? 7,233 6.859 2038
Execution error® 1450 +450 10 s
Preliminary best estimate 7.291 6,701 20:38:04
(delivered 6/13/76 20:00 GMT)
Final best estimate 7.282 6,700 20:37:50
(detivered 6/14/76 04:00 GMT)
Pre-MOI
Target value? 7.284 6,944 22:54
Execution error® £225 2228 t5s
Preliminary best estimate 7,254 6,917 22:53:58
(delivered 6/17/76 14:20 GMT)
Final best estimate 1,275 6914 22:54:08
(delivered 6/18/76 14:50 GMT)
Reconstructed estimate 1276 6,920 22:54:06
Viking 2
Pre-AMC
Preliminary best cstimate (delivered 7/22/76) 887 16,197 12:20:49
Final best estimate (delivered 7/25/76) 870 16,195 12:21:13
Pre-MOI
Target value® -2,387 9,060 11:45
Execution error® +70 +50 220's
Preliminary best estimate (delivered 8/1/76) -2,387 9,052 11:44:44
Fina! best estimate (delivered 8/6/76 09:50 GMT) 2423 9,056 11:45:08
Reccnstructod estimate -2,424 9,058 11:45:19
®For mancuver preceding estimate.
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once a sufficient optical arc was obtained, allowing the
optical data to govern the B-R determination,

(6) The excellent performance of the optical solutions is
considered to be the sesult of (a) better than expected
precision of the optical observations themselves, and
(b) availability of sufficiently long data arcs to permit
unambiguous separation of trajectory miss (B°R and
B-T) from approach velocity and optical bias uncer-
tainties. The Mars and Deimos observation types com-
pared very well; the results of the Viking 2 post-M/C
estimates indicate that optical centerfinding uncer-
tainty is small - most likely no larger than 1% of the
Mars radius.

XI. inflight Orbit Detcrmination Solution
Compilation

This section provides a compilation of inflight solutions
beyond the launch phase, for each of Viking 1 and Viking 2
(launch phase solutions were given in Table 10), The solutions
are presented in Tables 17 through 19 for Viking | and Tables
20 through 22 for Viking 2. These tables display the end result
of the orbit determinstion program (ODP or ONP) execution:
that is, the predicted spacecraft position in the B-plane at the
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time of closest approach to Mars. Additional data

describes pertinent facts about each solution, e.g., & R
of data used, the span of the data arc, etc. The ule
variation within ezch table depending on the relevar.  .d/or

the availability of various data. The abbreviations used for
describing the contents of the tables are as follows:

(1) CASEID. This is a six character alphanumeric label
which has been assigned to each orbit determination
solution. Although of no immediate use to most read-
ers, it is necessary to have this run identification in
order to obtain additional detailed information from
the archives regarding any particular solution.

(2) EST. This column identifies the parameters, in a coded
form, which were estimated in each run in addition to
the spacecraft state. The lack of any entry means that
only the spacecraft state vector was estimated. The
following code words are abbreviations which identify
the estimated parameters, other than the spacecraft
state.

ATT constant nongravitational accelerations

EPHEM ephemeris parameters for either the Earth or
Man

ﬁm.@- Al PR e
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M impulsive maneuver burn parameters
RBIAS  range bias parameters

SEP Mars satellite ephemeris parameters
SP solar pressure acceleration coefficients

STA DSN station locations

STOC  stochastic parameters were present

(3) #F2. The number of two-way doppler points used in
the solution

{4) #PLOP. The number of PLOP range points used in the
solution.

(5) #MARS. The number of optical observations of the
planet Mars used in the solution.

(6) #DEIM. The number of optical observations of
DEIMOS used in the solution.

(7) SPAN, The length of the data arc processed, days.

(8) LDPT. The calendar date of the last data point used in
the solution. The entries give DATE, HR:MIN respec-
tively.

SCLUTION TYPES
1 RADIO
RADIO LONG ARC
CALIBRATED RADIC
MARS OBSERVATIONS
DEIMOS GBSERVATIONS
RADIO + MARS OBSERVATIONS
RADIO + DEIMO5 OBSERVATIONS
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RADIO A PRIUFI » DEIMOS OBSER VATIONS
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(9) TCA. The time of closest approach obtained for this
solution.

(10, 8:R. The estimated value of 8°R, km.

(11) Sigma B-R. The one-sigma uncertainty of the B-R
estimate, km,

(12) B+T. The estimated value of B+T, km.

(13) Sigma B-T. The onesigma uncertainty of the 8T
estimate, km.

(14) Sigmx TCA. The one-sigma uncertainty in the time of
closest approach, s.

There are three tables each for both Viking 1 and Viking 2.
For each spacecraft, the first table lists representative solutions
obtained during tn: cruise phase; the second table lists solu-
tions obtained during the approach phase using the ODP; the
third table, covering the same time span as the second, con.
tains solutions derived using the ONP.

XH. DSN Station Location Evaluation

The rudic metric data and spacecrafi-based optical data
from the Mam encounters of the Viking spacecraft were used
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to evaluate the Deep Space Network station location set, LS
44. This set of station location estimates (Ref. 9) along with
JPL Development Ephemeris 84 supported critical naviga-
tion operations in the vicinity of Mars. LS 44 is displayed in
Table 23.

The evaluation was not intended to serve as the definition
of an improved station location set. Such an update would
normally be accomplished by combining in least squares fash-
ion the Viking station location estimnates with those from
previous Mariner missions which had been incorporated in LS
44. Rather, the evaluation shows that LS 44 is consistent with
the station location information inherent in the Viking en-
counter data and di1 meet the mission requirement on station
location uncertainty.

A. Theoretical Background

The locations of the DSN stations are computed in a
geocentric coordinate system whose axes are defined by the
Earth’s mean pole (axis of rotation), equator, and prime me-
ridian of 1903.0. The cylindrical coordinates r,, A, and Z are
the parameters used to locate a given station within this
system where
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1, = distance from the axis of rctation, km

A = longitude, measured east from the prime meridian, deg

Z = height above the equatorial plane, km,

Figure 31 shows the coordinate system and location param-
eters for ¢ single station.

Using Earth-based data, it is apparent that uncertainties in a
spacecraft’s position are difficult to separate over a short arc
from uncertainties in a station location. Consequently, the
spacecraft orbit must be determined essentially independently
from the station locations themselves. This is done in practice
by using the radio metric data taken during the planetary
approach phase. The probe’s motion is heavily governed by the
target planet’s gravitational field, and its orbit can be well
determined relative to the target body. A geocentric deter-
mination is obtained using the reference planetary ephemeris.
Hence the station location estimates will reflect the accuracy
of the reference ephemeris.

Based on this theoretical analysis and past experience pro-
cessing radio metric data, some general guidelines can be

established for determining the spin axis (»,) and longitude ()
estimates:
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(1) Define tracking arcs which reflect the planetary en-
counter geometry.

(2) For each arc, obtain the best set of calibrations for
ionospheric charged particle effects, tropospheric re-
fraction, timing and polar motion which are currently
available. To obtain accurate station spin axis and lon-
gitude estimates, the errors introduced by each of these
sources must be minimized.

(3) For each arc, obtain as accurate a spacecraft trajectory
as possible.

(4) Given the “best” trajectory, obtain estimates for the
spacecraft state at the initial epoch of each arc and
estimates for the DSN stations which participated in
tracking the given spacecraft during the defined time
period. In this regard, it is usually necessary to simul-
taneously estimate one or more other parameter types
such as solar pressure, planetary oblateness, range
biases, attitude control accelerations, planetary mass,
etc.

These guidelines formed the basis for the actual procedures
followed in the processing of planetary approach data.
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The data taken during the planetary approach phase of the
mission did not provide accurate solutions for the Z-height
component. This was expected. A study is currently ongoing
t~> obtain accurate results on the relative Z-height differences
between stations by processing near-simultaneous range data
from the Viking orbiters. This work will not be discussed in
this report.

B. Data Coverage and Calibrations

The data arc used to determine the encounter trajectory for
Viking 1 extended from the first station pass after the ap-
proach maneuver on June 10 to the start of the orbit insertion
turns on June 19. Another approach maneuver was performed
four days from encounter, on June 15; the direction and mag-
nitude of this maneuver were included in the final approach
trajectory solution vector. The Viking 2 data arc was similar
and extended from the approach maneuver on July 28 to the
last preinsertion station pass on August 7. No intermediate
maneuvers were performed on Viking 2.

The radio metric data coverage consisted of approximately
850 two-way doppl-- and 40 range measurements from each
spacecraft. Optical observations, in the form of line and pixel
measurement of Mars and Deimos, enhianced the radio metric
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solutions for each spacecraft. Table 24 summarizes the
encounter radio metric data sets that were used.

The uncalibrated doppler residuals measured against the
best estimate trajectories are shown in Figs. 32 and 33. These
residuals do not include any calibrations for charged particle
effects on the computed doppler observables. Accurate calibra-
tions significantly enhance the doppler observational models
and contribute strongly to the accuracy of the station location
estimates. Table 25 summarizes the charged particle calibra-
tion sets that were provided for each encounter data arc.
Calibrated doppler residuals appear in Figs. 34 and 35.

C. Preliminary Solutions

Tables 26-29 show several sets of station location solutions
for each encounter, Table 26 contains the Viking 1 solutions
based on radio data only, and radio-plus-optical data, where
the radio data is r.ot calibrated for charged particles. Table 27
gives the same set of solutions, based on a calibrated radio data
set. The solutions shown in Tables 26 and 27 were generated
using a preliminary set of timing polynomials. The final set of
timing polynomials for a particular data arc is not available
until 4 to 5§ weeks after the end of the radio data arc. Tables
28 and 29 show the uncalibrated and calibrated solution sets
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for Viking 2, where the radio-plus-optical data set includes
Mars pictures and Deimos pictures. For Viking 2, a finalized
set of timing polynomials was used throughout. For each
encounter, the radio-onl, solutions are consistent with the
radio-plus-optical solutior. Note that both spin axis and lon-
gitude corrections are quit. large for all solutions using the
uncalibrated radio data set.

D. Final Solutions

Table 30 gives the final corrections to LS 44 based on the
Viking encounter data processing. The timing polynomial sets
used for each encounter are listed in Table 30. The final
Viking ! solution is based on calibrated radio data plus Mars
optical data. Note that the final timing polynomial set moved
the station longitude corrections by approximately -1.5X
10-$ deg. The final Viking 2 solution shown in Table 30 is
based on the calibrated radio-only data set, although Table 29
shows that the solutions for the three calibrated data sets are
very similar. Figure 36 displays the final spin axis and longi-
tude corrections with 1-o error bars.

The individual spacecraft solutions were then combined in

least-squares fashion and the resulting corrections to LS 44
with 1-g uncertainties are shown in Table 31. On the basis of
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Table 24. Summary of Viking 1 and 2 radio metric data sets

Participating Number of 2-way Number of

Table 23. Location set 44° DSS doppler measurements range measurements
Viking 1 Viking 2 Viking 1 Viking 2
DSS r® AC zd
11 48 55 12 14
11 5206.340852 243.1505848 3573.765 14 180 98 0 0
42 0 88 0 14

12 5212.052472 243.1945123 3665.629 43 139 115 14 3
13 5215.485322 243.2051121 3660.957 61 42 71 5 12
14 5203.997735 243.1104478 3677.053 63 232 5 12 0
41 5450.203703 136.8874855 -3302.189

42 5205.352165 148.9812708 -3674.589

43 5205.251697 148.9812726 -3674.756

44 5193,986790 148.9778162 -3691.410

51 5742.940160 27.6854256 -2768.744

61 4: ,2.608849 355.7509710 4114.879

62 4860.818670 355.6321631 4116.902 Table 25. Summary of charged particie calibration sets
63 4862.451845 355.7519840 4115.105

Viking 1
2Development ephemeris 84; 1903.0 pole; BIH: UT1 and
pole motion. Participating Type of
DsS calibration® From To

bDistance off Earth’s spin axis, km.

: “Geocentric longitude, deg. east. 11 DRVID 6/11 19:10 6/18 00:40
dHeight from equatorial plane, km.

14 $/X 6/18 19:40  6/19 02:00
. 6/19 1830 6/19  20:50
43 DRVID 6/11 06:30 6/19 08:20
61 DRVID 6/10 13:50 6/t4 17:10
63 DRVID 6/11 11:20 6/18 16:30
MEAN POLE §/X 6/19 10:50 6/19 18:10
: POSITION 90 deg EAST OF
t 1903,0 eg -
. GREENWICH Viking 2
! MERIDIAN
, 1903,0 11 DRVID 728  20:00 8/6  00:30
; GREENWICH
; MERIDIAN DSN TRACKING 14 DRVID 8/3 19:00 8/4  03:00
i 1903,0 STATION
i s S/X 8/3 17:50 83 18:50
E \ 8/6 17:30 8/7  00:10
\
| 42 DRVID 7/29  04:00 8/5  07:30
; A 43 DRVID 7/28 02:90 7/28 08:00
EARTH'S 8/6 00:50 8/6 07:50
- 4 EQUATORIAL
- j PLANE $/X 7/28 08:00 7/28 09:00
1903.0 8/7 02:30 8/7  09:30
- Fig. 31. A cylindrical coordinate system for a DSN station 61 DRVID  7/28 10:00 8/6  14:30

AAll data not calibrated by either DRVID or S/X was deleted.
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Fig. 32. Viking 1 uncalibrated doppler residuals
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Table 26. Viking 1 uncalibrated corrections to LS44

Table 27. Viking 1 calibrated corrections to LS44

Radio data Radio data
Participating plus Mars I-sigma Participating plus Mars 1-sigma
DSS§ Radio data  pictures error? DSS Radio data  pictures crror?
Spin axis, m 11 -0.041 0.547 0.798 Spin axis, m 11 1.21 0.787 1.03
14 1.18 1.96 0.7.9 14 1.58 1.66 1.60
43 -3.29 -3.02 2.665 43 -0.509 -0.682 0.921
61 -4.41 -3.76 0.835 61 -0.302 -0.675 0.121
§ 63 =2.10 -0.94 0.524 63 -0.213 -0.332 0.802
: Longitude, 11 -1.21 -u.747 1.15 Longitude, 11 0.798 0.496 1.45
10°5 deg 14 3.51 4.07 1.29 10°5 deg 14 119 1.00 1.70
43 -1.22 -0.712 1.10 43 -0.200 -0.479 1.33
61 0.0 0.352 1.23 61 1.2§ 1.00 1.51 ,
63 1.41 1.74 1.16 63 2.12 1.89 1.42 '
9For radio data 9For radio data
9
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Table 28, Viking 2 uncalibrated corrections to LS44

Participating Radio data plus Radio data plus |-sigma

DSS Radio data Mars pictures Deimos pictures error

Spin axis, m 11 -2.18 -2.23 -2.23 0.60
14 -3.71 -3.91 -3.95 0.83

42 -1.08 -1.03 -1.01 0.56

43 -0.35 0.16 0.44 0.82

61 -1.81 -1.81 -1.80 0.38

Longitude, 11 0.12 0.28 0.35 0.95
10° deg 14 3.46 3.61 3.55 1.14
42 2.20 2.34 2.41 0.94

43 -2.88 -2.74 -2.79 1.14

61 0.52 0.68 0.75 0.96

Table 29. Viking 2 calibrated corrections to LS44

Participating Radio data plus Radio data plus 1-sigma

DSS Radio Data Mars pictures Deimos pictures error

Spin axis, m 11 -1.19 -L.11 -1.16 1.00
14 -1.35 -1.28 -1.38 0.85

42 0.20 0.18 0.32 0.80

43 0.51 0.19 0.45 0.86

61 0.48 0.42 0.47 0.64

Longitude, 11 0.82 0.75 1.01 1.05
105 deg 14 2.00 1.95 2.14 1.20
42 0.01 0.01 0.30 1.00

43 -1.92 -2.05 -1.61 1.22

61 0.94 0.83 1.65 1.03

Table 30. Final Viking corrections to LS44

- Viking 19 Viking 20
Partici- Table 31. Combined Viking 1 and 2 station location solutions
pating . i
DSS A 1-sigma A 1-sigma
error error Al Computed and Compnited
DSS '3’ 1-0, -5 * 1-0,
Spin axis, m 11 0.38 0.85 -1.19 1.01 m m 107 deg 10°S deg
14 0.67 1.58 -1.3§ 0.86
42 - - 0.20 0.80
11 -0.31 .64 0.45 X
43 ~0.34 0.88 0.51 0.86 14 -0.92 3.75 1.52 g gi
63 01%  0.76 - - 43 0.09 0.61 -1.27 0.68
Lor;gitude, 11 -0.94 1.38 0.82 1.04 61 0.31 0.53 0.67 0.64
107 deg 14 -0.17 1.70 2.00 1.22 ’ ’ ’ ’
4 " _ 0.01 1.00 63 -0.07 0.68 0.79 0.85
43 -1.70 1.28 -1.92 1.23 a _ . .
61 -0.51 1.46 0.94 1.04 A” =y (kaing) -r (LS44); Ax = A (Viklng) - A (LS 44).

63 -0.13 1.36 - -

9Timing polynomial set LD761004/PT761106.
b Timing polynomial set LD761018/PT761116.
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Fig. 36. Final Viking spin axis and longitude
corrections to LS44

these results, it can be concluded that if Viking data were
combined with the Mariner spacecraft data incorporated in LS
44, the perturbation to LS 44 would be well within the Viking
mission requirement of 0.6 m in spin axis and 2.0 X 10™5 deg
(~2 m) in longitude on station location accuracy.

Xiil. Satellite Ephemeris Evaluation

This section records results of the analysis conducted to
evaluate and update the Mars satellite ephemeris model, using
Viking optical navigation data, i.e., photographs of Deimos
against a star background. The improvement in the satellite
ephemeris is an important by-product of the orbit determina-
tion activity using the optical data. The data available con-
sisted of a total of 25 pictures spanning a 2.1.day data arc
from VO-1 and 23 pictures over 3.3 days from VO-2,

A. Wilkins’ Angles

The motion of the natural satellite in its orbit around the
planet is obtained based on the analytical ephemeris theory
developed by H. Struve and described in Ref. 10. Wilkins’
orbital elements (Ref. 11) are used to define the coordinate
system (Fig. 37). In this theory the orbital plane of the satel-
lite is approximated to be inclined at a constant angle to a

SATELLITE ORBIT PLANE

PERIAPSIS

>y

“1950.0 EARTH MEAN
EQUATOR

Fig. 37. Wilkins’ angles

fixed plane, called the Laplacian plane, upon which the as-
cending node of the satellite orbital plane regresses. Short-
period variations in the orbit are ignored. The angles shown in
Fig. 37 are defined below:

N, =longitude of node of fixed Laplacian plane on stan-
dard equator (1950.0 Earth equator).

J4 =inclination of fixed Laplacian plane to standard
equator

K, =the argument of the ascending node of th: otbital
plane on e fixed Laplacian plane

I, =inclination of the satellite orbital plane to the fixed
Laplacian plane

L = the mean longitude of the satellite inmeasured along
the standard equator, the Laplacian plane and the
satellite plane

P=the longitude of pericenter of the orbit of \he satel-
lite, measured along the standard equator, tte Lapla-
cian plane and the satellite orbit plane.
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As mentioned earlier, / is held a constant in the theory.
The angles N,, J,, K,, L and P are modeled as linear
functions of time given by

Ny=Nz + Nyt

Jy=Jy gt

K,=K, +Kpt
L=L, +Lgt

and

P=P, +Pyt

where the elements (), are the values of the angles (+), ata
specified epoch and the elements (+), are their rates; the time
t is measured in days past the ¢poch.

Table 32 gives the assumed a priori values and uncertainties
for the Deimos ephemeris.

B. Analysis of Approach Optical Data for Ephemeris
Determination

In this subsection we discuss the satellite ephemeris update,
using the Viking 1 data for the analysis.

1. Satellite ephemeris parameter set selection. A prelimi-
nary analysis was conducted to establish the parameter set to
be updated. Table 33 lists the results of six different parameter
sets estimated using the Deimos optical data and the radio best
estimate available in real-time, along with its associated covari-
ance, as a priori. In each case the parameters estimated, in

Table 32. Viking nominal Deimos ephemeris

Parameter Value unlc.:if:;:ty

Ny 46°.211 0°.1

T4 36°.716 0°.1

Kz 210°.266 1°.0

Kp -0°.01813 0°.0003

1 1°.81 0°.02

Ly 273°.587 0°.1

Ly 285°.16180 0°.0001

Py 126°.097 5°.0

Pp 0°.01813 0°.003

a 23458.89 km 0.1 km

e 0.00052 0.001
102

addition to the spacecraft state, are as indicated in the table.
For the A1KX04 case the semimajor axis 4, the mean motion
LN and the angular rates for K and P were also estimated.,

For the update parameter set selection it was decided to
drop 7 (the inclination of the satellite orbit to the Laplacian
plane) and to include the parameters N, J, related to the
orientation of the Martian pole; the latter are not as well
known as is /, which is in fact modeled as a fixed constant in
the satellite theory. The mean longitude L the eccentricity F
and the longitude of periceater P were included; also included
was the node of the Laplacian plane K, which is not very well
known.

Thus the update parameter setis: £, L,K,P,N,,J,.

2. Data strategy selection. Table 34 lists the results from
estimating the satellite ephemeris parameter set described
above, using four different data strategies. These are re-
spectively:

(1) The post-AMC2 radio data available during the real-
time processing as a prioti.

(2) Optical data only.

(3) The radio a priori resulting from processing all the
radio data available from AMCI until encounter.

3.00
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L | i 1 i | |
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HOURS TO ENCOUNTER

Fig. 38. VO-1 postfit Deimoe residusis
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Table 33. Parameter set selection for satellite ephemeris
RUNID B-R, km B:T,km SMAA,km AE AL, deg Al, deg Ak, deg AP, deg AN, deg A4, deg
A1KX04 7265.9 69126 10.3 -0.270-3 0.215-1 0.115-2 0.1215 -0.114+1 -0.313-1 -0.832-2
A1KX0S$ 7265.9 69126 10.3 ~0.270-3 0.219-1 01238 -0.114+1 -0.321-1 -0.935-2
A1KX06 72659 69126 10.3 -0 270-3 0.208-1 -0.114+1 ~0.378-1 -0.748-2
A1KX08 7266.7 69126 10.8 ~0.265-3 0.267-1 0.119-1 0.412 -0.112+1
A1KX09 72659 69126 10.3 -0.270-3 0.220-1 0.115-2 0.121 ~0.114+1 ~0.314-1 ~(.832-2
AlKX10 7271.8 6915.8 21.2 0.219-1
3
Table 34. Data strategy selection for sateliite ephemeris
Strategy RUNID B+R.kxm BT, km SMAA, km AL, deg af, deg oK, deg AP, deg AN, . deg  aJ,, deg
(1) A1KX0S 7265.9 69126 103 -0.270-3 0.291-1 0.1235 -0.114+1 -0.321-1  -0.935-2
(2) A2KX25 72639 69079 108 0.250-5 0.241-1 0.105 -0.824 -0.303-1  ~0.138~1
&)} A3IKX83 7275 6920 1.92 -0.178-3 0.257-1 0.146 0.450+1 -0.373-1  -0.724-2
“) A3KX87 7275 6920 1.89 -0.175-3 0.256-1 0.145 0.426+1 ~0.370-1 -0.734-2
Table 35. Effect of degrading a priorl unceriainty on satellite ephemeris
RUNID B-R.km B-T,km SMAA km AF AL, deg al, deg  aK, deg AP, deg AN, deg AJ 4, deg
A2KX25 72639 69079 10.8 0.250-5 G.241-1 0.10$ ~0.824 -0.303~1 ~0.138-1
A3KX94 7257 6899 15.97 0.111-4 0.257-1 0.121 -0.275+2  ~0.308-1  -0.130-1

(4) The a priori resulting from processing the data in (3)
plus the star-Mars-star optical data arc from AMCI to
AMC2.

Strategy (2) was considered the best for updating the satel-
lite ephemeris parameters, i.e., using the Deimos optical data
only. This process should yield the best determination of the
parameters with no corruption from any external error
sources. Figure 38 gives the post-fit residuals for this strategy.

v——

3. Loosening a priori satellite parameter variances.
Table 35 shows a comparison of the nominal navigatiu., plan
parameter uncertainties used as a priori with those degraded
by an order of magnitude to allow the parameters greater
freedom to move. Figure 39 gives the resulting post-fit residu-
als. The results were consistent with other solutions. However,
the solutiot. had large correlations between the parameters, the
B-plane solution was further from the current best estimate
(CBE), and the longitude of periapsis moved by a large
amount. Since there was confidence in the nominal satellite
parameters and their associated statistics as determined from

s

MM’71 data, this solution was not considered to be suitable
for use as an update. There is not sufficient strength in the
data to be able to make a definite determination regarding the
periapsis shift; this will have to await the in-orbit optical
results.

4. Evaluation of measurement biases. An analysis was con-
ducted to evaluate measurement biases in the optical data. The
focus was on the determination of any relative shifts in the
measurement biases between the star-Mars-star triaus and the
Deimos-star data types. Biases were solved for in the latter
using the strategies listed below:

(1) Using the Deimos optical data only.

(2) Using the a priori resulting from processing the radio
data from AMCI to encounter, including the post-
AMC1 Mars data assuming zero biases, followed by the
post-AMC2 Deimos data solving for biases.

(3) Using the a priori resulting from processing all the radio
and optical data between AMC1 and AMC2 and the
post-AMC2 radio data, including the Deimos data solv-
ing for biases,
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(4) Simultaneous processing of ali the post-AMC1 radio
and optical data, assuming zero biases for the Mars
data.

(5) Using the a priori as in (2), including only the post-
AMC?2 Deimos data, solving for biases.

Results are listed in Table 36. Biases do exist in the Deimos
data at the level of approximately 1 pixel in the pixel direction
and 1/3 pixel in the line direction. These types of biases are
not surprising owing to the known difficulties in extracting
precise image center from the intentionally overexposed
Deimos image.

5. Evaluation of satellite parameter update. The values of
the satellite parameters updated are listed in Table 37. They
reflect a change in the inertial position (from the pre-updated
Deimos orbit) of a minimum of 11 km and a maximum of
17.5 km, depending on the location in its orbit. Of this the
down-track error is about 10 km.

To examine the effect of using the updated satellite ephem-
eris, a solution was made using the radio data available during
the real-time processing along with the opti .1 data, but not
solving for the satellite ~phemeris. The results, along with the
current best estimate are shown in Table 38,
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Table 36. Optical measurement biases

BIASMA, x 107 deg

BIASNA, x 103 dee

RUNID —— ———
Delta Sigma Delta Sigma
A1KX76 -0.003 1.5 -0.028 1.5
A3IKX01 -1.5 0.48 -0.41 0.55
A3IKX9! ~-1.44 0.52 -0.42 0.60
AD6524 -1.53 0.50 ~-0.40 0.60)
AJKX35 -1.42 0.52 -0.42 0.60)
41 pixel ~ 1.5 x 1073 deg
Table 37. Deimos ephemeris parameter updates
Parameter Value
E 05225 % 1073
L. deg 27361114
K, deg 210.37176
P. deg 125 27263
Ny deg 46 180634
Sy deg 36 702119
Table 38. Deimos ephemeris update evaluation
Run BR BT
Before update A1KX0S 7266 6913
After update AIKX68 7269 6916
Current best estimate 7276 6920

Figures 40 and 41 show the pre-update and post-update
Deimos residuals against the best postflight spacecraft trajec-
tory. Figure 42 shows the same, using the satellite ephemeris
corrections from case (4) in subsection 4, where biases were
also solved for. An examination of Figs. 41 and 42 shows that
similar biases are present in both sets of residuals; i.e., in the
optical-only case biases arc indistinguishable from spacecraft
velocity errors. Also evident in both are spacecraft position
offset signatures. The Fig. 41 residuals appear to be slightly
flatter.

C. Satellite Ephemeris from VO-1 and VO-2

The results of applying the data and solution strategies
discussed above are shown in Table 39. For both Viking 1 and
2, the changes of the parameter values from the nominal are
displayed. The associated 1-0 uncertainties are also given in the
table,
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Table 39. Deimos ephemeris using Viking approach optical data

VO-1 VO-2
Parameter
A 1 sigma A 1 sigma

E 025x 1075 0.27x 1073 0.19x 1079 0.17x 1073
L deg  0.024 0.020 0.045 6.010
K deg 0.11 0.89 0.01 0.89
P deg -0.82 4.95 -1.62 4.83
N, deg -0.030 0.050 -0.016 0.045
J4.deg -0.014 0.026 -0.020 0.015

As can be observed from the table, the major significant
change from the a priori value is in the mean longitude L.
Moreover, the change appears to be inconsistent between the
results of VO-1 and VO-2 by a statistically large difference of
approximately 8 km. This apparent discrepancy can be ex-
plained, however, by an examination of the short-period terms
omitted in Wilking’ theory.

In Deimos down-track variations, the dominant perturba.
tions in down-track position due to sciar effects during the
interval from VO-1 approach to VQ 2 approach are given by
(Ref. 12)
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§DT(km)=-8.6sin!' - 0.6sin 21/’
-5.5sin (21" +2¢")
“Lsin(31'+2g)

+07sin(21'+2g - h+h')
where

" = mean anomaly of Sun
= 204.5° + 0.5240207666 (JD-2414800.5)
g = argument of periapse of Sun
=249.1°
" = node of Sun
= 180°
h = node of Deimos
=K-43.7°

The periods of these solar perturbations range from 229 to
687 days. The effect is to advance Deimos by 6.6 km in the
down-track position at the time of the VO-2 approach observa-
tions, and by 0.6 km at the time of VO-1 approach, giving a
net longitude difference of 6 km.

In addition to the above effects there is another short-
period (65-h) term neglected in Wilkins’ theory. The 65-h
downtrack position variation, due to J,,, is given by

§DT(km)=~ 5.1 5in 0

where
%- L+ 136.0° - 350.892017 (JD-2442778.5;

This term, which has a period of the order of the data spans,
would in general have different effects on VO-1 and VO-2
data. However, it may average out and would not therefore be
expected to introduce any significant inaccuracy. After the
short-period terms are accounted for, the VO-2 satellite
ephemeris results are in very good agree..ent with VO-1
results,

In summary:

(1) There appears to be very good agreement between the
results of VO-1 and VO-2 after the short-periodic terms
are taken into account.

(2) The prediction error from Mariner 9 to Viking has been
less than 15 km. This constitutes 3 verification of the
long-period-variation term due to Bom (Ref. 8); it is
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the combined effect of the girect solar perturbation
and an interaction perturbation induced by the varia-
tion in inchination of the satellite orbit relative to the
planet equator due to solar perturbation. This effect
would have yielded 80 km in the mapping from Mari-
ner 9 to Viking.

(3) The approach optical data had limited strength; vertfi-
cation and/or improvement of the Deimos ephemeris
will have to await results from the in-orpit and ex-
tended mission close-encounter pictures.

XIV. Conclusions

The success of the interplanetary orbit determination effort
is best measured by the accuracy of its delivered estimates:

(1) Viking 1 trajectory was delivered to within 25 km of its
intended target despite the difficulties brought on by
the pressurant problem. Although this error includes
execution uncertainty, it still indicates a very accurate
estimate of the premidcourse orbit.

(2) Viking 1 final pre-MOI orbit estimate, which was used
to generate the MOI maneuver, was in error by 6 km.
The accuracy of this estimate coupled with the preci-
sion of the orbit insertion maneuver permitted Viking |
to fly a virtually nominal flight path to the initially
prescribed lander separation orbit.

(3) Viking 2 was delivered to within 37 km of its intended
target.

(4) Viking 2 MOl maneuver was based on an early, en-
counter minus 6-day, estimate. This estimate was in
error by 37 km.

(5) Viking 2 E-24 orbit was in error by 2 km.

There are a number of general conclusions resulting from
the Viking inflight experience that should be of value to future
interplanetary orbit determination efforts. These conclusions
are summarized below:

(1) Accurate postlaunch estimates are obtainable using just
minutes of spacecraft tracking following launch. Early
accurate estimates require moderate accuracy antenna
angle observations.

(2) Long-arc estimates prior to approach M/C, although
stable, were not as accurate as expected. The long-arc
technique has the potential for very accurate orbit
estimation; however, it is computationally expensive,
unwieldy to implement for Viking, and it is relatively
difficult to establish the confidence in the resultant
estimates. For these reasons, further development is
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required if long-arc solutions are to be fully relied on in
future applications.

(3) Effect of charged-particle density variations in the

“)

interplanetary medium strongly influenced the Earth-
based doppler measurements. The effects were soine-
what larger than predicted, and introduced relatively
large variations in the approach estimates. The doppler
calibrations using DRVID successfully removed these
effects and brought the radio-only solution accuracies
to within their expected levels.

Optical measurements and the resultant optical-based
solutions performed excellently. The limb measure-
ment technique proved to be very precise and center-
finding errors proved to be small, most likely within 1%
of the Mars radius (i.e., ~35 km). The two-camera
observation technique achieved the most optimistic ac-
curacy levels.

(5) Success of the optical crbit determination resulted

from the concerted efforts in several areas, including:
(a) use of long optical obscrvation arcs, which es.en-
tially gave the optical-only solutions a stand-alone capa-
bility in determining thc spacecraft orbit; (b) carcful
planning, design, and executi.n of the onboard optical
observation sequences; (c) extensiv. participation ir,
and use of data from, inflight camera and S/P checkout
and calibration activity: (d) use of spacecraft telemetry
to improve two-camera obhservation accuracy; and
(e) careful design of the radio-plus-optical processing
techniques that ovtained the relative advantages of the
radio and optical data types. The optical orbit deter-
iiration success in addition drew heavily from the
development provided by the Mariner 9 demonstration,
including the general technology and software develop-
ment (ONP and OMSET were derived from Mariner 9
versions) and the Deimos satellite ephemeris deter-
mination.
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Satellite Orbit Determination

C. E. Hildebrand, E. J. Christensen, D. H. Boggs, G. H. Born,
B. G. Williams, and Z. Shippony

I. Introduction

The satellite phases of Viking 1 and Viking 2 began on
June 19, and August 7, 1976, when the respective spacecraft
were inserted into orbit about Mars. Each spacecraft consisted
of an orbiter-lander combination. The orbiters, which had
their own complements of science instruments, also served as
communication relays for the landers in their search for Mar-
tian life.

The Mariner 9 Mission 1o Mars served as the precursor to
Viking and was instrumental in guiding the development of
mathematical models and procedures used for Viking orbit
determination (OT’). For example, the gravity field of Mars
developed with Mariner 9 data was found to be well within its
predicted uncertainty for Viking applications. In addition, the
ephemerides of the Martian satellites Phobos and Deimos as
determined by Mariner 9 television data aided precise naviga-
tion of the Vin. g spacecraft on Mars approach (Ref. 1).

The orbital elements for the Viking spacecraft subsequent
to Mars orbit insertion (MOI) and each major orbit adjust
throughout the nominal 90-day mission are shown in Tables 1
and 2. As seen from these tables the Viking spacecraft were in
a wide range of orbits. Generally the orbits were near synchro-
nous with the Mars rotational period (24.6 h) as contrasted

with Mariner 9’s orbital period of approximately 12 h. Other
significant differences between Viking and Mariner 9 are in the
orbit inclination and location of periapsis (64.5° and 22°S for
Mariner 9 (Refs. 2 and 3)).

This part of the report relates the experiences of the Viking
Satellite Orbit Determination Team in determining the Mars-
centered ephemerides of the Viking Orbiters and positions of
the landers from two-way doppler and range data. In Sec-
tion Il an overview of mission satellite OD functions and
methods is given. Section III relates postmaneuver orbit con-
vergence experiences, while Section IV discusses local orbit
knowledge accuracies, including the effects of interplanetary
media, use of constrained solutions and solving through trim
burns. A very significant aspect of any planetary orbiter mis-
sion is rapid identification of the planet gravity field; the
relevant procedures and results are given in Section V. Viking
lander position determination is discussed in Section V1, While
this chapter is primarily concerned with activities during the
nominal mission, several interesting activities associated with
the extended mission are also included. Specifically, results
relative to sensing Mars’ gravity field during the extended
mission are included in Section V; Section VII contains a dis-
cussion of the Phobos Flyby Experiment conducted during
February 1977.
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Tabie 1. Areocentric 0. ! elements of Viking 1

MOJ MOT-1 MOT-5 MOT-6 SKT-2

MOT-7 MOT-8 MOT-9
Date of maneuver 6/19/76 6/21/76 7/9/76 7/14/76 8/3/76 9/11/76 9/20/76 9/24/76
Semumajor axis, km g 293258 20448.9 20512.0 20443.4 20435.9 18879.4 19081.1 20440.1
Eccentricity e 0.8327 0.7600 0.7608 0.7602 0.7603 0.7412 0.7439 0.7598
Mean pertod, h P 42,352 24.661 24,776 24.651 24.638 21.877 22,229 24.645
Longitude of Q 129.80 129.68 124.77 124.20 121.78 116.99 115.72 115.08
ascending node,
deg
Argument of w 39.76 39.94 44.89 45.82 49.31 56.03 57.99 59.77
periapsis, deg
Inclination, deg 1 37.87 37.88 37.69 37.70 37.90 38.13 38.31 38.16
Height above hy, 1513.2 1513.1 1512.9 1508.5 1504.8 1491.2 1491.9 1515.4
surface at
periapsis, km
Latitude of sub- ¢, 23.12 23.21 25.56 26.01 27.76 30.80 31.71 32.26
periapsis passage,
deg
Keplerian elements referenced to Mars true equator of date. Mean radius of Mars = 3394 km.
Table 2. Areocentric orbital elements of Viking 2
MOI MOT-1 MOT-2 MOT-3 MOT-4 MOT-5
Date of maneuver 8/7/76 8/9/76 8/14/76 8/25/76 8/27/76 9/30/76
Semimajor axis, km @ 22054.8 21889.5 21943.0 215134 20472.2 21611.2
Eccentricity e 0.77% 0.7765 0.7769 0.7603 0.7610 0.7732
Mean period, h P 27.623 27.313 27413 24.040 24.622 26.794
Longitude of Q 36.37 36.07 35.72 34.78 34.40 54.60
ascending node,
deg
Argument of w 69.32 69.77 70.02 72.66 73.65 68.34
periapsis, deg
Inclination, deg 1 55.17 55.20 55.21 55.65 55.39 74.90
Height above hp 1518.2 1499.0 1501.0 1424.3 1489.0 1568.3
surface at
periapsis, km
Latitude of sub- % 50.17 50.40 50.51 52.00 52.16 63.80
periapsis passage,
deg

Keplerian elements referenced to Mars true equator of date. Mean radius of Mars = 3394 km.

110

N



Temar

The Viking Navigation Plan (Ref. 4) extensively covers pre-
flight models, procedures and error analysis for all Viking
navigation functions from launch through landing. Conse-
quently, preflight analysis will be discussed here only insofar
as necessary to explain in-flight results.

Il. Overview of Viking Satellite
OD Activities

A. Support Activities

Viking satellite phase events requiring extensive navigation
support are shown chronologically in Fig. 1. Prior to Viking
Lander (VL) separation, orbit phase navigation activities were
directed toward

(1) Acquiring imaging and other scientific observations of
candidate landing sites.

(2) Achieving an orbit from which a safe landing could be
effected.

(3) Designing the VL deorbit burn, entry trajectory, and
descent guidance and control sequences.

Postlanding activities during the primary mission shifted to
VL/VO relay link design and maintenance, VO Science and

Radio Science support, and, between VL-1 landing and VL-2
descent design, analysis of the VL-1 descent performance.
Specitic areas requiring direct orbit determunation support are
described below.

1. Mars orbit tim (MOT) design. Orbit trim maneuvers
were performed to achieve orbits such that

(1) Landing site reconnaissance could be performed.
(2) VL descent and landing could be safely executed.
(3) The VL/VO relay link was of sufficient duration.

(4) VO Science objectives could be met.

MOT design employed estimates of VO state at the time of the
maneuver and at the target point (VL separation, for exam-
pie). Estimates were typically provided at three different
stages of the design process, ranging in time from several days
prior to a maneuver to as late as 20 hours before a trim.
Providing for “late updates” to the maneuver time employing
the most recent estimates of orbit timing resulted in elimina-
tion of the major contribution of the orbit determination error
to the orbit control error.

2. Science sequence design. VO position estimates accurate
to 13 km at periapse were required for targeting the scan

[reconnaissance] [ VL1 RELAY ] [ VL-2 RELAY 1777
EVENTS _——
MO! VL-1 LANDING | sotar occutation | EOM
l | [eartioce. ]
~ | oreir
RIOD, h 42.4 4, .
Q PERIOD Loy Bt g 2.7 | 21.9 222 24.6 i
¢ T T | T T T T T T T T --
PERIAPSE NO. 0 10 2 30 40 50 s 70 € 9 100 110 120 130 140
MOT 1 5 6 1 SKT2 7 g8 9
MANEUVERS v v v v v vV
MONTH JUNE | JULY 1 AUGUST [ sepremaer | OCTOBER [ ~ovemser
1976
[ recon ]| wi-2reLay |
EVENTS MOl VL-2LANDING  PLANE CHANGE EOM
o | oRen 7.3 2.0
p) PERIOB, h 27[6: 274 24.6 26.8
> - - 4
[ T T 7 T T T
PERIAPSE NO. © 10 2| 0 4 s o 0 s %0
MOT1 2 34 51/5
MANEUVERS ‘V v w7 W
Fig. 1. Viking orbit phase navigation related events
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platform instruments. Orbit determination support of this
function was relatively uitensive because

(1) Science sequences were performed nearly every orbit
during the prime mission.

(2) Accuracy and lead time requirements limited the useful
interval of prediction of a given solution.

(3) Frequent orbit trims shortened the useful prediction
intervals and often necessitated quick redetermination
of the post-trim orbit so that science sequences could
be updated to compensate for maneuver execution
errors.

3. VL descent design. VO state estimates at Vi separation
provided initial conditions for the descent trajectory. Again,
descent design employed VO state estimates at several stages
of the design piocess. Provision was made for utilizing esti-
mates becoming available as late as 26 hours before separation
to update the time of inittation of the descent sequence.

4, VL/VO radio tracking. Predictions of round trip light
times to the Viking orbiters and landers are routinely prepared
to support the tracking r-tivities of the NASA Deep Space
Network (DSN). The DSN uuploys this information in select-
ing tracking frequencies and in monitoring data quality. Fre-
quent orbit trims significantly impact the complexity of this
task.

§. Pseudoresidual generation. Frequency-independent
doppler observable predictions are routinely provided to the
Mission Control and Computing Center (MCCC) at JPL. The
predicted and actual doppler measurements are difterenced by
MCCC in real-time, and the resulting pseudoresiduals are dis-
played via closed circuit TV. The navigation group uses
pseudoresiduals to monitor trajectory events (trims, VL sepa-
ration, ~tc.), monitor orbit prediction accuracies, detect dopp-
ler data or orbit anomalies, and to edit the doppler data.

6. VL/VO relay link design. Lander science and engineering
data is returned to Earth via a low-data-rate S-band direct link
or a high-rate VL-to-VO UHF relay link. Orbit determination
support of the relay link design activities consists of providing
predicted VO trajectories and estimates of VL position, which
are then used to determine the time of initiation and duration
of each relay period. The VO trajectories typically provide
predictions of time of periapse accurate to much better than
30 s 10 orbits in advance.

7. Radio Science. Local orbit estimates and pseudo Earth.
to-Mars range measurements (normal points) are periodically
prepared in support of Radio Science activities. The normal
points, which are obtained by processing VO ranging data, are
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wed in the relativity /ephemeris experiment (Ref. 5). VO posi-
tion estimates are also provided n support of the $/X occulta-
tion experiment.

B. Methods

The basic techniques fo1 determining the state of a Mars
orbiter were well established during the Marnner 9 mission
(Ref. 3). The strategy involves processing a single revolution of
two-way doppler to determine the local orbit. Accurate predic-
tion is achieved by using data arcs spanning several revolutions
to obtzin improvement in the estim: te of a spherical harmonic
coefficient model of the Mars gravity field. The Mariner 9
spacecraft remained in essentially the same orbit from the first
trim at two davs after insertion until the end of the mission.
The orbit periapses made a complete cireuit of the planet at
nearly constant latitude in a resonance cycle of 38 revolutions.
Thus, gravity models generated with four to six orbits of data
from one resonance cycle could be used in predicting over the
same region on the next cycle. During the Viking Prime
Mission, a technique designed to deal with a variety of orbits
was employed. Basically, gravity models associated with a
given orbit were developed by first processing two to four
orbits of data estimating harmonic coefficients through sixth
degree and order. and then selected "local” models were
combined into an ensemble field,

A task which required relatively little attention during
Mariner 9 was that of redetermining the orbit after a maneuver
in support of Science Sequence Design and DSN tracking (only
two trim maneuvers were performed during the Mariner mis-
sion, compared to three for VO-1 and four for VO-2 prior to
lander separation). Possible approaches involve

(1) Processing short arcs of post-maneuver doppler data.

(2) For orbit trims, processing pre- and post-trim data and
estimating trim AV components (and possibly gravity
coefficients) in addition to VO state.

A problem encountered with the former technique is thai
ill-conditioning may lead to slow convergence, or even diver-
gence unless a numerical method such as the Partial Step
Algorithm (Ref. 6) is employed. This problem may be espe-
cially critical in the process of converging to the initial orbit
after Mars orbit insertion. If an accurate orbit is available prior
to the trim, the solution can be constrained with an a priori
covariance matrix. This question is addressed in detail in
Section IV. In any case, for rapid redetermination, the prob-
lem of assessing the estimate accuracy arises. In general, this
can be satisfactorily done by processing several intermediate
arcs and monitoring the evolution of the estimates of selected
orbit parameters.
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Viking lander position determination involved estimating
hoth the cylindrical coordinates of the VL relative to a Mars
fixed reference frame and the ineitial direction of the Mars
spin axis from short arcs of two-way doppler data and a few
two-way range points. Accurate VL position estimates were
required five days after landing. Potential errors resulting from
an incorrect value of the Earth-to-Mars range were eliminated
by making use of VO range residuals, as discussad in Sec-
tion VL.

lil. Initial Orbit Convergence

A. The Convergence Problem for Short Data Arcs

As a result of the excellent encounter phase orbit determi-
nation (OD) and Mass orbit insertion (MOY) maneuver design
and execution, the differences between the actual post-MOl
orbits achieved and the desired target orbits were within pre-
dicted 1o levels. Thus, for example, the period component of
the error in the a priori state used in the initial fit after
insertion was 20.25 min for VO-{ and -5.98 min for VO-2
(using as reference the periods that resulted from processing
full orbits of data, Section I11-C). In general the determination
of a postinsertion solution becomes more difficult as the total
error in the a priori state increases: the overall accuracy of the
Viking orbit insertion process allowed convergence to the
(approximate) initial state of both orbiters without undue
difficulty. using only the first several hours of post-MOI
data.

Under less fortunate circumstances the initial determination
of the post-insertion state: could have been more troublesome,
particularly a few hours after MOI when only short data arcs
were available for fitting. Indeed, if the a priori state error had
had a significant component in an unfavorable direction, and
had the iterative differential-correction process using the classi
cal Gaussian least-squares solution offered by the DPODP been
used, a suitable solution might not have been obtained. The
standard linear batch data filter, which is entirely adequate for
interplanetary OD, has in fact been shown to lead to divergent
results over a wide class of orbital configurations — even for
relatively small initial state errors (Ref, 6).

Such a convergence problem arises from the coupled effects
of nontinearity and *“ill-conditionedness,” and was recogrized
some time before the Viking mission (Refs. 3, 4, 6). No:dinear-
ity here refers to the inability to accurately relate finite
deviations in the data to deviations in the spacecraft state with
first-order partial derivatives, and ill-conditionedness is related
to the numerical difficulty inherent in computing the full-rank
solution for a set of parameters — state in this case — which
for a given data set is highly correlated statistically. A short

data arc, i.e., one spanning less than an orbital period, typi-
cally yields deleterious conditioning. As the amount ot data
used in a least-squares {it decreases from a full orbit to, say, a
tour-hour arc (i.e., 1/6 of a revolution) following penapsis, the
process of inverting the linear system becomes mcreasingly
dominated by numerical error.

A closely related, but distinct, problem associated with
classical batch data filtering of ill-conditioned data sets is the
inherent loss of precision in the formation of the “normal
matrix™ ATA, where A = 9z/ax is the matrix of partial dertva-
tives of observubles (z) with respect to estimated parameters
(x). This degradation intensifies the ill effects of nonlineanties
in a solution attempt, but even when conventional techniques
are adequate for convergence, the accuracy of the orbit deter-
mination process is enhanced by the square-root approach to
the least-squares problem. The DPODP’s square-root batch
data filter (Ref. 7) eliminates the numerical error and instabil-
ity that 7rise in the normal equations formulation. Most of the
routine single- and multiple-revolution fits performed through-
out the mission were devoid of convergence problems and
were therefore accomplished using this full-rank, square- not
solution techrique.

Mission requirements dictated that the spacecraft postinser-
tion state be estimated as quickly as possible, namely, four to
six hours after burn termination. It is perhaps ironic that
during the orbit phase it was necessary to compuie these
crucial early state solutions using a small and thus poorly
conditioned data set at the very time when the a priori error in
the spacecraft orbit — and therefore the nonlinearity effect —
was maximal. The partial-step algorithm (PSA) (Refs. 3, 4, 6,
8) was developed and implemented in the DPODD to deal with
this post-MOl initial convergence problem, and also to produce
an essential safeguard against an anomalous (larger than ex-
pected) orbit error due to an insertion burn irregularity. The
fact that nine PSA iterations were necessary to obtain the first
(data arc length: 4 hours) post-MOI state solution for VO-1
(see Section ITI-C) - desmite the accuracy of the orbit inser-
tion — underscores the utility of the PSA for orbiter state
convergence,

The PSA is a sub-rank (i.e., partial-step) method that uses
an a priori estimate error covariance ellipsoid to judiciousty
constrain the classical full-rank solution vector computed for
each iteration of a least-squares process. The basis of the
method is a spectral decomposition of A from which a similar
representation of the pseudo-inverse (Refs. 9, 10) of 4 is
computed. Specifically, components of the solution step in the
normal-matrix eigenvector coordinate system are individually
constrained to lie within the expected error cllipsoid. The
possibility of taking a solution step leading to divergence is
thereby greatly reduced.
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B. Preflight Simulation Analysis

An important aspect of the DPODP’s batch data-filtering
process is that the PSA and square-root full-rank techniques
give identical converged state solutions for fit cases that lie
within the limitations of the latter: no penalty is paid for the
margin of safety gained by using the PSA for a state fit that
the full-rank method could perform equally well. On the other
hand. due to the inherent nature of the nonlinear convergence
problem, the power of the PSA is not unlimited. Thus the
1egion of convergence, i.e., the largest initial spacecraft state
error allowing convergence with the PSA, determined by pre-
flight simulations will be described here. Such a region was
determined for - and centered about - the nominal post-MOI
orbit configuration for both VO-1 and VO-2. These nonunal
orbits were based upon best-estimate Mars encounter trajec-
tories and associated insertion maneuver parameters updated a
few wecks before the respective MOlIs.

To compare convergence capability against the expected
post-MOI total spacecraft state error, it was necessary to assess
the a priori encounter-phase OD and maneuver execution
errors. Encounter OD eirors for both approaches were deter-
mined assuming the baseline physical model error levels
quoted in Section 7 of Ref. 4 with doppler tracking (with lg
noise = 1 mm/s) of the spacecraft from Encounter40 days to
Encounter-1 h (attitude maneuvers in preparation for MOl
ignition occurred during the hour preceding MOI). The result-
ing orbit determination error, when mapped to MOl maneuver
termination, was found to have lo cartesian components
bounded by 5 km in position and 5 m/s in velocity for both
VO-1 and VO-2.

The covariance matrices representing the dispersion in the
maneuver system executions were computed by Monte Carlo
techniques with program MOIOP (Ref. 4) based upon best-
estimate approach trajectories. The RSS of these maneuver
uncertainties and the approach OD errors — the two processes
were assumed to be '-icorrelated - yielded the total a priori
state errors. The resulting 10 values for position and velocity
in the mean-Earth-equator of 1950.0 system are given in Table
3. The a priori maneuver execution error was the major com-
ponent of the total uncertainty in the postinsertion state for
both orbiters.

Although errors in all state-space directions led to conver-
gence provided they lay within the PSA convergence region,
some directions were more favorable than others. A worst
direction for post-MOI state errors was found: the convergence
boundary for this direction yielded the most conservative limit
for the capabilities of the partial-step method. To gain an
intuitive notion of the worst direction for an initial state error,
the doppler time history for one orbit of a planetary satellite
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Table 3. Post-MOI initial state uncertainties

oy 9 km oy 15 m/s

ay 25 3 10
VO-1

a, 12 0 8

Opss 292 Opgs 19.7

ay 15 0 10

a, 20 ay 6
VO-2

o, 1 s 10

[

as shown in Fig. 2 must be considered. Letting the solid line
represer.t the real data and the broken line the predicted data
based or an a priori post-MOI state, then ¢, and ¢, are the first
and second periapsis times of the true trajectory, i.e.. the
generator of the real data. The following convergence charac-
teristics were observed in all PSA test cases, where ¢ represents
the end of the data span included in the fit (for all cases, t <
the predicted orbital period:

(1) If the second periapsis of the true trajectory was not
included in the real data, 1e., if 1% ¢, then conver-

gence was obtained.

(2) If the second periapsis was included in the real data,
i.e.,if £ 3¢, then convergence was not obtained.

PREDICTED ——_]

ACTUAL

RANC.: RATE

to t(<") H t(>r‘)

Fig. 2. Range-rate time history for different values of orbital period
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These observations led to the conclusion that the presence
of an unexpected periapsis in the data interval is the most
significant condition that can occur with regard to limiting the
convergence of the PSA. Thus, the worst imtial direction error
(where error A real minus predicted) is that which results in
the predicted period being maximally larger than the actual
period for a given error magnitude.

A wost-direction analysis, however, must be conditioned
on the a piiori probabilities associated with the direction of
the initial error. Examination of Fig. 3, which heuristically
depicts position-velocity space, might suggest that the worst
direction is given by the vector A, the shortest distance to the
boundary of the nonconvergence region. However, if the a
priori initial error dispersion is represented by the ellipse
centered at the origin, then the probable worst direciion will
lie more in the direction of the vector B. This worst direction
can be found analytically by minimizing the scalar function

J’(w)=gw+)\(w7'r‘:‘,‘w— 1) (1)

where
w = worst-direction error vector (to be computed)
£ = 0a/3X (row-vector gradient of semimajor axis)
I'y = post-MOI state covariance matrix

A = scalar Lagrange multiplier

NONCONVERGENCE REGION
t> 0,

The solution to the minimization of Jin (1) is

re”
weo— % (2)

Vgl,g"

Evaluations of Expression (2) showed that the worst direction
fell within a dispersion in position opposite the post-MOI
position vector and a dispersion in velocity opposite the post-
MOI velocity vector. Table 4 gives the worst-direction vectors
determined bv evaluating (2) for the a priori best-estimate
post-MOI orbits.

A simplified state-only orbit determanation program incor-
porating the PSA was used to obtain the preflight initial
convergence results. The program approximates the spacecraft
orbit about Mars with a conic path and the movement of a
point-mass Earth with respect to Mars by linear motion. All
accelerations other than two-body are ignored, and light is
assumed to have infinite velocity. The simulated results dupli-
cate the state-convergence properties of the full-modeled
DPODP to within approximately one percent; thus the conver-
gence regions to be given are realizable to within a similar
margin. Media effects, while significantly influencing the accu-
racy of short-arc solutions, have little bearing on convergence
characteristics and were therefore not included in the
simulations.

Convergence profiles determined for large post-MOI state
knowledge errors in individual orbital elements are summar-
ized here. Worst-direction error capability limits found by
testing multiples of the worst-direction vectors given in Table
4 are then given. Solution epochs used in these convergence
cases were initial periapsis after MOl for VO-1 and MOI
maneuver motor-off time (true anomaly ~68 deg) for VO-2.
The various data spans used for the fits all began 30 min after
the respective epochs; thus VO-1 spans started ~40 min after

Table 4. Post-MOI convergence worst-direction error

A
/— 2 Coordinate? Viking 1 Viking 2
X

\__/ Ax 0.3769 km 0.9167
ay -0.8778 0.1867

C RGEN R
Onve °f< f‘ EGION Py -0.2956 -0.3532
! At 0.1383 m/s 1.1837
ay 1.0169 0.4473
ai -0.3561 0.3704

Fig. 3. Worst-direction diagram in phase space

aVectors have been scaled 3o that (Ax)2 + (Ay)? + (ax)? = |.
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the nominal motor-bum ternination. While convergence
boundaries were seen to be only secondarily influenced by
data-start times, the start times used gave optimal results. The
presence of loose a priori information on the state and nomi-
nal data noise also had little influence on convergence
characteristics.

Results are presented showing convergence and nonconver-
gence regions in fterms of post-MOI position-error converger.ce
limits vs tracking daia span used. The position error is the
magnitude (Ax2 + Ap? + Az2)1/2 of the position deviation in
cartesian coordinates corresponding to an orbital element or
worst-direction perturbation. OD accuracies are also included
on each plot in the form of epoch RSS position uncertainties
(0,2 + 0,2 +0,2)1/2 a5 a function of the data interval. These
accuracies were computed by the DPODP with state-only fits
assuming baseline errors (R:f. 4) in gravitational harmonics
and doppler data,

Figure 4 illustrates convergence properties for perturbations
in the VO-1 post-MOI eccentricity. For example, for a 4-h
VO-1 data interval, convergence is obtained for errors up to
0.11 in eccentricity, or equivalently, 2300 km in position-error
magnitude. The maximum convergent position error drops to
430 km as the data interval is extended over nearly the entire
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Fig. 4. Viking 1 ecoentricity convergence profile
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nominal 24.7-h orbit. The VO-2 eccentricity profile is simlar;
in both cases the convergence regions extend far above the OD
uncertainty for all data spans. In addition, the region bound-
aries lie far above the 1a RSS picdicted position errors given
Table 3. The eccentricity conveigence regions are found to be
independent of the sign of the error,

Similar results are given in Fig. S for perturbations in the
plane-of-sky node (see Section IV) for VO-2. The convergence
limits are not dependent upon the sign of the @, error.
Figure 6 illustrates the convergence region for a VO-1 state
error in semimajor axis. For this parameter the sign of the
perturbation does influence the region boundaries: a negative
perturbation m semimajor axis exhibits more pessimistic con-
vergence characteristics than a posttive perturbation. The con-
vergence proveities associated with errors in the remaining
Kepler elements are similar to those shown: each exhibits
maximum convergent RSS position errors of over 1000 km.

Figures 7 and 8 summarize the PSA worst-direction capabil-
ities found for VO-1 and VO-2. with the ohserved boundaries
(solid lines) c¢ompared against the analytically determined
boundaries (broken lines). The latter boundary divides the
1 <t region from the ¢ >, region (cf.. Fig. 2). The observed
and analytic boundaries are seen to lie close together except
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when ¢ (data span end-time) approaches a full revolution of
the nominal orbit, and 1n the casc of VO-2, whenr < 6 h. It is
evident that a gocd margin of safety existed for the conver-
gence problem; e.g., fitting 2 h of post-MO! VO-1 data would
allow convergence for RSS position errors of up to 725 km
and corresponding RES velocity errors of up to 788 m/s.
Similarly, a 4-h fit of VO-2 data would yield convergence for
errors up to 400 km and 527 m/s.

The post-MOI convergence strategy was clear: upon prelimi-
nary convergence with say a 4-h data arc, finer “tuning,” i.e.,
convergence to a more accurate solution, would be performed
with successively longer data arcs. After finding the initial 4-h
solution, most remaining error would he in Q.. and as seen
in Fig. 5, this direction is quite favorable to convergence.
Thus, convergence boundaries as a function of increased data
span length were even more optimistic than those suggested by
Figs. 7 and 8.

Naturally, as the error in the initial state increases, conver-
gence becomes more difficult: the penalty for starting with a
poorer a priori solution is an increased number of PSA itera-
tions required. For example, during testing, a certain ill-
directed VO-1 error with magnitude ~3.3¢ in position (100
km) and ~5o in velocity (100 m/s) was found to require 26
iterations for convergence with a two-hour data arc.
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C. Viking 1 and 2 Initial Orbit Convergence

The first real-time operation of the Satellite OD Team was
to obtain a spacecraft state solution from tracking data ac-
quired during the early part of the first revolution of VO-I
following MOI. Mission anomalies that occurred during the
days preceding encounter dictated that the first orbit about
Mars would nave a period of about 42.5h instead of the
nominally planned 24.7 h. Last-minute simulations with this
and several other neighboring potential orbits showed no sub-
stantive changes in the initial convergence characteristics given
in the previous subsection. Only the a priori maneuver error
varied somewhat.

Initial convergence and refinement during the first VO-1
orbit were performed in the following manner. The data pro-
cessed was two-way |- and 10-min compressed doppler, which
began soon after tracking station reacquisition following the
MOI unwind attitude mancuver. Thus the processed data
started 61 min after the initial periapsis, which was chosen to
be the epoch for all fit cases done during this first orbit. The
first fit used a data arc that ended about 4 h after periapsis:
succeeding fits had data extending to 6, 9, 11, 12, 14, 20, 24,
30, 33 and 41 h (full-rev case) after periapsis. Each successive
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solution was used as a priori for the subsequent case, which
then improved upon this state estimate. In a strict sense, this
improvement was limited to a monotonic decrease in the
computed uncertainties on the solution as data was auu 3. Ac
shall be seen, corresponding improvement in the solutions
themselves did not always occur.

Nine PSA iterations were required to converge to the 4-h
solution. Table S summarizes the solution states (Mars-
centered, mean-Earth-equator of 1950.0) resulting from this
and all succeeding short-arc fits performed throughout the first
orbit. The last two columns give the orbital period and 2,
evaluated at the apoapsis following the epoch of the corre-
sponding states. These are the important measures of the local
accuracy of the estimates as they are the two major compo-
nents of the VO state error (cf., Section 1V). The first entry in
Table 5 is the a priori state used to start the 4-h convergence
process; this state was at the time the best cstimate of the
post-MOI orbit. The last entry is the final full-revolution
solution that resulted from fitting the 40.4-h data arc obtained
by deleting an hour of near-periapsis data st each end of the
42.4-h orbit. This solution is presumed to have the smallest
error and is therefore 3 convenient reference against which to
compare the short-arc fits.
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The initial 4-h fit was an interesting example of the PSA’s
utility. Table S shows that this convergence yielded a solution
requiring a sizeable net RSS move of 394 km and 0.280 km/s
from the a priori state. In addition, the three hours of Jdata
yielded a system matrix with condition number (ratio of
largest to smallest singular value) =0.15 X 10'!. Had a full-
rank step resulting from this rather ill-conditioned system been
taken for any of the first few of nine iterations, divergence
would surely have resulted. In fact, taking the full-rank step
(185 km, 560 km, -717 km, 0.397 km/s, 0.305 km/s. 0.433
km/s) computed for the first iterate leads rapidly to a diver-
gent process. For comparison, the PSA first step was (-2 km,
63 km, -61 km, 0.030 km/s. 0.034 kin/s, 0.039 km/s). After
the fourth iteration the full-rank and PSA solution steps coin-
cided as the remaining corrections moved withm the linearity
region. After more data accumulated, the 6-h arc wus fitted
with the DPODP by correcting the preceding solut’ n. The
small total adjustment required (cf., Table 5) enahled the
DPODP 10 take full-rank steps for each iteration. As the data
arc lengthened. subscquent DPODP solutions were obtained in
the same manner.

The evolution of the orbit period error resulting from these
short-arc state solutions is given in Fig. 9. For cach fit, the
absolute value of the difference between the tull-rev penod
and the short-arc period given in Table S 1s shown, The broken-
line curve is the corresponding formal statistical error in the
period due to a 1o (1 mm/s) doppler noise level. Figure 10

500 ¢ LA L A B A B A 3
g 1
i 1
100 -
50 - =
3 3
"‘ : ~ DATA NOISE 1o ERROR b
g 1
g 10| -
é }' ]
1~ —
0.5 -3
3 E
¢ ~<d
o} .
0.08 1 ) i 1 A
0 4 [ ] 12 16 20 24 2 3N
DATA-ARC TERMINATION
TIME PAST INITIAL PERIAPSIS, h

Fig. 5. Viking 1 firat orbit period estimate evolution



Tabl 5. VO-1 first orbit convergence ustory

Data arc, Fpoch® cartestan state, £2) 6 Local penod,
h past periapsis pos, km vel, km/s ey h. min, s
2389.75 -2.4293
A pnion 3036.31 -1.0729 108.23 42 41 24
3027.07 2.9909
2459.80 -2.2564
4 3268.03 -0.9346 108.27 42 19 24
2710.22 3.1682
2457.47 -2.2542
6 3274.10 -0.9307 108.12 42 24 43
270465 3.1713
2455.70 -2.2672
9 3254.81 -0.9434 108.54 42 20 50.2
2730.34 31578
245581 -2.2667
11 3255.42 -0.9430) 108.53 42 20 531
2729.48 3.1582
12 108.47 42 21 5.9
14 108.43 42 21 144
20 HILE ¥ 42 21 76
24 108.443 42 21 8740
30 108.43K% 42 21 8.784
33 108.436 42 21 5784
2456.5793 -2.2636113
41 (full-rev) 32596630 -0.9401376 108.435 42 21 B.836

2723.4073 3.1614176

8Epoch 1 inttial pertapsis ~ 76/6/19 230 7M7% (ephemens time).

gives the same history for the §2,,,, error. The performance of
the initial short-arc estimates was evidently consistent with the
p dicted errors for both period and Q,,,. The irregularity

gence. This first estimate is pathologically close to the finai
solution when compared against succeeding fits and the pre-
dicted error due to data noise as showr in Figs. 11 and 12.

PRESS——
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observed for the 20-h solution may result from nonstochastic
errors in the doppler data due to the media (charged particle)
effects.

Initial convergence and refinement during the first 27.6-h
VO-2 orbit followed the same scheme as for VO-1. Data again
started soon after completion of the MOl unwind attitude
maneuvers. However, since the VO-2 MOI burn terminated
after the initial periapsis, the first usable data started about
100 min after periapsis. The first fit used a data arc with
length 130 min terminating again about 4 h after periapsis.
Succeeding fits had arcs terminating 6, 8, 10, 12, 16, 18, and
26.5 h (full-tev case) past periapsis.

Table 6 shows that the initial convergence pattern for VO-2
differed substantially from VO-1 since the a priori estimate
was much closer to the final solution. Thus the 4-h solution
required only four DPODP full-rank iterations for conver.

Later fits appeared to be significantly affected by nonrandom
media contributions to the doppler noise as evidenced by the
rather large changes in £2,,,. Except for the 18-h case. bounds
for these solution errors were nonetheless predicted reasonably
well by the formal statistics shown. The more erratic behavior
for VO-2 may be explained by its later arrival a1 Mars - the
effect of solar plasma charged particle activity on the doppler
noise became more pronounced as the Earth-spacecraft system
moved closer toward superior conjunction with the Sun.

Contrary to the VO.1 experience. several of the VO.2
intermediate short-arc fits required the PSA — as well as a
considerable number of iterations — for convergence. For
example, 12 PSA iterations, the first seven of which involved
constrained steps, were necessary to converge for the 6-h arc.
The large variations observed in the early solutions are con-
tained mostly in Q2,,, and are characteristic of media-induced
systematic errors in such short data arcs.
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Table 6. VO-2 first orbit convergence histery
Data are, Epoch? cartesian state, Qpoy Local penod,
h past epoch pos, km vel, km/« deg h.min, s
1581 -2.209
A pnion 3286 2.076 146.79 27 31 23
5606 1,298
1578.61 -2.2089
4 3281.34 2.0746 146.94 27 37 16
$611.04 1.2962
1512.33 -2.2137
6 274514 1.9682 152.28 27 1 87
$909.63 1.443)
1604.93 -2.2088
8 3543.46 2.1218 144.27 21T n
$444.88 1.2168
1587.04 -2.2089
10 3372.60 2.0907 146.03 271 31 217
$556.21 1.2690
12 146.51 27 37 221
16 146.68 27 37 22.56
18 146.42 27 37 23.60
1579.8804 -2.2089724
27 (full-rev) 3299.2084 2.0775846 146.764 27 37 21.608
$601.0612 1.2908556

SEpoch ~ 76/8/7 12¥10™14%S (ephemeris time) is initial periapsis +30,3 min.
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Support of the numerous Mars orbit trim maneuvers per-
for ned for both VO-1 and VO-2 typically required a determi-
naiion of the post-trim orbit within a few hours following the
maneuver (see Section IV). Thus short-are fits of post-tnm
doppler were frequently a necessity, even if only for corrobo-
ration with a concurrent estimatic.-of-maneuver fit of pre-
and post-trim data. Since these manecuvers were much smaller
than the orbit insertion burns, the smaller attendant maneuver
errors made reconvergence simpler than it was following MOL.
Nonetheless, ill-conditioning ¢ue to the minimal information
contained in ihe short data arcs would have led to divergence
for some of these cases if fuli-rank unconstrained ¢teps had
been taken. The PSA provided a systematic technique for
routinely converging to these short-arc solutions in the real-
time mission environment.

V. Short Arc Orbit Determination
A. Preflight Analysis

With a single exception, the Viking Prime Mission orbits
had periods in the range 22.2 to 27.6 h, high eccentricities
{0.76), and periapse altitudes of approximately 1500 km (see
Tables ! and 2). Preflight analyses demonstrated that the Mari-
ner 9 strategy of estimating the spacecraft state by batch
filtering a single orilt of two-way doppler (deleting near-
periapse data) is also an optimal strategy for the Viking orbits.

+

)]

5
< .
&

In addition. the studies showed that the accuracy of local orbn
esttmates would be limtted by gravity model errors antil an
inflight gravitv. modet ~.pdate was performed. The prethight
maodel of the Mars gravity Held was o fowth degree and onda
set of sphencal harmonic coeflicients constructed irom an
ensemble of Masaw 9 hurmonie ceefficient models (Ref 1),
Prethghe predictions ot local accuracies (Ref 4) may be char-
actenized as tollorvs

(1) Stundard deviations of 002 to 004 & in orbit pertod
and time-of-periapse passage.

() Orbit onentation errors due almost entirely to errors of
approsimately 0.02 deg (1) m the orbit node on the
Earth plunc-of-sky: §2p,5- (the plane perpendicular 1o
the Earth-spacecraft hine)

(3) Errors in the spacecraft position (£, ) along the
Earth-spacecraft hne with standard deviations of 15 to
25 m (0.1 to 0.2 ps).

The major contnibutor to the total spucecraft position error 1y
the error n Qp,,,. An error of 0.01 deg v Q0 produces
position errors as large as 1 kny at penapse and 6 km at
apoapse.

B. Inflight Resuits

An indication of inflight accuricy levels can be obtumned
by examinig the consistency of €2, and Z,,, estimates
tron, different solutions. Figures 13 and 14 present typical
Jeviations of local estimates of these purameters from their
values on selected reference trajectories. Since the magnitudes
of the errors in the reference trajectories are not known, only
the “scatter” of the estimates has significance. Generally . the
RMS residuals i £2,,, and Z, ,, are consistert with preflight
predictions for the first three months of the orbital mission.
Some unexpectedly large excursions do occur, howuver, prob-
ably as a result of doppler signatures induced by interplanetary
charged particles. Media effects. which are discussed in Section
IV-C, were not treated in preflight studies, but their influence
on the “post-fit™ doppler residuals was quite evident. Plasma
activity along the line-of-sight increased as the Sun-Earth-Mars
angle approached the minimum of 0.26 deg on November 25.
The :ncrease combined with a decrease in tracking coverage is
responsible for the large scatter in VO-2 Z, ,, estimates during
October (Fig. 14b).

It might be expected that the errorin Z, ,, determinations
would be observed by passing the doppler-determined orbits
through the VO range data. Figure 1S is a plot of these
“pass-thru” range residuals, which are the data used to con-

mn
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struct the relativity/ephemeris normal points. The residuals
contain contributions from several sources:

(1) Range measurement error (<0.1 us).

(2) VO Z,,, error.

oS

(3) Earth/Mars range error (=7 us).
(4) General relativistic time delay error (=1 us).

(5) Charged particle effects.

For the first six weeks a sinusoidal variation with an ampli-
tude of 0.3 us and a period of approximately 28 days is
apparent. This is induced by a pre-Mariner 9 value of the
Earth/Moon mass ratio in the DFS4 ephemeris (Ref. 4). The
scatter relative to the sinusoid during this period is consistent
with the predicted uncertainty of 0.1 t0 0.2 us (lo) in Z,,,,.

In addition to local orbit error levels, the accuracy with
which future VO <tates may be predicted is of extreme impor-
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tance to orbit phase navigation. Prediction accuracies prior to
an inflight gravity model update as determined from preflight
studies are shown for a Viking-! synchronous orbit in Fig. 16.
Indications of the significance of various prediction error levels
are aiso given. The monotonic increase of position error at
periapse with increasing prediction intervals resul from orbit
resonance with the Mars gravity field induced by the nearly
one-to-one commensurability of the spacecraft orbit period
and the Mars rotation period (the details are given in Section
V). The actual prediction performance of the Mariner 9 ensem-
ble field during the imual phases of Viking-1 is also presented.
As will be seen in Section V, inflight updating of the gravity
model yielded significant improvements in prediction
accuracy.

The remainder of this section discusses strategies for per-
forming late updates of the Viking orbiter trajectories in
support of postmaneuver activities and spacecraft sequences.
Procedures which are discussed include unconstrained and
constrained short arc OD combined with vuse of PVRA. A
discussion of media-induced effects on OD also is included.
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C. Late Update Strategies

Nominal mission planning called for VO science sequences
in support of landing site selection and certification to be
performed at nearly every periapsis prior to VL separation,
including periapses following orbit trim maneuvers. Since the
accuracy requirement on time-of-periapse passage knowledge
imposed by imaging considerations (1.3 s, 19) was generally
more stringent than the orbit control accuracy requirement,
provision was made to update the sequence initiation time and
initial camera pointing directions based on orbit knowledge
derived from postmaneuver tracking.

Two orbit determination strategies for late updates were
investigated preflight (Ref. 4, Section 8.6.5.7). The first strat-
egy involved processing post-trim data only to estimate VO
state. With the second, pre- and post-trim data were employed
to estimate VO state and trim AV components. Both methods
were used in Viking operations, with the first being preferred.
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Solutions-through-trims were performed primarily to assess the
viabiity of this techmque. The advantages and disadvantages
of these methods are discussed below, and the milight perfor-
mance 15 described.

1. Post maneuver processing. With this approach. VO state
is estimated by processing short arcs of doppler data acquired
after an orbit trim maneuver. As implemented a priori knowl-
eage of the possible dispersions of the post-trim orbit was not
used to constin the solutions. As a result, estimate errors
were expecte.  oe almost entirely due to noise on the data
until the arc encompassed nearly a full orbit. The short arc
method las the advantages that (1) the DPODP link PVRA
may be used. so that processing can be performed very 1apidly
(see Section IV-E), and (2) the solution accuracy may be
evaluated both by generating formal covariance matrices and
by monitoring the evolution of the estimates as the length of
the data arc increases. Figs. 9 through 12 provide an example
of the information used in the accuracy evaluation. The dis-
advantages are (1) many iterations may be required for conver-
gence due to the poor observability of the orbit node on the
plane-of-sky, somewhat offsetting the advantage of processing
speed provided by PVRA, and (2) several hours of post-trim
data may be required simply to achieve the same level of orbit
knowledge as is available by propagating the pretrim orbit
through the design maneuver (this criticism applies more to
knowledge of orbit orientation than to orbit period).

2. Solve-through-trim. In this method, a full orbit of data
prior to the maneuver is processed in conjunction with a short
arc of post-trim daw. Both VO canesian state and three
components of the trim AV are estimated. A priori knowledge
of possible dispersions in AV direction or magnitude is not
utilized to constrain the solutions due to the difficulty of
determining the validity of such a procedure in the presence of
errors in the model of the gravity field of Mars. Solving
through the trim effectively utilizes knowledge of the orienta-
tion of the post-trim orbit to supplement the orientation
information in the post-trim data. Thus the estimate errors for
a given amount of post-trim tracking may be expected to be
smaller than those achieved with the short arc method. How-
ever, since the data arc employed typically includes a periapse,
estimate errors arise not only from data noise but also from an
imperfect gravity model. The difficulty of generating a reliable
estimate of solution accuracy is one of the limitations of this
method. A more serious disadvantage, however, is the process-
ing time required. One iteration of a solve-through-trim case
requires significantly longer running time than a short arc case
because:

(1) PVRA cannot be employed.

(2) AV partials must be generated, and an integration re-
start occurs at the time of the maneuver,

1
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(3) The orbit of data prior to the maneuver must be
processed.
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3. Inflight experience. The results achieved m real-time | C
operations by applying the previous strategies are presented in
Figs. 17 and 18. The errors in the orbit node in the plane-of-

sky and in the orbit period are shown as functions of the N
length of the post-trim data arc. Late update processing results 100 .
|
E ) MOT 6
Note that the solve-through-trim errors are typicallv an . MOT 2 1
order of magnitude smaller than those realized by processing

are given for the maneuvers listed in Table 7.

MOT 1 ! | o
post-trim data nly. In fact, when compared to covariance MOT 1 } —
analysis results of Ref. 4, the solve-through-trim errors are ;

AN
|

vO-2

D> @O

[

T

il

T

T
1

surprisingly small. The probable explanation is that the gravity 10
fields employed were developed by sensing the field in the A-MOT 2 MOT S
vicinity of the “included” periapse. and thus were more accu-
rate than had been assumed in the analysis.
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4. Constrained orbit determination. Neither of the late
update strategies described to this point is without its limita- 7
tions. Processing only postmaneuver data results in poor orbit \\ PMOT
convergence and somewhat unsatisfactory solution accuracy. "—“*Y
Solving-through-trims requires excessive computation time and
provides no convenient method for accuracy assessment. It
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was repeatedly observed that orbit orientation (Qp o0s) control
accuracy for the trim maneuvers was better than the 2,
knowledge accuracy. The inverse is true with regard to orbit
period. Thus, the convergence problem encountered when
processing post-trim data alone may be largely eliminated by o1 MOT 6 4 MOT
. employing a priori constraints on the orbit orientation \

ot (0.05 deg, 16 would generally have been conservative for Vi-
king applications). For most cases, it would aiso have been \
acceptable to constrain the anomalistic or mean orbit period
to the 99% maneuver execution level. A strateg: of applying N
appropriate a priori constraints would yield accurate solutions B moTza MOT §
with rapid convergence and short processing times. The ques-
tion which arises is that of how the appropriate a priori °'°‘2 s n P 10 "
covariance matrix is constructed. It is desired to constrain the END OF DATA-ARC, HOURS PAST PERIAPSE
“mean” values of the orientation angles and orbit period, but

the DPODP accepts an a priori covariance matrix on VO state Fig. 17. Late update orbit period errors

Table 7. Trim maneuver description

R

only in terms of EMESOQ cartesian position and velocity at

' AV, Time from. epoch. For the high-eccentricity Viking orbits, a suggested
Spacecraft Trim m/s periapse, h, min procedure is:

VO-1 MOT1 80.1 +0:02

MOTS 25.7 _3:04 (1) Construct a diagonal covariance matrix on ‘“‘mean”
MOT6 2.7 -1:00 Viking modified classical orbital elements (VMCOE) at
apoapse, preferably referenced to the plane-of-sky.
VO-2 MOTi1 4.1 -1:38 . . .
MOT2 L8 +0:20 (2) Transform the VMCOE covariance matrix to a covari-
) i ance on VO EMESO cartesian state at apoapse.
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Fig. 18. Late update plane-of-sky node errors

(3) With the DPODP links MAPGEN and MAPSEM, map
the cartesian covariance from apoapse to the desired
epoch (usually periapse), considering model enors such
as Mars’ harmonics.

The constrained orbit determination method proposed here
has not been tested. However, an analogous technique which
has been employed for processing short arcs during the Viking
Extended Missio. is reported in Section IV-D.
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D. Constrained State Estimnates During Extended
Mission

Due to DSN scheduling restrictions, full-rev doppler track-
ing coverage for the Viking orbiters has not always been
provided during events of scientific interest. Such events in-
clude the Radio Science Team occultation and VLBI experi-
ments, which require the best possible knowledge of the space-
craft trajectory over a short time interval. Usually. these exper-
iments provided doppler coverage only durng the tiime-span of
interest (3-4 hours), and it has been shown in Section 111 that
state-only fits over short data arcs of this length are divergent
for both full and subrank estimates. In order to utihze these
short arcs of data, a constrained state estimate strategy was
developed and implemented by the SATOD Team.

Navigation experience during the Viking orbit phases indi-
cated that timing errors in orbit prediction ~re highly depen-
dent on modeling errors (specifically Mars gravity), but onen-
tation errors remain essentially constant throughout predic-
tions from a state-only fit. In fact, the uncertainty in orbit
timing can be likened to an uncertainty in the time of periapse
passage. This suggests that constraints could be most easily
applied to a suitable set of orbital elements B’ which includes
orbital period and time trom periapsis along with the classical
elements ¢, 1,22, and w. Since the DPODP operates in cartesian
state-space, the transformation of the diagonal a priori covari-
ance takes the following form:

Fx” (%E‘) T (3—>

—
where I‘a is the constraint on the § elements, X is the set of
cartesian components, and T', is the constraint on the carte-
sian state.

Next, the proper strategy for implementing this constraint
on the estimation process was considered. In order to insure
that the estimate was actually being constrained to the true
mean predicted orbit, the starting epoch was chosen at a point
in the orbit where the rates of change of the osculating
elements were small. Tests indicated that an epoch 2 hours
removed from periapsis was sufficient to exclude the effects of
short-period gravity perturbations. In addition, a scheme was
devised for assigning values to the elements of the diagonal I'y
matrix corresponding to a given prediction by comparing that
prediction to nearby full-rank solutions. The deviations of
these solutions around the predicted values provided sample
statistics for the standard deviation of each element of 8.

Error analyses were conducted to determine the effect of
various angular constraints on the orbit timing errors. It was
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found that the uncertainty in the orbit period determination
for short data arcs (<10 h) could be reduced by as much as 2
orders of magnitude over an unconstramed estimate by assign-
ing a standard deviation of 0.1 deg to the orientation angles.
Reducing this constramnt to 0.01 deg makes practically no dif-
ference in the penod uncertainties (Fig. 19), but it does reduce
the uncertainty in periapse timing by about half over a wide
range of data arc lengths (Fig. 20). Further, the error analysis
indicated the computed uncertainties in the estimated orienta-
tion angles were always less than their a priori constraint for
data arcs longer than 2 hours.

The effects of various a priori timing sigmas were also
considered in the error analysis; the period and time from
periapse were constrained initially with a priori standard devia-
tions of 5 and 30s, respectively. Later, the constraint was
tightened by using 0, = I's and 0,p = 6. It was found, for a
given orientation constraint, that both sets of timing con-
straints gave essentially the same results for data arcs longer
than 6 hours (see Fig. 20). Also, it is important to note that
computed uncertainties in both period and time from periapse
are always less than the a priori standard deviation for data
arcs longer than 2 hours: a further decrease of an oider of
magnitude in the timing uncertainties occurred for partial data
arcs greater than 10 hours in length. Recall that all these
results were obtained with data taken after an epoch 2 hours
removed from periapse.

Another a priori constraint technique was considered for
short data arcs within 2 hours of periapse. These short arcs of
radiometric tracking were obtained to support the Radio
Science Team’s solar occultation experiments, which require
highly accurate determinations of the spacecraft position dur-
ing the occultation events that are within an hour of periapse.
In these cases, the rates of change of the osculating elements
and the uncertainty in the gravity modeling are too great to
constrain the estimate to the proper orbit as before, so in
addition to estimating the six constrained orbit parameters,
the coefficients of = G degree and order gravity model are also
estimated. This resalts in a good fit of the data over short data
spans near periapse, which results in a highly localized trajec-
tory estimate and associated localized gravity model.

The usefulness of the constrained state estimate has been
demonstrated under flight and postflight conditions for many
situations which require accurate spacecraft position estimates
from a limited data span. For example, postmaneuver state
estimates with 10-12 hour data arcs have been successful using
the first constraint technique discussed. The second technique
has been used with many otherwise ill-conditioned short arcs
of data to supply highly localized position estimates for ex-
periments.
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E. PVRA: Efficient Spacecraft State Estimation in
Orbit Phase

As described in Sections Il and IV-C, post-MOI orbit
determination frequently involves nrocessing full or partial
orbits of two-way doppler data to obtain estimates of VO local
position and velocity. Often, as in orbit redetermination fol-
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lowing a maneuver, this processing must be performed on
constrained timelines in order to provide early orbit updates
for science sequence design and DSN station predicts. Thus,
Viking ODP development included implementation of a new
link specifically designed to efficiently perform t.ie state-only
data processing task.
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This addition to the ODP software system, hereafter re-
ferred to as PVRA. performs those functions of links PV,
REGRES, and ACCUM (Ref. 4) which are routinely required
in orbit phase. To mimmize the programming and program
checkout cfforts, PVRA was constiucted fiom the bulding
blocks of the links 1t replaces. Efficiency was achieved by
reducing total program size and quantity of 1/0O performed.
Significant reductions in number of instructions and amount
of data storage required were effected by (1) restricting varia-
tional parameters to spacecraft epoch state (2) restiicting tra-
jectary models to central body gravity (including harmones).
third body gravity. and flat-plate solar pressure. and (3) elimi-
nating sequential filtering capability. The combiming of links
PV, REGRES, and ACCUM2 nto a single link led to 1/O
savings, since it was no longer necessary to both write and 1ead
a PV file (probe ephemeris and variational partials) and a
REGRES file (residuals and data partials).

A measure of the efficiency achieved by PVRA is given by a
comparison of SUP values (1108 accounting units). Generating
an ACCUM file for a single Viking orbit with links PV,
REGRES, and ACCUM2 requires 8-9 SUP — the same file may
be obtained with PVRA for approximately 2 SUP. Since doliar
cost of running the ODP is proportional to SUP, these figures
represent a cost saving of at least 75%. The overall savings for a
typical three-iteration orbit determination run amounts to
better than 407%. Comparisons of wall clock time required to
complete a run on a dedicated machme reveal comparable
savings in running time.

F. Media Effects on OD Accuracy

Radio metric data is affected in two ways as it passes
through the Earth's troposnhere. ionosphere and through
whatever solar plasma muy be present in interplanetary sp..ce
along the signal’s path from a tracking station to the spacecraft
and back. The troposphere, which is nearly static, causes a
decrease in apparent velocity of signal propagation: the pri-
mary effect on doppler data is due to the change in tropo-
spheric path length along the line-of-sight as the spacacraft
elevation changes during a pass. Range corrections for this
effect, which have a typical variation of 25 m over a station
pass (Ref.4), were made for all Viking radio data with a
spacccraft elevation-angle model that has a seasonal de-
pendency.

The other media effect on radio data is due to the charged
particle content of the ionosphere and the interplanetary
plasma clouds emanating outward from the Sun. The iono-
spheric effect — an increase in phase velocity and an equal
decrease in group velocity — also has an elevation dependence,
a large diurnal dependence, and occasional large changes due
to solar activity. Solar plasma effects, which are usually less
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important. become quite significant at times of high solar
activity or at small Sun-Earth-Probe (SEP) angles. Typical
variations of range corrections over a pass are S for the
ionosphere, whereas solar plasma corrections can vary from 0
to 50 m or more in a pass. The potential for corruption of
orbit estimate accuracy by unmodeled plasma effects is readily
seen: a constant-rate range change of 50 m over an 8-h pass 1s
equivalent to a doppler bias of about 3.4 mm/s - a (nonsto-
chastic) contribution considerably larger than the assumed
haseline doppler data 1o noise ievel.

As the SEP angle approached a minimum on November 25,
1976, plasma activity increasingly de_iaded satellite OD acc -
racy. particularly noticeable for short data arcs. Figure 21
shows the effective one-way range error induced by the media
charged-particle content during a pass of VO-1 data taken by
DSS 63 on October 15, 1976. The line-of-sight phase change in
meters derived from dual-frequency S/X doppler calibration
data is given as a function of GMT. The near-constant rate of
range variation seen to have occurred starting at 1124 GMT is
approximately equivalent to a 2-way doppler bias of 0.08 Hz
for the ensuing 4.5 hours of data, assuming equal uplink and
downlink effects. This degree of activity was not unusual;
occasional bursts of media-induced doppler signatures at levels
of 0.2 Hz and higher were observed weeks before superior
conjunction.

The contribution to the doppler signatur> due to the
charged-particle effect can be eliminated with varying degrees
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Fig. 21. Phase change for VO-1 DSS 63 10/18/76 pass

of success depending upon the availability of S/X and DRVID
data. Calibration polynomuals derived from S/X or DRVID
weie obtainable from the TSAC team program MEDIA
(Ref. 4) for any station pass which had coverage with either
data type (since X-band transmission occurs only on the down-
link, the uplink contribution to S/X calibration must be esti-
mated from the downlink). However, since DRVID coverage
was rare and S/X availability was irregular throughout orbit
phase. there was no opportunity to mitigate the effects of
plasma on OD accuracy by calibrating the doppler on a regular
operational basis. While mission accuracy requirements were
met without performing such calibrations. activities such as
quick-look orbit reesumation following the numerous trim
maneuvers that took place during the weeks preceding con-
junction would probably have been performed with less dis-
quict had the plasma contribution to the short-arc OD error
been reduced by any significant amount.

Since no commitment had been made for providing §/X
calibration support during in-orbit operations. the TSAC soft-
ware was not designed to be compatible with constrained
operational timelines. As a result. calibrations were not used
for real-time navigation support even when S- and X-band data
were available.

1. Worst-case errors. An accurate assessment of estimation
error resulting from charged-particle activity requires some
knowledge of the structure of the doppler 2rror signal due to
this source. Since such structure was not generally known in
advance, a worst-case approach was taken to at least allow a
priori OD error upper bounds to be established. Thus simu-
lated doppler errors of a given magnitude were assigned a
signature which maximized the resulting error in individual
estimated state parameters. The impact of expected plasma
effects on short-arc local period and Q,,; accuracies, for
example, could then be conservatively predicted before a mis-
sion event.

The method used for worst-case computations is easily
developed by letting the vector € denote the lumped error in a
set of linearized doppler observations Z: the observation equa-
tion Z= A + € yields for the error Ax in the weighted
least-squares estimate of x

AX = Fe 3)

where
F=(ATwA)'4Tw @)
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W being the usual data-weight matrix. Thus

A% =2 e ()

;

gives the component-wise OD error due to a not necessarily
random doppler error sequence {e,-}. For unknown {¢;}, a
meaningful bound for AX; can be computed by letting

€ = max {e’.l (6)
/

be the assumed doppier error level, A%, is then maximized by
choosing

e; = €sgn () (7

for each i. Thus for a fixed-magnitude doppler disturbance at
the € level

A?imax =€ Z Ifi[' (8)
I/

Equation (8) was used to evaluate the possible effects of
plasma activity for numerous short-arc fits. Figures 22 and 23
show worst-case period and €, results for the first VO-2
orbit following MOI: the upper curves are the OD errors due to
an assumed media activity level of € = 0.015 Hz as a function
of the data-arc length. For comparison, the computed lo
errors due to random data noise and the actual errors incurred
in the succession of fits summarized 1n Table 6 are also given.

The Q,,, plasma curve is evidently an order of magnitude
higher than the data noise curve throughout most of the
arc-length range. This result appears to be overly conservative,
however, since the actual errors for this case are consistently
close to those predicted by 0.015-Hz 10 data noise. The curves
for the period are also roughly separaied by an order of
magnitude until the 16-h point, at which time the data noise
error drops off rapidly. Both curves flatten out at about 10 h,
but perhaps the most striking feature is the apparent persis-
tence of plasma period error for arc-lengths approaching a full
orbit — 2s for 24 hours of data. While this too may be
unrealistically high, it is interesting to note that the interval
between 16 and 22 h, where the plasma error remains essen-
tially constant while the data noise curve falls, is the only
region where the actual period errors were significantly larger
than those predicted by random data noise alone.

2. S§/X calibration of a multirevolution fit. While the qual-
ity of a short-arc fit was measured in terms of local orbit
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Fig. 22. VO-2 first orbit worst-case medis-induced period error

accuracies, the more important single- and multirevolution fits
were assessed by how well they predicted period and orienta-
tion several orbits beyond the end of the processed data.
Although the prediction ability of the longer-arc fits was
sufficient 10 satisfy operational demands, plasma activity be-
came increasingly troublesome as solar conjunction was ap-
proached. Plasma noise and data outages would at times com-
bine to degrade the most current single-revolution fit to the
degree that moie accurate states could be predicted using an
estimate based upon data several days older, even though the
prediction interval would thereby be longer. The prediction
capability of multirevolution gravity sensing estimates was also
adversely affected by increasing plasma activity, and aggregate
gravity field determinations were, at the very least, inhibited
by the growth in the plasma-induced error (see Section V).

The worst-case approach was not extended to the longer
arcs because the effects of gravity uncertainties, which become
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significant as the processed data arc length approaches a full
revolution, could not be readily accounted for in the simula.
tion of media-induced doppler error. Therefore, in an effort to
assess both the effects of plasma activity and the potential of
S/X calibration data for diminishing such effects on longer-arc
fits, a three-revolution 6 X 6 gravity field estimate was per-
formed. The data arc chosen began at P, for VO-1, the
interval with nearly the highest percentage coverage (~34%) of
S/X data over all such intervals for both orbiters. Even though
only 1/3 of the doppler could be calibrated, it was believed
that inclusion of this data in the estimate would result in a
noticeable effect on prediction accuracies since the arc oc-
curred during a period of substantial plasma activity (October
15-18, 1976).

The gravity sensing was done both with and without the
available S/X calibration corrections added to the data. Fig-
ures 24 and 25 give the comparnative results in teims of errors
in the predicted values of time of periapsis tp and 2,,, that
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result fiom the two solutions. Shown is the magnitude of
deviations from reference local single-revolution estimates for
prediction intervals beyond periapsis 119. It is evident that
results were, at best, inconclusive: the po-calibration solution
performed better in piedicting 1, until periapsis 126, beyond
which point inclusion of the calibration data did reduce the
prediction error somewnat. Similarly, calibrations improved
1, . predictions only for longer prediction intervals and then
only slightly. The consistent pattern of 255 CrrOrs may be an
indication that significant crrors existed in the reference §2,,¢
values due to charged-particle noise.

No firm conclusions can be drawn from this trial case
regarding the utility of S/X calibrations in improving the
performance of multirevolution fits. A conclusive test would
require full calibration of the data arc. and may also demand
more accurate up-link calibration than was employed in the
present study.

V. Modeling Gravitational Accelerations

A. Prefiight Analysis

As pointed out earlier, the limiting error source on the
period estimate is shared by modeling errors and data noise
within a one-revolution fit. and dominated by gravity model-
ing errors for the predicted orbits that follow. Conceptually,
the jeriod experiences a change (AP) upon each periapsis
crossing due to gravitational perturbations, as shown schemati-
cally in Fig. 26. For a synchronous orbiter the error in AP
propagates in much the same manner as AP itself, so that the
predicted error in the time of periapsis (t ) grows as
Yan(ntl)e, p, where n is the number c. predlcted orbits. The
error in AP may alter sign and magnitude for different peri-
apsis crossings on an asynchronous orbit so that the error in I
does not grow geometrically but instead goes as

> \ /{
8
E yo 1
PERIAPSIS
CROSSING
TIME ——o
Fig. 26. Schematic representstion of the chenge in period (AP)
through perispels
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n-1

¢ =Z(n 'i)f_“,i (9

In this case the predicted orbit may experience the benefit of
compensating errors which keep the errors in ¢, smaller than
might be ¢xpected. For this reason. and also since the critical
phascs of the mission were synchronous, most of the preflight
(as.well as in-flight) analysis was confined to synchronous
orbiters.

An analytical expression for AP as a function of the orbital
elen.ents and a given gravity field (in the foim of spherical
harmonics) can be obtained using Kaula’s expression for the
disturbing function (Ref. 12).

. R\¢ .
P=6n Z(_a_) j“mz Fomp) Gopule)
im Pq

“sin) {-m even

X (- 2p +q) 6.
l LO5 ’Q*'ﬂ odd mpq

(10

Sompg =L~ 20) @+ (C-2p+q) M +m(B- Xy, )

(11)
where

Jom = harmonic coefficients

Foyn (1) = inclination function

Gq Pa (e) = eccentricity expansion
w = argument oi periapsis
M = mean inomaly
The graphic node () is defined as §= Q - 0, where @ is the

hour angle and § is the ascending node (see Fig. 27). Under
the condition of resonance

(- 20 +q)M +mf=0 (12)

80 terms corresponding tof - 2p + g =m, (m # 0) result in M
+ 8 ~ constant and 2 ~ constant. It is convenient to evaluate
M + B at the time of spacecraft periapsis, and in all future
reference to § it is understood to be evaluated at periapsis.
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Thus AP can be casily expressed as a function of § for a
synchronous orbit (Ref. 4). This analytical tool 1s convenient
for a ready comparison of the prediction characteristics of
different gravity modcls. Also, the uncertainty in AP for a
given field with covariance T'¢. can be obtained as a function of
B by

T
el w

Error analysis indicates that a large reduction in the error of
time of periapsis passage can be expected once a gravity fieid is
sensed over but two revolutions of a Viking, sy nchronous orbit.
The RSS position error based on a covariance analysis of the
preflight nominal (Mariner 9 ensemble) field (Ref. 11) is repre-
sented in Fig. 28. Here, the initial error of 0.7 km at periapsis
is due to the error 'n the node in the plane-of-sky, which is
essentially the same at each periapsis, and the remainder of the
error growth is due primarily to an in-track error resulting
from an error in the time of periapsis. The timing error can be
approximated by dividing the residual position error by the
velocity at periapsis (~4 km/s). As indicated, the error is
substantially reduced after gravity sensing by about an order
of magnitude.

A number of simulations were performed to test the results
of covariance analysis as well as gain some preflight experi-
ence. The specific purpose for these simulations was to exam-
ine the effects of data span and a priori on period and
parameter estimation. Data close to periapsis (~x1.0 h) is
particularly sensitive to unmodeled accelerations and may re-
quire high-order gravity terms to accurately represent them.
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Fig. 28. RSS position error before and after gravity sensing over
two revolutions of Viking t. The figure represents a typical csse
from a preflight covariance analysis where errors in gravity, station
locations, ephemeris and mass of Mars were considered

Since computational limitations may not permit sufficiently
large-order parameter esdmates to account for these effects, it
is important to devziop strategies which minimize their cor-
rupting influence on the estimator. Based on the results of
error analysis and simulation, the adopted procedure consisted
of two revolution fts estimating a sixth order and degree field
while deleting datz within one hour of periapsis. An appropri-
ate a priori covariance was used to constrain the filter to the
nominal field. It was felt that this strategy would permit fair
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recovery of the “true” field while substantially reducing the
error in AP,

In reality, most Viking orbits were shghtly asynchronous
and also experienced a srall regression ot the ascending node.
Thus, the graphic node (B) is not constant so AP() is not
absolutely constant. As a result, new information 1s gained on
each periapsis crossing which permits gravity sensing over a
fairly broad groundtrack. In order to obtain a single gravity
model which retains all of the information contained in the
individual short arc fields. selected models determined over
short arcs were combined in a linear sense. A description of
the method used to accomplish this follows.

B. A Linear Piecewise Batch Estimator

Gravity estimation techniques using combinations of short
arc solutions have been applied successfully to Mariner 9 data
in the past (Refs. 13, 14). The advantages sought here are to
reduce the time and cos usually required to process long arcs
ol data in a single batch as well as provide 2 convenient means
for combining gravity information from multiple spacecraft.
As applied here, an a priori Mariner 9 field (Cp) with covan-
ance (Ig) is combined with estimates obtained using short arcs
(two to four .evolutions) of data from VO-1 and VO.2
synchronous and walk phase orbits. Each short arc_solution
with its associated covaniance will be referred 1o as C, and T
respectively.

Rather directly then, consider the quantities
C;=C,-rir'(c,-C) (14)
as data and
1l gp-! . p-!
Olert -, (15)
as the data weight applied to a least squares estimator
-~ -) -
c-(Er"."'+r;') ZrtGerg' e
i {
(16)

where C is 10 be taken as the best estimate of the field given
the ensemble of all available data. Note that C; and I'; are the
estimates and associated covariances obtained if no a priori
knowledge is assumed. It must be pointed out, however, that
the gravity information pertaining to the long-term behavior of

14

the orbit is not included n this estimator since the states at
the beginmng of each short arc are not connected dynamcally
(i.c.. they are determined independently). It was found that
this shorteoming does not sertously degrade the validiy of the
field. A simlar result was previously demonstrate-tin Refs. 13
and 14.

The matnx inversions required here are performed using a
square root algonthm, followimg the methods used in the
DPODP (Ref. 9), in order to preserve precision. Choleshy
decomposition 1s used to transform a positive-definite sym-
metric matnx I anto an upper-tnangular square roat matrx A
so that T = ATA, Once A is obtained, it tollows that -1 =
AP AT where AT 1s computed using a backward substitu
tion scheme. This algorithm has been shown to produce a
more accurate nverse than conventional techniques and also
insures that I'- ! 1s symmetrnic.

Use of the square root method outlined here results 1 a
more precise tnverse uue to the fact that the condition number
(ratio of the Jargest to the smallest eigenvalue) of A is the
square root of the condition number for I'. This concept can
be carned further by defining an upper tnangular matnx g
such that A = @2, 1e., a second square root. & 1s obtained
from

= P = L
0” \/X”.t 1,2, .n

-1
)=l 2 n
X qu.f— Zol—ﬂ.blehl.l =120
j-1
8,%0:i>j (17

Then, A™! = ©72. The process can be continued where @
plays the role of A, etc.. to obtain as many square roots as
desired. At most, two square roots proved to be adequate for
the combination of gravity fields prescribed by Eqgs. (14-16).

C. VO-1 Experience

The synchronous phase of VO-| began at the periapsis
designated Py, approximately 42 h and 21 min after MOl on
June 19, 1976, A number of maneuvers were performed to
prepare for the July 20 landing, resulting in slight asynchro-
nous phases (walk phases) of the mission. This may be seen by
noting the period of rotation for Mars (approximately



24.6228 h) and the pertod of the orbit after each maneuver as 0.75 T T B ' T
given i Table 1. The change m pertod due to gravity perturba-
tions tor these phases of the mission ranged from - 10.0 to 0.50 7A
=R 05 on each perapsic crossmg, as shown in Fig, 29 This |
figure wyus obtained using the gravity model resulting from the |
combination of short are estimates covering the span from P, 0.25 n
to P, . by applymg the method previously described (Eq. 16) 2
The practical advantage of this technique 1s evident 1 that this -
long are of data could be reduced without requisite knowledge Y ° B
of the mancuvers. As indicated. this sixth order and degree z
model was sampled over only thirty degrees of the planet’s S 0.2 ,
longitude so 1ts vahdity outside this regriea should be wegarded b
with caution. The apphed a priorn constramt does not allow us s
to tenally disclaim the global natwie of this Viking sensel € _0.50 7
model however.

The error i AP was reduced to #0.02s for this interval 075 ]
using the new field, whereas the erre.r would have been as large
as 0.65 s had the nominal hield been retained (see Fig. 30). As 21,00 i i R

o 60 120 180 240 | 300 30

shown m Fig. 31, the expected error in AP tor the nonvnal

GRAPHIC " 'ODE AT PERIAPSIS G, deg

ficid was approxunately 0.8 5 this region. This uncertainty P P2
was substantially reduced in the neghbotheod of a twe-

revolution gravity fit crossing P,. The formal uncertanty was
reduced over an even broader range of longitudes once the
combined estimate was obtained, as might be expected (see

Fig. 30. Difference in the change in period (VO-1 6x8 combined
fleld-—nominal) as a function of graphic node at perispsis

Fig. 32).
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Comparisons between the observed AP and those predicted
by various models are typified in Fig. 33. The sixth order and
degree field obtained over P - P tracks the actual AP history
remarkably well, as does the long arc combined field. It must
be noted that all short arc models did not perform as well as
that shown; thus the predictability of the Py - P, field may be
deemed fortuitous. A fourth order and degree model obtained
over the span P, - P, performed well locally but could not
recover the information necessary to maintain accuracy for
many orbits into the future. The early recovery of an accurate
gravity mode! permitted prediction of the times of periapsis to
within 1.0 s 10 days in advance. while the nominal field would
have produced errors on the order of tens of seconds.

Improvement of a global model continued once data was
processed over the early walk phase of VO-2. Beginning the
middle of August 1976, errors in the estiriated period as large
as 0.2 s were experienced due to increased solar plasma cou-
pled with ceduction in the VO-1 tracking coverage. Thus, data
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Fig. 33. Change in period as a function of periapsis passage based
on nominal and VO-1 determined gravity fields and observations
tor the first 20 days

taken during this prase was rendered uscless for gravity deter-
mination purposes. Fortunately, this problem did not become
serious until after the VO-2 subperiapsis point had completed
one circulation about the planet. This permitted sampling of
the gravity field for all longitudes of periapsis.

D. VO-2 Experience

Unlike the early phases of VO-1, VO-2 was initially on a
markedly asynchronous orbit as indicated in Table 1. Coverage
of the planet was completed after the first 10 revolutions
(with maneuver interrupts at P, and Py). during which time
the solar plasma effects were still small enough to permit
gravity estimation. The data noise level became intolerable (for
further gravity sensing) after this time, including data taken
after the plane change; thus no valuable gravity information
was available after August 18, 1976.
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Short arc gravity estimates were obtained over the orbits
Py-P,, Py-P,. and P, - Py to ensure circumplanetary
coverage by the subperiapsis point. These were then used to
form a VO-2 ensemble field This model was combined with
the VO-1 field (P, - P,4) to yield the Model-V field (see
tapble 8). The prediction accuracy of the combined VO-1/
VO-2 field was found to be comparable to that of the individ-
ual ensemble fields. Consequently, the dual spacecraft gravity
estimate was adopted for navigation purposes. Unlike a
synchronous orbit, an asynchronous orbit exhibits an error in
AF which may vary sharply 1in magnitude and sign upon each
periapsis passage. Fig. 34 shows the error 1n AP and the
resulting error in £, based on a prediction starting at P, and
extending through P, ., using the nominal gravity field. The
erfor in AP was as large as £0.65, but tae error in 7, did not
grow above 0.5s during this interval of prediction due to
compensatory period errors. After gravity sensing, the error in
AP was held to #0.2 s; however, the error in 1, still grew as
large as 0.68 s, indicating that compensating period errors are
extremely model-dependent (see Fig. 35). Once VO-2 was
synchronized prior to the landing sequence, the error in AP
introduced by Model-V was observed to be less than 0.04 s,
thus permitting much the same precision for the separation

Table 8. Normalizc J spherical harmonic coefficients for Mars x
105 (this model ic based on preconjunction Viking data for both
orbiters with a Mariner 8 field (Ref. 11) included as a priori)

I m o X 105 S, x 108
2 0 -87.64 0.00
2 1 0.00 0.00
2 2 -8.56 4.85
3 0 -0.81 0.00
3 1 0.63 2.58
3 2 -1.76 0.68
3 3 343 245
4 0 0.36 0.00
4 1 -0.01 0.24
4 2 -0.17 ~0.81
4 3 0.66 0.65
4 4 -0.43 -1.66
5 0 -0.07 0.00
5 ! 0.42 0.28
s 2 -0.54 0.00
5 3 -0.13 -0.56
5 4 -0.69 0.22
5 5 -0.37 0.55
6 0 0.18 0.00
6 1 0.68 -0.39
6 2 0.11 -0.31
6 3 0.61 1.35
6 4 0.46 0.00
6 5 0.26 0.33
6 6 0.12 0.03

design as realized 1n VO-. It must be noted, however, that the
solar plasma activity made 1t difficult to recognize gravity
errors apart from local orbit determination errors at this tune.

The validity of the Model-V became even mure apparent
once VO-1 was synchronized over the VL-2 site on Septem-
ber 24, 1976. The VO-1 only field differed by approximately
0.2's in AP from Model-V for this phase, and 1t was found that
the error in AP using Model-V was less than 0.04 5. Formal
statistics, though usually optimistic, show extremely small
uncertainties in AP for all values of 8 due to citcumplanetary
gravity sensing using VO-2 walk data (see Fig. 36). Qualita-
tively at least, thi: has been borne out. since the errors in AP
due to Model-V did not exceed 0.4 s for the VO-2 walk orbit

0.6
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ERROR, s
=)
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=0.6

8 Py P10

PERIAPSIS No.
Fig. 34. Errors in predicted times of periapsis tp and precicted

changes in period AP incurred using the nominal gravity field on
VO-2 (prediction started as P7)
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Fig. 35. Errors in predicted times of perispsis 15 and predicted
changes in period AP incurred using the 8x6 VO-1 and VO-2
combined field on VO-2 (prediction started at P7)
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and 0.04 s for the VO-1 synchronous orbit during the time
period beginning the middle of September 1976 toward solar
conjunction in the middle of November 1976.

It should be kept in mind that the VO-1 and VO-2 com-
bined field (Model-V) also contains Mariner 9 data through the
applied a priori nominal field. A comparison between this
Viking sensed model and certain independently determined
Mariner 9 models can be made using Fig. 37. Here, the change
in period as a function of graphic node for each field is
compared to the preflight field (see Egs. 9-12), all evaluated
for the first VO-1 sy_.chronous phase. Model-V can be taken to
be fairly accurate globally and strictly correct in the region
covered by the early phases of VO-1 (P, to P,¢). With little
exception, all fields predict a AP(f) within one standard devia-
tion of the preflight (~£1.0 s). It is of interest to note that all
fields (except Model-M) exhibit the same sinusoidal behavior
in the neighborhood of 8= 300°, which leads to AP errors less
than 0.3 s over the region P, to P,¢ in all cases. The fields
tend to be less congruous for the more westerly longitudes,
however, with differences as large as 1.0 s occurring. Clearly,
none of these fields would have introduced gravity modeling
errors significantly larger than those expected.
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Fig. 37. Comparison of AP(S) between various gravity fields and
the nominal gravity field evaluated for the first VO-1 synchronous
phase

E. Gravity Estimation in Extended Mission

The orbital elements for the Viking spacecraft subsequent
to solar conjunction are given in Table 9. All trajectories for
this phase of the mission were virtually asynchronous in sup-
port of Mars, Phobos, and Deimos imaging, Phobos mass
determination experiment, and lander relay links. As in the
primary mission, knowledge of the gravity field was essential
to the success of navigation and science sequences. Actually,
prediction accuracy became more important owing to the
long-range planning and reduced tracking schedule peculiar to
the Viking extended mission.



s

Table 9. Areocentric urbital elements of Viking 1 and Viking 2

Viking 1
MOT-10 MOT-11 MOT-12 MOT-13 MOT-14
Parameter Date of maneuver, 1977
1/22 2/5 2/12 3/11 3/24
Semimajor axis, km @ 19538.5 19513.6 19498.4 18903.4 19804.6
Eccentricity e 7508 .7504 .7498 .8047 8133
Mean period, h P 23.033 22.989 22,962 21.919 23.505
Longitude of Q 100.56 99.19 97.99 90.10 87.06
ascending node,
deg
Argument of w 78.25 80.18 81.64 90.00 93.96
periapsis, deg
Inclination, deg 39.11 39.26 39.30 39.23 39.30
Height above hp 14749 1477.8 1485.4 299.1 303.1
surface at
periapsis, km
Latitude of sub- ®p 38.14 38.58 38.80 39.23 39.19
periapsis point, deg
Viking 2
MOT-8 MOT-9 MOT-10
Parameter Date of maneuver, 1977
1/22 3/02 4/18
Semimajor axis, km @ 21452.0 20488.5 19365.1
Fccentricity e .8051 1977 .7860
Mean period, h P 26.498 24.733 22.727
Longitude of Q 57.53 54.76 52.93
ascending node,
deg
Argument of w 60.33 55.68 51.49
periapsis, deg
Inclination, deg I 79.01 80.18 20,514
Height above hp 787.2 750.9 7229
surface at
periapsis, km
Latitude of sub- % 58.53 54.47 50.52
periapsis point, deg
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No gravity model improvement was attempted during the
solar conjunction phase hecause of inadequacies in the data.
Data limitations at this time were primarily due to (1) high
solar induced noise {tom mid-November 1976 to late January
1977, (2) lack of contiguous orbits with continuous coverage,
and (3)lack of new information in the data. As a result,
navigation throughout the conjunction phase had to rely on
Model-V. Orbit determinations early in February 1977 indi-
cated that Model-V was producing errors in AP on the order of
0.5s for the low-altitude (800-km) VO-2 orbit and approxi-
mately 0.25s for VO-1. Since accurate predictions were
needed to support the VO-1/Phobos encounter phase. begin-
ning February 12, 1977, and the VO-1 low-altitude (300-km)
phase, beginning Ma:ch 12, 1977, an early improvement in the
gravity model was necessary. The new model (COMBIX) con-
sists of the linear ensemble of all fields which comprise
Model-V plus a number of short arc fields obtained after
conjunction. The new short arc fields were reduced from 8
revolutions of VO-2 data and 5 revolutions of VO-1 data taken
early in February. The merits of COMBI1X as applied to the
Phobos encounter phase are discussed m Section VIIL. An anal-
ysis of the low-altitude phase of VO-1 based on COMB1X
follows.

Erro: analyses of the post MOT-13 low-altitude phase of
VO-1 have been compared to the actual navigation experience
for that period. In an attempt to bound the expected predic-
tion errors, two somewhat subjective covariance matrices for
the COMBIX gravity mode' were considered. COMB1X/NEW
is the computed covariance wh'ch results from the least
squares combination of the constituent fields that comprise
COMBI1X. The other covariance, COMB1X/AVE, was based on
sample statistics derived from the deviations of the constituent
fields from their mean.

These two covariance matrices were used to predict the
evolution of orbit position errors over one planetary circula-
tion (9 revolutions). The expected errors were found by map-
ping the state consider covariance obtained from a one-
revolution fit. As usual, it was assumed that the corrupting
influence of the short-period gravity effects could be elimi-
nated by deleting data within one hour of each periapsis. The
nominal orbit used for this low-altitude covariance mapping is
defined by the orbit elements following MOT-13 as shown in
Table 9.

The corresponding evolution of timing uncertainties pre-
dicted by the COMB1X/AVE covariance matrix is presented in
Fig. 38. The trends for op and o,p obtained from COMB1X/
NEW are 10~2 times the corresponding values computed using
COMBI1X/AVE. Sach a small error is unrealistic, so COMB1X/
NEW was not considered further in this study. The maximum
timing errc oredicted by the COMBIX/AVE covariance is
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COMBIX/AVE covariance

15 s after 9 revolutions. Navigation experience indicates that
the errors predicted by COMB1X/AVE bounded the actuai
timing errors, which were observed to be typically 5-6 s after 9
revolutions of prediction.

As expected, the observed errors in the change in period
(AP) were generally larger for the post MOT-13 orbit than
they were for the previous 1500-km altitude orbit. However,
the random signs of the AP errors contribute to widely varying
timing errors over a planetary circulation depending on the
epoch of prediction.

Assuming that the observec error in AP history for the first
low-altitude circulation of Mars (revolutions 264-273) is re-
peated on successive circulations. the predicted timing errors
which would result from any given state-only fit can be esti-
mated using Eq. (9). This relation was used to compute ex-
pected timing errors after 9, 14, and 18 revolutions of predic-
tion, starting with each of the 9 orbits comprising the first
low-altitude Mars circulation. The resuits are presented in
Fig. 39. Notice that the error associated with any particular fit
is roughly proportional to the number of orbits predicted.
Further, the accumulated error in prediction depends highly
on where the prediction starts. As noted earlier, the error in
time of periapsis after 9 revolutions can be as large as 5-6 s.

It is concluded that analyses using two independent covari-
ance matrices for COMB1X have at best bounded the observed
timing errors. In particular, the computed covariance for
COMBIX predicts timing errors that are small by nearly 2
orders of magnitude. This suggests that data noise covariances



A ]

L2} A A A N A e A A e
O~Q PREDICT 9 REVS :

/r7\ PREDICT 14 REVS
O~ PREDICT 18 REVS

TIMING ERROR, s

-10.0

-20.0

264 265 260 267 268 269 270 271
BEGINNING PERIAPSE NUMBER

Fig. 39. Error in timing predictions based on observed errcrs In
deita period (Revs. 264—-273)

for gravity models are extremely optimistic and therefore do
not reflect the true timing errors. Further it is difficult to
assign or even properly bound the effect of modeling errors on
the predicted times of periapsis associated with an arbitrary
walk-phase state-only fit. However, the sample covariance ma-
trix (COMBIX/AVE) does tend to propeily bound the
observed error in AP. This was conciuded by noting that the
observed errors in AP over the longitudes of 60°F to 260°E
were on the order of one second, very close to the predicted
uncertainties (see Fig. 38).

In summary, analyses tend to bound the error in AP as a
function of longitude but have little value in bounding pre-
dicted timing errors. This is due to the fact that the magnitude
of €4 p can be predicted but not its sign. Thus a given gravity
model can best be evaluated by observing errors in predicted
AP rather than predicted tp for the asynchronous phases of
the mission.

With this in mind, the €, p history was examined for the
VO-1 low-altitude fast-walk phase following MOT-13. During
this phase, the orbit period was about 22 hours which resulted
in subperiapse points successively spaced approximately 40°
eastward in Mars longitude. After MOT-14 was executed on
March 28, 1977. the orbit period changed to 23.5 hours and
the walk-rate decreased to about 15° per VO-1 revolution. The
errors in delta period throughout both low-altitude phases
were monitored and are presented as a function of longitude
of periapsis in Fig.40. Note the COMBIX gravity model
predicted delta periods within 0.8 s (1a) for most of these
low-altitude orbits, but some large errors were still evident for
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Fig. 40. Comparison of AP errors

orbits whose subperiapse points occurred 2t about 30° west
longitude.

In order to reduce longitudinal deficiencies of COMBIX, a
new6th degree and order gravity field called COMB3X was
estimated oy including four new short-arc fields determined
during the 40°/rev fast-walk of VO-1 and scven new ficlds
determined using the 15°/rev slow-walk of VO-1. No new
VO-2 data was included. This gravity model predicts AP to
within $0.5 s (10) for all subsequently observed VO-1 revolu-
tions. Further, the apparent error in COMB1X at 30° west
longitude is not evident in COMB3X, which indicates that it
should predict better than COMBIX in a global sense. The
errors in AP observed for VO-2 while using COMB1X are also
presented in Fig. 40. and since the period of the 800-km
altitude VO-2 orhit was being predicted adequately with
COMB1X, the decision was made not to use COMB3X for
VO-2 but to continue using COMB1X for navigation purposes.
Future development will be confined to obtaining a gravity
model tailored to the low-altitude phases of the mission only.

F. Conclusions

A number of conclusions drawn from the VO-1 and VO-2
experience are particularly pertinent to synchronous orbits. At
least for the high-altitude (~1500-km), high-eccentricity
(~0.76) Viking orbiters, the error in AP can be reduced to a
few hundredths of a second by estimating a sixth order and
degree gravity model over two revolutions while deleting Jdata
within an hour of periapsis. Further, if the orbit is slightly
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asynchronous, a gravity model derived from a linear combina-
tion of short arc estimates retans the inherent local accuracy
of its constituent ficlds. Improvement may be possible should
higher-order terms be included but an error of ~0.02 s is very
close to the limit imposed by data noise. This is clearly not the
case for walk orbits where the error in AP was only reduced to
0.2 s within the fit. The solar induced noise became fairly high
during the time VO-2 walk phase data was processed. which
could explain a 0.2-s error, but this contradicts the excellent
performance demonstrated by Moedel-V on the later synchro-
nous phases. Perhaps a sixth order and degree field is inadc-
quate to properly account for all perturbations experienced on
a wa'k orbit, but such a conclusion requires further study.

During the low-altitude phase of VO-1 (hp =300 km) and
VO-2 (hp = 800 km) in the extended mission. a tailored sixth
degrec and order gravity field predicted period changes of the
orbiters accurate to *0.5 s. Work is currently underway to
develop higher degree and order tailored fields. which are nec-
essary to reduce AP errors in these orbits to a level comparable
to that of the nominal mission.

VI. Viking Lander Position Determination

A. Information Content of VL Radio Tracking Data

The VL radio tracking geometry is illustrated n Fig. 41.
The lander and the Earth are referenced to a nominal Mars-
centered equatorial-equinox coordinate frame (Ref. 17). The
cylinc -icai ccordinates of the VL relative to this frame are r;,
(distance from the spin axisj, Z; (height above the equatorial
plane), and o, (areocentric right ascension). The lander rotaies
about the Mars spin axis with angular velocity w (the rotation
period is approximately 24.6 h). The areocentric right ascen-
sion ay and declination 8 of Earth define the Mars-to-Earth
direction. The orientation of the true spin axis of Mars relative
to the nominal is specified by the clock angle 8 and cone angle
€ (the latter is assumed to be small).

Doppler signatures induced by the VL rotational motion
and by a Mars pole offset are shown in Fig. 42 (a,b). In each
case, the doppler signature is a sinusoid with the period of
Mars’ rotation. The amplitudes are functions of either r, ore,
and the phases depend upon either the right ascension of the
VL relative to the Earth or on the clock angle of the true pole.
The doppler signature induced by the third lander coordinate
Z,, is illustrated in Fig. 42 (c). Examination of these signatures
leads to the following conclusions:

(1) Motion of the Earth in areocentric right ascension is
necessary to provide separation of errors in Mars’ pole
direction fromerrorsinr; and a; .
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Fig. 41. Viking lander tracking geometry

(2) Doppler provides a relatively weak determination of Z;
(because the rate of change of Earth declination & is
small compared to the Mars rotation rate w).

The insensitivity of VL doppler data to errors in Z; was
noted in numerical studies reported by Tolson et al. (Ref. 18),
and a method of employing ranging data tc determine this
component of lander position was proposed. The drawback of
VL ranging data is that it contains a bias that is equal to the
ephemeris error in the distance from Earth to Mars. With
estimates of r,, a; . €, and 8 from doppler data, the errcr in
Z, is approximately related to a range bias through the equa-
tion

AZ, >-cscb, Ap (bias).

Thus, the errorin Z, is at least 2.4 (= csc 25°) times as Jarge as
the. ephemeris range error. Prior to Viking-1 insertion, the
uncertainty in the Earth-to-Mars range from the Viking
ephemeris (DE84) was on the order of 1 to 2 km during the
interval of the Viking Prime Mission. It was pointed out in
Section IV that the VO position relative to the center of Mars
alorg the line of sight (Z,05) was well determined from
doppler data. Thus, passing doppler-determined orbits through
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VO range data was expected to give a measure of the ephe-
meris range eiror with an accuracy of 15 to 25 m. The method
suggested in Ref. 18 involved using the VO range residuals to
update the ephemeris range prior to processing the VL data. In
practice, the VO range residuals are used to obtain an approxi-
mate ephemeris range error, which is then applied as an adjust-
ment to the VL range meas.rement,

B. Preflight Analysis

Estimates of VL position accurate to 0.5 deg were required
to be delivered within 5 days after touchdown, with the
condition that at least one good VL range point had been
acquired. The results of preflight studies (Ref. 4) employing
up to § days of tracking are summarized in Fig. 43. The
doppler arcs were centered at the time on each day that Earth
crossed the VL meridian, and were of 30 to 90 min duration.
The doppler sample rate was one point per minute. An “ad-
justed” range point was included on the third day. The param-
eters to be determined included the three components of VL

position and the direction of Mars spin axis (represented by
the right ascenston o and dechination § relutive to the Earth
mean equator and equinox of 1950.0). Although errors in
tracking station locations were treated vie the DPODP “con-
sider” option (Ref. 7), the statistics primarily reflect the noise
levels in the doppler and the V1. range adjust. The dramatic
improvement achieved with the second day of data 1s due to
increased separability of VL position and Mars pole resulting
from the change in the areocentric right ascension of Earth.
The decrease in Z; uncertamty from the second to the third
day 15 evidence of the utility of VL runging.

Note the strength of the pole orientation determination
relative to that achieved with Mariner 9 data (Ref.4). The
lower precision of the pole right ascension e timate as com-
pared to the declination estimate re.l: a correlation
between a and a, produced by the tracking geometry.

C. inflight Results

The initial VL-1 and VL-2 radio tracking is summarized in
Fig. 44. The VL-1 coverage is relatively extensive as compared
to that for VL-2. Not only were most of the VL-1 passes of
longer duration, but they also span a greater range of tracking
geometries. This is reflected in the formal statistics given in
Fig. 45.

The poor VL-2 tracking coverage in combination with a
higher level of space plasma activity observed in the VO
after-the-fit residuals led to the decision tc employ the pole as
determined from VL-1 processing in estimating the position of
VL-2. The final (5-day) position estimates and the pole
estimate derived from initial VL-1 tracking data are given in
Table 10. For verification purposes, landing site radii obtained

Table 10. VL position and Mars spin axis direction estimates

at five days after touchdown
Parameter Estimate
VL-1 VL-2

Radius, km 33894 :0.1 33814 06
Topographic radius,® km  3388.9 3381.5
Areocentric fatitude, deg 22.26 :0.01 47.66 :0.01
"vest longitude,P deg 48.01 :0.01 225.78 +0.01
ap (1950.0), deg 317.36 10.02 -
§,(1950.0), deg 52.708 10.004 -

3} rom reference 19.

PWest iongitude A is defined by A =2x - (a; - V), where Vis
the hour angle of the prime meridian from Ref. 17 and o is
m .uted in the equatorial/equinox frame relative to the esti-
mated pole.
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from studies of Mars topography (Ref. 19) are also presented.
The VL-1 estimated pole is within 0.04 deg of the Viking
preflight nominal adopted from Ref. 15.

VIi. The Mass of Phobos from Viking
Flybys

A. Introduction

On February 12, 1977, VO-1 was given a final preciuion
trim in preparation for a number of close encounters with
Phobos. The period of VO-1 (~22h 57™ 30%) was designed to
be 3:1 commensurate with the pericd of the Martian moon
such that encounters would occur on every third orbit of
Phobos. In 12 of these encounters the closest spacecraft
approach to the natural satellite was less than 200 km. The
closest approach distance for the complete encounter sequence
was 88 km on February 20, 1977.

The primary purposes for this experiment were to acquire
close-up photography of the surface and to provide an oppor-
taity to estimate the mass, and ultimately the density of
Phobos — data which are relevant to a determination of the
origin and evolutionary history of the satellite (Ref. 20). This
section will discuss the real-time and postflight estimates of
the mass of Phobos obtained by the SATOD Team.

B. Encounter Geometry

The spacecraft-Phobos encounter geometry is shown in
Fig. 46 (excerpted from Ref. 20). Phobos is seen from the
approaching spacecraft in a coordinate system with the T-axis
parallel to the Mars equatorial plane. The direction to the Sun
is about 16 deg above T and 37 deg into the paper while Mars
is 63 deg below T and 50 deg out of the paper. Th= dots above

and to the right of Phobos indicute the points of closest flyby
for each passage during the encounter period.

For comparison, the encounter sequence that would have
occurred if Phobos had been massless is also shown. The
difference between the encounter sequences is primarily duc
to the cumulative effect of the individual orbital period
changes occurring at each encounter, which for this sequence
all tend to increase the orbital period.

C. Preflight and Real-Time Estimates

The method of analysis used here requires knowledge of the
mean period change (AP) of the orbiter induced by the Phobos
encounter. When viewed relative to inertial space the effect of
the mass of Phobos on the spacecraft velocity vector at en-
counter is to change its direction. The equations relating the
spacecraft velocity change and the orbital period change are
approximately given by (see Fig. 47).

-
= AV 7 N AP
AV tAl,I,| we V) bVR h-V) (18)
bupa PV
AP——W([)'V) (19)

where

V  Mars ralative spacecraft velocity vector (in or out)

AV, total change in spacecraft velocity

AV component of AV, along the original velocity
vector V

Vi  spacecraft-Phobos relative velocity at closest
approacl-

Kp GM of Phobos
Hy GM of Mais

b  Phobos-spzcecraft vector at closest approach
a  semimajor axis of spacecraft orbit relative to Mars
P period of spacecraft orbit
(®) indicates unit vector
Equations (18) and (19) are accurate to within 1 or 2 per-

cent. Figurs 48 presents a change in the spacecraft orbital
period as a function of the magnitude and direction of b. Alsa
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ENCOUNTER DATE
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Fig. 48. Phobos encounters. The distance of VO-1 to Phobos Is
shown for each fiyby (1 flyby/ -23h)

MARS

PHOBOS ORSBIT

¥

Fig. 47. VO-1 and Phobos sncounier geon .etry

shown are the actual encounter points in the b-plane for the
Viking encounter sequence for up = 0.66 X 1074 km3/s2. As
seen from this figure, the muximum period chang. for the
Viking encounters was 1.2 ¢.

In addition to the direct effect just described there is also a
period change due to the offset of Mars center of mass from
the barycenter of the Mars-Phobos system. This is actually a
resonance effect for the case at hand since the period of VO-1
is 3:1 commensurate with the period of Phobos. The space-
craft ortit period change is approximately described by

. ap Hp 4 . .
=~ 187 o -;; {[‘HO(I)(IIOZ((_’)SIH [w + 3M

Q-0 N HF DG, le) sin [rw+ 3M

Pt it4

+(Q- o,,)l} (20)

where F() and G(e) are the inclination and ece ntricity func-
tions Jdescribed hy Kaula (Ref. 12). Evaluating £q. (20) yields

. [
P- ZO—Ps/rcv
d

which for up = 6.6 X10 4 km?/s2 yields AP =-0.03 s/rev.

Perturbations du. to the gravity field of Mars also produce
changes in the mean period of VO-1 upon each periapsis
passage. As a result, perturbations due to Phobos are not eusily
distinguished from Mars’ gravity effects on the period evolu-
tion of VO-1. This may be qualified by noting that a com-
ponent of the change in velocity (AV ) incurred at encounter
may be directly observable in the two-way doppler data.
Figure 49 presents the magnitude of the doppler shift in a
manner analagous to the AP infermation in Fig. 48. Such an
observation would provide a uniquely separable signature
which could lead to a ready mass estimate. Unfortunately, the
maximum change in the VO-1 range-rate of 4 mm/s is largely
obscured by the observed data noise level of 2 mm/s. The solar
plasma coninbutes to the data noise as well as inducing sys-
tematic signatures into the data. However, the methods em-
ployed here are not sensitive to these effects.

The perturbation in the mean period of VO-1 due to the
waes of Phiobos can be considered large when compared to an
estimated 0.1-s error in predicted AP due to uncertainties in
the gravity field alone. The change in mean period from orbit
to orbit can be determined from two-way deppler data to an
accuracy of $0.03s. Thus. ~ny systematic deviation beyond
$0.1 s in the predicted Al can be attributed to an error in up
or in the distance of closest approach b. Anerrorin b of § km
resulting from Phobos and VO-1 ephemeris errors would pro-
duce a contribution to AP which would be less than 6% of the
effect produced by the Phobos mass. By assuming that the
difference between the observed and predic.ed values of AP on
the first four encounters was due solely to an error in pp, it
was concluded that the a priori GM of Phobos (10~ km3/s?)
should be reduced io 5.5 X10~4 kmn3/s2. The observed period
change on the fifth encounter was consistent with this value.
This estimate permitted predictions of sufficient accuracy to
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satisfy imaging requirements throughout the remaining en-
couater sequence.

D. Postflight Estimates

Most of the postflight analysis was confined to separating
the Mars gravity effects from the perturbations of Phobos.
Two rather distinct methods will be discussed. The first
method uses the analytical expressions given by Egs. (19) and
(20) and is similar to that used for the real-time analysis. A
correction is applied to the mass by assuming that the error in
AP results solely from an error in up, while the gravity errors
contribute only in a random manner. Table 11 shows so:me of
the salient parameters used in this calculation for 14 close
encounters. Additional quantities which are essentially in-
variant between encounters are the semimajor axis (¢ = 19,510
km), spacecraft-Mars relative velocity (V = 2.6 km/s) and
spacecraft-Phobos relative velocity at closest approach (Vg =
2.20 km/s).

The data (6AP) is shown both before and after the fit,
based on an a priori value of up = 5.5 X 1074 km3/s2. With an
assumed systematic gravity error .quivale..t to AP =0.1 s, the
best estimate obtuined by this method is Hp =(6.63
+0.8) X 1074 km3/s2.

The second method, which 1s designed to minimize estima-
ticn errors arising from inaccuracies in the Mars gravity model,
involves processing two consecutive revolutions of VO-1

doppler data using gravity coefficients tailored to the region
beneath the included periapsis. This method was applied 10
periapsis number P242, which corresponded to an encounter
with one of the largest Phobos-induced period perturbat ns
The procedure used to tailor the field was to estimate sphencal
harmonic coefficients based on two revolutions of data which
were selected such that the Phobos perturbations were negligi-
ble and the central subperiapsis point coincided with that of
P242. This opportunity occur =d at periapsis number P257.
over which a sixth degree ar.d - rder gravity field for Mars was
estimated. It was felt that this field would all but remove the
gravity errors, thereby uncoupling the effects of the gravity of
Mars and the mass of Phobos. Use of this locat field resulted 1n
an estimate of yp = (6.57 £0.7) X10~% km?3/s2, which 1s n
excellent agreement with the results obtsined via the analytical
technique just described.

E. Concluding Remarks

The mass of Phobos has also been determined by Tolson,
et al. (Ref. 22) by processing three revolutions of tracking data
and solving for the spacecraft state and GM of Phobos. The
result of their data anatysis was an estimate of (7.3 +0.7)
X 1074 km3/s? for GM of Phobos. It is significant that the
results presented here are consistent with theirs within the
quoted uncertainties, since different methods of analysis were
used.

Table 11. Phobos encounter parameters

s b, km bev  aPioup km? (ip=55 o km3/s”) wp= 663 % 104 km3/s2)
236 1745 -0.025 38.7 -0.2361 -0.2393
237 1589 -0.110 185.7 0.0025 -0.0130
238 153.1 -0.283 496.0 -0.1576 -0.1990
219 1569  -0.439 748.6 -0.0296 00921
240 1528 0499 873.3 0.0161 -0.0568
241 1266  -0470 995.4 0.0683 -0.1514
242 1028  -0.416 1087.7 -0.0250 01158
243 889  -0.486 1470.7 0.2557 0.1329
244 1038 -0.661 1709.9 0.2540 0.1112
245 1368 -0.744 1455.5 0.07¢1 -0.0464
246 1738 0767 1178.4 0.2480 0.149
247 1944 0774 1061.8 0.1010 0.0102
248 2039 -0.775 1013.7 0.2264 0.1417
249 228 073 949.9 0.2359 0.1566
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(31 Use of demand terminals, a5 opposed to batch loading
used on Manner Y, was essential for the timely per-
formance of OD functions for the four Viking space-
craft.

VIl. Conclusions and Recommendations

The expericnces of the SATOD Team have resulted n
several observations and recommendations of interest to future
orbital operations. These include:

(H) If DRVID and S/X calibrations are to be used opera-

(1) Constrained OD techniques as discussed in Section 1V
tonally, an automated option choule exsst in the OD

appear to be u reliable meuns of obtamning rapid post-
maneuver solutions and warrant further study. These
techniques also are useful for routine OD solutions
when hmuted tracking data exists such as often hap-
pened during the Viking Extended Mission.

software,

(5) The procedure for produciy normal points (Sec-
tion 1V) should be reevaluated and automated to @
greater extent.

(2) Combination of sihort are gratity sofutions as discussed
in Section V proved to be a reliable and relatively
inexpensive (compared to a single long arc solution)
means of obtaining a global gravity field.

{6) Period change and doppler shift plots for satellite
flybys as discussed in Section VII are extremely usetul
for optimally choosing B-plane encounter conditions.
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Maneuver Analysis

R. T. Mitchell, D. L. Farless, J. K. Milier, G. R. Hintz,
M. J. Adams, N. P. Dwivedi, and D. L. Gray

I. Interplanetary Maneuvers

At launch both Viking spacecraft were targeted to aim-
points at Mars which were biased away from thz final desired
encounters to insure that the first maneuver on each vehicle
would exceed a required minimum AV (applicable only to the
first burn on each spacecraft), have a favorable attitude for
communications during the first burn, and satisfy the plane-
tary quarantine (PQ) constraint. As a result, it was virtually
guaranteed that each vehicle would need at least one mid-
course maneuver; and because of the tight trajectory control
requirements at encounter, there was a high probability that
Viking would be the first mission *o Mare requiring more than
one interplanetary maneuver.

The design of the required encounter trajectories for Viking
was uniquely complex owing to the manner in which these
trajectories were dependent on the landing site coordinates,
specified sun elevation angle (SEA) at landing, and number of
revs in Mars orbit from insertion to landing. Consequer.ly,
although the midcourse software targeted only to the classical
B-plane parameters, the total problem to be solved at each
maneuver was one of targeting to a final orbit from which
separation could occur. Details of this process are covered in
depth under Mars Orbit Insertion later it this chapter.

A. Choice of Maneuver Dates

For planning purposes, a maneuver strategy was developed
which allowed for a maximum of two earth departure and two
approach maneuvers fcr each spacecraft. As it turned out, only
one of each was needed {with one exception due to a space-
craft malfunction) due to the near nominal performance of
both the spacecraft and the orbit determination process. One
of the cignificant early tasks was to specify nominal dates for
the maneuvers. Since a wide spread of launch dates and en-
counter dates was considered, near-Earth maneuver dates were
stated relative to launch date L, and near-Mars maneuver dates
were stated relative to encounter date £. A chart of the dates
chosen is shown in Table !.

1. Near-Earth maneuvers. Several factors were considered
in choosing dates for near-Earth maneuvers, the most impor-
tant of which were:

(1) The guidance singularity resulting from the type Il
trajectories.

(2) Possible propellant tank overpressure due to solar
heating.
(3) Mission rules on spacing of activities.
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Table 1. Preiaunch plan for midcourse maneuver locations

Near-karth Near-Mars
Spacecraft
Midcourse-1  Midcourse-2  Midcourse-3  Midcourse-4
Viking 1 L+7 L+35 E-30 E-10
Viking 2 L+13 L+42 E-30 E-10

The primary motivation for planning the firs* maneuver on
Viking 1 prior to the launch of Viking 2 was to observe the
propulsion system performance in space and have the oppor-
tunity to make any modifications that might be indicated on
the second vehicle before its launch. A second consideration
was to siraplify the operational timelines by having the first
vehicle’s near-launch activities essentially complete by the time
the second was launched. A third consideration, although of
little importance here because of the slowly changing sensitivi-
ties, was that early maneuvers generally require a smaller
propellant expenditure. The earliest possible maneuver date
was constrained by the time needed for fuel and oxidizer tank
warmup prior to first pressurization. Since perihelion occurred
after launch, significantly higher tank temperatures could
develop, and if the tanks were already pressurized, with the
small initial tank ullage, an overpressure condition could
develop with possible overpressure diaphragm rupture, venting
of pressurant gas, and lowered reliability for subsequent pres-
sure control. Small resistance heaters were provided to raise
the tank temperatures and maintain them at a steady design
value, prior to pressurization, but these heaters requived many
days after launch to heat the tanks to a safe temperature that
would limit the expected overpressure. The resulting first
maneuver dates listed in Table 1 are different for Vikings 1
and 2, due partly to the difference in expected initial ullage.

A second near-Earth maneuver date was also scheduled, in
case it should be needed to compensate for delivery errors
from the first maneuver or to remove a first maneuver PQ bias.
The date for the second maneuver was set late enough to
guarantee that, for any of the trajectories under consideration,
the guidance singularity would occur before the second
maneuver and not so near as to more than double the propel-
lant required (based on the cost of the same maneuver a few
days after the first maneuver). An additional benefit of the
late second maneuver date was the expected availability of the
33-1/3 bps telemetry channel (guaranteed after day L+20).

2. Near-Mars maneuvers. The (ollowing factors affected the
choice of near-Mars maneuver dates:

(1) Maneuver capability decreases approximately linearly
as encounter approaches.

(2) It was desired to postpone repressurizing the propul-
sion system as late as possible prior to MOI.
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(3) Orbit knowledge improves as encounter approaches,
especially if optical data are available.

(4) There was a mummum turnaround time constraint
between the last midcourse maneuver and insertion
into Mars orbit (MOI).

The decrease in maneuver capability as encounter ap-
proaches dictates that a near-encounter midcourse be per-
formed early in this phase if there are large known errors to
correct. However. the desire to leave the propulsion system
pressurized after this maneuver limited the date to within a
few weeks of encounter. £-30 days was chosen as a compro-
nuse between these two factors. As it happened, there were no
errors large cnough to require an carly approach maneuver,
and the £-30 day opportunity was never used.

Since the orbit determination accuracy improves as en-
counter approaches, the trajectory control error 1s minimized
by waiting as long as possible to do the maneuver. The limiting
factor is the minimum turnaround time required after the
maneuver to redetermine the crbit solution, finalize the design
of the MOI maneuver, and prepare the necessary commands
for the spacecraft. The nominal time of the last maneuver was
set to £-10 days, which allowed for an emergency “recovery”
maneuver at £-5 days.

B. Launch

Viking 1 was launched on August 20, 1975, and targeted to
arrive a* Mars on June 20, 1976. The launch vehicle injection
accuracy was well within the 99% dispersion ellipse as shown
in Fig. 1, and the launch+7-day Midcourse Correction Require-
ment (MCR) to the targeted aimpoint at launch was 3.5 m/s.

Viking 2 was launched on September 9, 1975, and targeted
to arrive on August 8, 1976. The injection accuracy is shown
in Fig. 2, and the launch+7-day MCR was 5.1 m/s.

C. Emergency Early Maneuver Strategy

Contingency planning was done to define a set of alternate
(reduced) missions in case of an anomalous spacecraft injec-
tion. These plans invoi.ed using a portion of the spacecraft
propellant to correct the spacecraft trajectory, in general not
back to nominal, but to an optimum energy and asymntote
direction combination that gave a trajectory passing near Mars
up to perhaps several days different in arrival time from
nominal. The propellant remaining would then determine the
alternate mission, ranging from a reduced capability for !f{ars
orbit trims all the way down to a simple flyby of Mars by
the orbiter only. As part of this contingency planning, an
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operational Emergency Early Maneuver (EEM) strategy was
developed.

Since the mission wouid have been constrained by limited
propellant under such contingency conditions, the maneuver
would have had to be done at the most efficient time possible.
The following considerations made injection plus 4 hours
(I+4 h) the time chosen for an EEM maneuver:

(1) The most likely launch vehicle anomaly correctable
with the spacecraft propulsion system is an underburn
or overbum with correct thrust pointing.

B

(2) For a simple injection underburn or overburn, suffi-
ciently accurate spacecraft tums for a corrective
maneuver can be determined before launch fur a given
launch date and encounter date.

(3) With spacecraft command files for both the und>rburn
and overburn cases available prelaunch and only the
AV magnitude command to be determined after
launch, the carliest the maneuver can be performed is 4
hours after injection. This includes the time required
both for the AV determination and for spacecraft
personnel to generate and transmit the appropriate
commands to the spacecraft.

(4) For an injection under/over burn, a maneuver at /+4
hours saves about 15% of the cost of performing the
same correction several days after injection.

Figure 3 shows a representative launch energy plot demon-
strating how the decision would have been made on whether
or not to execute an EEM. Achieved injection energy is shown
as a function of time from the start of the Centaur second
burn, starting at about -60 km?/s? in the parking orbit and
reaching 0 km?/s? (parabolic escape) in about 270 seconds.
The next 50 seconds was the key time for evaluating the
Centaur performance. In region !, a near-nominal mission
could be achieved with a maneuver at the normal first mid-
course time, although at the low end of this interval there
would have been little or no propellant left for site retargeting
or for any extended mission activities. In region 2, the propel-
lant savings resulting from the early maneuver would be
needed in order to land from orbit. In region 3, it would not
be possible to get the lander into orbit in uny event; and a
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Fig. 3. Viking 1 EEM energy envelopes
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direct entry from the approach hyperbola, followed by inser-
tion of the orbiter alone did not require the AV savings of an
EEM. In the fourth interval, however, the EEM savings were
required to do a direct entry. If the Centaur left the spacecraft
in region S, it would not have been possible to get the fander
to Mars. Regions 2 and 4 then represent energy deficiencies
where an EEM would have b en of sigmficant benefit to the
mission. A Centaur burn to depletion in this case would have
been included in region I, but could have duplicated at leust
regions 2 and 3 for some trajectories with lower injection
energies.

Operationally, for each candidate launch date, an average
thrust pointing direction for a total of four subsequent launch
dates over the range of possible correctable energy deficiencies
was determined. and corresponding turn sets were delivered to
spacecraft personnel in preflight preparat on for implementing

the emergercy maneuver. In actual flight, both launches were
executed . urmally and no contingency measures were required.

D. Summary of Maneuvers Performed

Three interplanetary maneuvers were performed by
Viking } and two by Viking 2. A summary of all the targeted
and achieved aimpoints is given in Table 2, and plotted n
Figs. 4-6. Data on the maneuver parameters, both ideal and
commandable, are given in Table 3. In Table 3 the spacecraft
cone and clock angles of the Earth are shown only for the
burn (i.e., end-of-tuins) orientation. The traces of the Sun and
Farth in spacecraft cone and clock coordinates during the
turns for the first maneuver on Viking 1 are shown in Fig. 7 as
representative of the type of data provided for turn constraint
analysis.

Sable 2. Targeted and achieved encounter conditions

Closest approach

Parameter B.R, km B.T, km /B/, km #, deg Dute time, GM T, AV, m/s
1976 oo
th:min)
Viking 1
Injection
Targeted -210270 152720 259880 -54.0 6720 17:07
Achieved -277130 164490 322270 -59.3 6/20 23:19
1st midcourse
Targeted 7119 6643 9737 47.0 6/19 16:24 4.684
Postmancuver estimatc 6122 6996 9296 41.2 6/19 16.28
Pre-encounter estimate 5774 7289 9299 38.4 6/19 16.31
AM/C1
Targeted 7232 6861 9969 46.5 6/19 20:38 50.540
Achieved 7291 6700 9902 474 6/19 20:38
AM/C2
Targeted 7292 6945 10070 46.4 6/19 22:54 60.142
Achieved 7277 6919 10041 46.4 6/19 22:54
Guidance succe."
99% required +700 t5 +15 min
Viking 2
Injection
Targeted -163290 339730 376940 -25.7 8/08 13:01
Achieved -301780 581980 655570 -27.4 8/09 9:20
1st midcourse
Targeted 3100 11550 11959 15.0 8/07 11:82 8.108
Postmaircuver estimate 1086 15560 15598 4 8/07 12:18
Pre-encouater estimate 870 16199 16222 3.1 8/07 12:22
AM/C
Targeted -2384 9062 9370 -14.7 8/07 11:45 9.223
Achieved -2424 5058 9377 -15.0 8/07 11:45
Guidance success
99% required +500 t7 +1$ min
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Table 3. Maneuver data

Maneuver Ignition epoch, RY turns, ar, Burn ortentation,
sancuve Time/GMT Ideal/implemented Ideal/implemented Cone/clock
Viking 1
1st midcourse Rf27/75 -226.658, 79.500 4 6949 51.84
18:30 -226.773. -79.538 4.6844 284.76
AM/CL 6/10/76 104,054, -97 160 50.5291 117.92
’ 11:00 104.038 -97.085 50.5396 22.17
AM/C2 6/15/76 106.386, -97.038 60.1234 118.02
14:00 106.358 -97.088 60.1424 23.63
Viking 2
1st midcourse 9/19/75 102.594, -53.243 8.1125 28.59
’ 16:30 102,713, -53.223 8.1085 239.55
AM/CI 7/28/76 -85.262, -40.145 9.2261 31.97
01:00 -85.303, -40.019 9.2226 80.96
~2000 T |
B T km \\
[ tl, %
500 7000 17500
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IMJECTION
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L]
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2000 6000 10,000
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Fig. 4. Viking 1 midcourse aimpoints

The final target encountcr yarameters for each spacecraft
were determined such that the post-insertion requirements on
the orbital elements could be achieved with near minimum AV
expenditure at insertion. A guidance success region was then
defined about the nominal encounter point such that, for any
delivery within this region, the nominal mission could be
con.pleted within the 99% AV budget available. Figures 4, §,
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\ AMC-2 DE uvem\

E 7000F : (2254)
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<o AlM AMC-2
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759\" 30 ERROR
N
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AMC-2 N AT MO! TARGETING
(ATCA = +027:16™) 7

AMC ~ APPROACH MIDCOURSE AMDIEWER

Fig. 5. Viking 1 midcourse aimpoints, detail

and 6 show this guidance success region for each mission, as
well as targeted and actual encounter conditions. The bound-
ary of this region 1s also indicated in Table 2.

1. Near-Earth midcourse maneuvers. Only one near-Earth
maneuver was required for each spacecraft, and was performed
in each case on the first scheduled maneuver date. For
Viking 1 this maneuver was targeted directly to the nominal
Mars encounter conditions. The planetary quarantine alloca-
tion was easily met without biasing, and no significant mission
benefits would have resulted from biasing the first maneuver
aimpoint. Reconstruction estimates of the maneuver actually
executed indicated a pointing error of 0.8 0 of the a priori
expected error and a magnitude error of only 0.03 0. The
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targeted and achieved aimpoints ar. shown in Figs. 4 and S.
The expected delivery accuracy is broken down into the
maneuver exccution component and the orbit determinaticn
component in Fig, 8.

For Viking 2, the planetary quarantine requirement could
have been met by targeting the first manecuver directly to the
final aimpoint only because of the very high reliability of the
spacecraft propulsion system. This would have led to expected
post-maneuver control dispersions as shown in Fig.9 and a

158

20% probability of ending up on an imparting trajectory. Such
an event would have been satisfactory as far as meeting the
formal requirements of the planetary quarantine constraint.
However, it would have been sufficiently unsettling to leave
the spacecraft on an impact trajectory for the better part of a
year, that in all likelihvod a second near-Earth maneuver
would be performed to get off such a trajectory. Or the other
nand, at least one near-encounter maneuver was almost cer-
tamly going to be required whether the first maneuver was
biased or not. Also, there was only a very low probabulity that
a second near-Earth maneuver would be required for any
reason other than to take the spacecraft ~ff of an impacting
trajectory. It was, therefore, decided to bias the first maneuver
aimpoint such that the probability of an impacting trajectory
resulting from the control dispersions would be less than 17,

Other critera for selecting a biased aimpoint, in addition to
the 1% probability of mmpact tigure mentioned above, were to
minimize the additional propellant expenditure because of the
bias. to nsure an attitude for the ncar-encounter maneuver
that would be favorable for commu “ications during the burn,
and to have most, if not all, delivery dispersions be such that
MOl would be possible, albeit far from nominal, without
performing another midcourse should this becon.e necessary
for whatever reason. For a significant portion of the delivery
dispersions about the wunbiased aimpoint, this “MOI protec-
tion” was not available due to the excessive A} requirements
to achieve a suitably high periapsis altitude on those cases
where the hyperbola would impact. Figure 10 shows the final
biased aimpoint selected and the control dispersions. Only
about 2% of the population, those cases with B out around
20,000 km or more, posed AV problems for achieving some
kind of orbit insertion. Although not apparent in Fig. 10, the
maximum AV penalty for biasing was about 5 m/s. Also, an
approach maneuver to the final aimpcint from any trajectory
dispersed within 3 o from the biased aimpoint would have an
Earth cone angle in the burn attitude of less than 117 deg,
permitting use of the high-gain antenna without having to put
it in the flipped position.

2. Near-Mars maneuvers. During the planning stages of the
Viking mission, the option was maintained to schedule two
near-encounter maneuvers for each vehicle, one at £-30 days
and one at £-10 days. The earlier maneuver was to correct any
large navigation errors or to do any retargeting that would
require large AV’s, resuiiing in unacceptable control accuracy
for the *last” pre-encounter maneuver. The 10-day maneuver
was to be a precision correction based on the latest trajectory
estimate available at that time.

The near-Earth maneuver for Viking | was executed well
within the expected control ¢ rrors, but the executicn errors, in
conjunction with unmodele nongravitational accelerations
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during the subsequent interplanetary flight, gave an encounter
trajectory well outside the defined guidance success region as
shown in Fig.4. A maneuver at E-10 days to correct the
trajectory to the nominal encounter point and arrival time
required just under 4 m/s. The plan was to do the maneuver at
this time, eliminating a maneuver at £-30 days. However, when
the propulsion system was pressurized prior to this planned
maneuver, a leak in the pressure 1egulator was noted that
would have built up pressure in the fuel and oxidizer tar.ks to
an unacceptable ievel prior to the MOI burmn. For spacecraft
reliability reasons, it was decided not to reclose the pressurant
line, but rather to perform a large motor burn (50 m/s) that
would assure opening the pressure regulator in the hope that it
would reseat properly and not leak. By designing this maneu-
ver %o change primarily the arrival time, the impact on the
mission would be minimized. The post-insertion timing prob-
lem could be compensated for by altering the target orbital
period at insertion, and by reducing the orbital energy (i.e.,
approach speed) with this maneuver. About 50% of the propel-
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lant expended in this large maneuver would be saved by the
reduced velocity requirement for MOI.

Such a maneuver was designed and implemented at £-9.5
days. The pressure regulator continued to leak at about the
same rate after this maneuver, and the pressure buildup prior
to MOI was still going to be unacceptabie. Accordingly, a
second maneuver similar to the first was designed, this time
rot 1in hope of eliminating the leak, but rather to create
enough ullage space to keep the pressure buildup prior to MO!
down to an acceptable level.

At E-4.5 days, a maneuver of about 60 m/s was executed
and was successful in its objective of providing sufficien’ ullage
volume, and no spacecraft problems were experienced due to
excessive pressurization prior to MOl. The B-plane target con-
ditions for these two near-encounter maneuvers were aitered
from the nominal in order to optimize the MOl for the
reduced approach velocity and higher * riod in the post-MOI
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orbit. The targets anC ~chieved conditions are shown in
Table 2.

For Viking 2, the trajectory change required with the near-
encounter mancuver was relatively large, owing to the inten-
tional bias of the near-Earth maneuver. In addition, there was
a shift in the estimated encounter conditions due to unmr }-
eled nongravitational accelerations during cruise and a chunge
in the final required encounter conditions as a result of
changing the planned latitude of the 'anding site by about two
degrees. However, the AV requirement of about 10 m/s for
this maneuver at £-10 days was still small encugh that the
orbit control accuracy that could be achieved would be satis-
facrory and there was no need for a maneuver at £-30 days.
Figure 6 indicates the final, premaneuver encounter, the target
for the maneuver, and the final achieved encounter. This
maneuver was performed in the blowdown mode to avoid
repressurizing the propellant feed system and risking a repeat
of the regulator problem experienced on Viking 1. Data rela-
tive to this maneuver may be found in Tables 2 and 3.

E. Maneuver Mechanization

The Viking spacecraft implemented velocity changes by
first performing turns w. e vehicle roll and yaw ~xes, and
then thrusting in the attitude until the specified AV
had been sensed by .. : . accelerometer pulses. In gen-
eral, the dzsired cor -ould « e commanded exactly
because both tums a... | reler, measured in discrete
values. However, the effects : J tizatio v can be mini-
mized in terms of thei: - ... ine resulting trajectory,
whereas ignoring them m - of small maneuvers with
high sensitivities could \esut . aignificant control errors rela-
tive to normally occurring statisticol control dispersions.

For the interplanetary maneuvers on Viking, the primary
accuracy requirement was on the control in the B-plane.
Arrival time variations of the magnitude caused by the quanti-
zation of the maneuver commandable quantities were of no
concern. For this reason, the AV magnitude quantization was
always liandled by adding or subtracting a velocity componer’
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to the maneuver AV perpendicular to the critical plane. An
example of this for the first manc aver on Viking 2 is shown in
Fig. 11. A velocity increment of 0.0134 m/s was subtracted
from the noncritical component, reducing the total AV by
about 0.004 m/s to reach the next lower AV quantum value.
In this case, the ideal and commandable AV's were very close:
in general their difference can be as large as 0.015 m/s.

The technique for determining the turn quantization is
graphical, two examples are shown 1n Fig. 12. The four
achievable turn sets {resulting from rounding either way in
both roll and yaw) are shown around the desired encounter
voint. The tuin selection is then made, not necessarily to the
nearest point, but rather to that point giving errors of the least
consequence. Another consideration may be to compensate
for a shift in the orbit determination estimate between the
time of the origin-! turns design and the quantization. It is
readily seen from Fig. 12 that an indiscriminate quantizing of
the tumns could have led 10 a bias in the encounter parameters
of up to 1000 km. In those cases where a second roll turn w24
used for communications, the turn was simply quantized to
the nearest pulse, since this turn only affected the spacecraft
roll a:titude and had virtually no effect on the thrust pointing.

The targeting errors accepted in this process could possibly
have been turther reduced by quantizing th. turns and the
magnitude jointly rather than independently. However, the
magnitude quancization affects the ideal turns, and this would
have led to an interface complication between navigation and
spacecratt personnel that was not warranted.

A major consideration in the selection of a turn set to
achicve a specified th-ust pointing is the apparent path the Sun
and Earth wil' follov, over the spacecraft .uring the turns. As
an aid to this selection process, plots are ;eperated showing
these traces in a cone-clock system. (Fig. 7 showed such a plot
for the turn set chosen for the first maneuver on Viking 1.)
The quantization described above is negligible as far as atfect-
ing that selection.

il. Orbit Insertion

The orbit insertion problem for Viking consisted of two
basic parts: one being 1o determine the optimum conditions
for the approach hyperbola in order to effect the transfer, the
other being t. ctermine the required maneuver to transfer
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from the actuzl achieved approach trajectory, generally dis-
persed from the nomunal. to the required postinsertion orbat,
The nomunal orbit plane 1s approximately established by the
fact that n must contain the ¥ vector tincoming hy perbolic
asymptote) passing through the center o Mars, which s
uniquely established by the launch and encounter dates, and it
must at leas. nearly contain the pont of lnding winch is
located in inertia’ space by specitying the site latitude and the
sun elevation angle (SEA) at landing, The lack of preci' eness in
this definition of the approach orbit plane comes about trom
the fact that when a large amount of apsidal rotation is
required at Mars orbit insertion to schieve the required rela-
tionship between orbit periapsts and the landing site, it
requires less AV at MOI to do both in 1 lane and out-of-plane
rotations tihan it does to do a strictly planar iansfer. Once t™e
orbit orientation is established, the hyperbolic radius of closest
approach is determinea .o give a minimum velocity transfer to
the required postinsertion urbit, and the time of closest
approach is selected to properly time the postinsertion events
as required for site reconnaissance and lar ding. Expected dis-
persions in postinsertion orhital period are also a key factor in
sclecting arrival tims. In actua! flight, the approach trajectory
is generally Jispersed from the planned ncminal as a result of
control er,ors at the time of the last interplanetary maneuver.
Based or these estimated control errors and on kncwledge
statistics the problem to be solved at this point is to deter-

VIKING 1,
Tst M/C

VIKING 2,
1st M/C

=17 C IDEAL ENCOUNTER
l O ACHIEVABLE ENCOUNTER
8-R

Fig. 12. Examples of B-piane turns quantization

mine what postinsertion requirements should be targeted to at
insertion vs those which should be. or must necessarily be,
corrected with in-orbit snancuvers where parameter correction
capabilities and knowledge statistics are sizmficantly ditfesent
from those available ar MOL Figures 13 aind 14 show the
general urbit geometry for the two orbit insertions.

A. Viking 1

The orbit insertion strategy for Viking | was to target to a
Mars synchrorous period and nominally require no trim
maneuvers prior to landing. This of course was changed when
the two la:ge approach maneuvers were made, delaying the
arrival time by about 6 hours. At this point there were two
options available to restore the nominal nimeline. One was to
target the period at insertion 3 hours subsynchronous, thus
causing the second periapsis (F2) to occur at the normal time,
and synchronizing the orbit at this point. The other was to
target about 18.5 hours supersynchronous (Mars synchronous
minus the 6-h shift), causing the first periapsis to occur at the
time that P2 would noruw!ly have occurred, and then synchro-
nize. The proper phasing and timing had to be achieved by P2
in order to allow time for site certification to take place prior
to the nominal landing date. Of these two options, the latter
was implemented, primarily based on AV considerations. Fig.
ure 15 shows the ncminal planned time'..c s well as the two
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options. In the presence of delivery dispersions on the ap-
proach hyperbola, the plan was to target directly to the
specified SEA and LATPER on the separation orbit, nominally
leaving no orbit orientation biases to be removed either by
orbit trims or by the lander during descent. Figure 16 indicates
the feasibility of this plan, where it is seen that the expected
delivery errors in 8 (the orientaiion of the B-vector in the
B-plane), even with radio only OD, were relatively small. More
importantly, knowledge errors in orientation 0 at the time of
the calculation of the insertion parameters were small. This
was not the case for Viking 2, and the considerably different
strategy developed for that case will be discussed later. For
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delivery errors in B-magnitude, the situation was quite differ-
ent. If the achieved B-magnitude was too laige, then the
periapsis altitude h, targeted to at insertion had to be larger
than the nominal 1500 km, because an ellipse of 1500 km £,
would not intersect the hyperbola without introducing un-
wanted apsidal rotation. On the other hand, if B-magnitude
was too smell, then the option existed to raise /i, part way or
all of the way up to 1500 km at insertion, at a cost of more
AV at insertion and reduced period control. Figures 17, 18,
and 19 show the AV cost to correct B-plane errors for orienta-
tion 8 delivery errors of 0, +2, and -2 deg, and B errors from C
to -700 km for correcting any amount of B error with any
combination of corrections between insertion and in-orbit
trims. As an example, in recading these figures, consider
Fig. 17, with no orientation correction to be made at inser-
tion, and assume a AB of -700 km. Then a2 minimum AV
transfer would require about 1200 m/s and give an /1, of 1030
km. Raising /1, to 1100 km at insertion would cost 1230 m/s
and could be corrected to 1500 with an in-orbit trim of 35 m/s
for a total of about 1265 m/s. Correcting to 1500 km at
msertion would require 1410 m/s.

The AV vector control for orbit insertion was better in
magnitude than in pointing — at the 99% level about 3 m/s and
20 m/s, respectively. Period was the most important parameter
to control accurately at insertion, as well as the parameter
most sensitive to erro.ss. Since at a fixed radius the velocity
determines the period, it was necessary io control the space-
craft velocity at burnout as precisely as possible. This is best
done by having the insertion AV nearly aligned with the
orbiter velocity at burnout, thus seeing only the 3 m/s magni-
tude error and very little projection of the 20-m/s perpendicu-
lar (pointing) error. Generally, any correction of orientation or
altitude at insertion necessitates moving the AV ve:tor away

1600 T ! 1 f 1 |
AB = km
1500 |- () .
1400 | i
5_“ 1300 |- -0 4
< “—\— CORRECTION AT TRIM
1200 - : -
“s0 CORRECTION AT MOI
-600/
oo |- 4
1000 L__L ] { ] ! 1
1200 125 1200 135 1400 1450 1500
Yoy m/’s
Fig. 17. AV trades foc b, correction at MOIV/trim, A6 = 0 deg
104

from the velocity vector, thus increasing the pointing error
component on the spacecraft velocity and degrading the
period control. Figure 20 indicates the pertod control as a
function of the orientation and altitude corrections made at
insertion. The effects of knowledge errors based on optical
tracking data are included. Although both positive and nega-
tive orientation errors are not shown for each value of AB, the
results are approximately the same for errors on either side of
the nominal.

A consideration in planning which delivery errors would pe
corrected at insertion was the fact that the spacecraft team
was concerned that the final maneuver parameters not vary
significantly from a nominal set specified well before en-
courter so as to not disrupt the sequencing work done for this

1600 [T T T T T
AB = (km)
1500 - 0 -
-100
1400 (- -
~200
£
S 1300 - -300 e
CORRECTION AT TRIM
~400
1200 |- -
~500
CORRECTION AT MOI
1100 =400 —1
=700
10001 ] ! 1 1 1
1200 1250 1300 1350 1400 145 1500
Y,y m/s
Fig. 18. AV trades for h, correction at MOl/trim, A9 = 2deg
T T T T T
AB = (km)
1500 |- 0 -
-100
1400 +— -200 —
£ CORRECTION
Ja 1300 - AT TRIM n
-400
1200 - CORRECTION AT MOI -
=500
1100 {500 -
700
1000L__1 N ! | L N
1200 1250 1300 1350 1400 1450 1500

AVM, m/s
Fig. 19. AV trades for h, correction at MOI/trim, A9 = -2 deg
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Fig. 20. Viking 1 post-MO!I period dispersion

period of the missicn. To this end, the effects of correcting
various delivery errors on the commandable quantities were
investigated with the results as shown in Figs. 21 aud 22.
Figure 21 shows the roll and yaw turns required on a grid of
delivery points covering the required approach delivery accu-
racy zone for targeting to a synchronous period, the nominal
SEA and LATPER, and a minimum AV transfer which deter-
mines hp,. The results show that all of the delivery zone can be
covered by turns within £10 deg of nominal, and in fact that
+10 deg was quite conservative, since it was known well before
encounter that the final delivery was virtually guaranteed to be
well within the zone shown. Raising altitude for low deliveries
was not con- idered here, but could have been a limiting factor,
along with degraded period control and increased AV costs, in
determining the amount of h, to be restored at insertion.
Figure 22 shows the change in ignition time as a function of
altitude restored at MOL, The maximum ignition time delta
shown is 12 min, which was within the allowable range. The
range of AV’s at insertion was not a problem because, with an
acceleration of about 0.5m/s?2 at bumout, the maximum
range conceivable would only amount to a very few minutes in
total burn duration.

A set of orbit insertion commands was sent to Viking 1
soon after the second approach maneuver (AMC-2) was imple-
mented, based on the nominal encounter trajectory targeted to
at AMC-2. This was done as a hedge against the possibility that
it might become impossible to uplink commands at a later
time. (There was no reason to suspect that such a failure
would occur — this was simply a precaution to increase the
likelihood of success for ¢his criticai event.) Furthermore, it
was known that this maneuver, when applied to any trajectory
that could result within the 99% delivery statistics of AMC-2,
would yield a postinsertion orbit that could be trimmed to a

8000 -
103 P = 24.61
8500 |- h, = FREE
SEA = 30°
bpg = 195
9000 1 1 | | 1
5000 5500 4000 6500 7000 7500 8000
BeT, km

Fig. 21. Roll-yaw turn variations for Viking 1 MOl
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Fig. 22. ignition time sensitivity to h, error

satisfactory landing orbit within the AV available. A key
decision to be made after the results of AMC-2 were known
was whether or not to update the command load onboard the
spacecraft. Figure 23 and Tables 4 and 5 indicate some of the
navigation tradeoffs for each case, The decision made was to
do the update, based partly on the reduced AV costs (Table S)
but also on the fact that the geometry for obtaining site
reconnaissance early in the period from insertion to landing
was much improved.

Tum constraints for the Viking 1 insertion proved to be
quite restrictive, nearly to the point of forcing the maneuver
to be biased somewhat from nominal. The final turn sets under
consideration, those based on a nominal AMC-2 and those for
the update, fortunately were able to satisfy the constraints,
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Table 4. Viking 1 MO! command update site acquisition tradeofts

Onboard ] Update
Parameter T -
Nominal 0.99 Nominal 0.99
Post-MO!
PERIOD, h 44.1 ~1.8, 1.3 42.3,45.4 42.5 1.8, 2.0 40.7,44.5
HP, km 1399. ~67,68 1332, 1467 1511 61,68 1450, 1579
Scparation Orbat
INCL, deg 37.7 -0.3,0.3 37.4,38.0 317 -0.3,0.3 37.4, 380
OpER- deg 20.0 -0.7,0.5 19.3, 20.5 19.5 ~0.5,0.5 19.0, 20.0
ADR, deg 0 -0.2,0.2 0.2, 02 0 -0.1. 0.1 61, 0.1
AXR, deg 0.6 -0.8, 0.6 -0.2, 1.2 0 -0.5,0.5 0.5, 0.5
SEA, deg 29.5 -0.9.0.9 ] 286, 30.4 30.1 0.8,1.0 29.3,31.1
/"\
NO UPDATE
UPDATE [V
\
I' \
' \
' \
\ Table 5. Viking 1 MOI command update AV budget tradeofts
\
\\ _ . _—
| S| 1 T-=_1 i Onboard Update
-5 -4 -3 -2 -1 0 2 3 4 5 Parameter
A PERIOD, h Nominal | 0.99 | Nominal | 0.99
1 a¥yoy 1107.9 1097.3 J
NO UPDATE ”~ UPDATE —
\
\"’ \ 2 AVrriM ] 98 | 116 81 | 102
! Y
! ‘\ 3 SUBTOTAL (1+2) 1206 | 1224| 1178 | 1199
/ \ - T
/ \ 4 AVTOTAL AVAILABLE 1350
7z o - -
[ A D P Y [ R N
~200 1100 0 100 200 5 AVavaiL post-Tp 4-3) 184 126 2 151
Ah, km - — -
P 6 AVREQ'D POST-TD 7 16
7 Margin 128 { 110 156 135
UPBATE £\ o NO UPDATE |
\ 8 507 Margin 132 156
\
isst bl
\\ 9 Desires 100 for extended mission + 25 for
\ A =4,
\ I
\
1 - oy |
1.0 0.5 ) 0.5 1.0
Aq“'“a

Fig. 23. Effect on post-MOI orbit dispersions of updsting MO
perameters based on poat-AMC-2 orbit knowledge
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Table 6. Final MOi parameters and related data for Vikings 1

and 2
faiameter Viking 1 Viking 2
Roll, deg 100.36 134.66
Yaw, deg -97.57 -11091
Roll, deg 156.47 141.96
AV, m/s 1097.27 1100.81
Ignition time, GMT 19 Jun 22°20:43 7 Aug 11:29:52
Burn duration, s 2269. 2375.
True anomaly igmtion, deg -67.2 -44.1
burnout, deg -21.5 67.3
Earth cone, burn attitude 115.70 130.48
Earth clock, burn attitude 178.49 180.00
OWLT at ignition, s 1048. 1183,
180 1 T | 1 ! T | T T
B FLIPPED 4
162 HGA
POINTING
wl RANGE i
126 1 VIS BORESIGHT
ROLL EARTH SUN CONSTRAINT
STOP
§ 08| 7]
- ROLL SUN
3 op
z °r
<
%
n} -
N
>
“r ; NON- ]
FLIPPED
% POINTI
NG
RANGE EARTH
START
18 ROLL —
START
0 L i L i1 i | | i

0 3 72 108 144 180 216 252 288

CLOCK ANGLE, deg

324 360
Fig. 24. Viking 1 Earth/Sun traces for MO}

The problem, as illustrated in Fig. 24, was to have the Eani
within the accessible region of the high-gain antenna while
keeping the Sun out of the field of view of the instruments.

The actual implementation of this maneuver went cssen-
tially as planned, with performances well within the a priori
statistics. Tables 6 and 7 show the relevant maneuver and
trajsctory parameters related to the planned and achieved
maneuver. A reconstruction of the actual maneuver performed
based on postflight tracking data indicates an actual pointing
error of 8.47 mrad, or about 1.2 0, and a magnitude error of
0.415 m/s overburn, or about 0.4 v.

Table 7. Trajectory data — Viking 1 insertion

Post insertion

Parameter IAW:;:;:
pe Target Achicved
B-R ) 77
Leliptic

B-7 | 6919

Time of periapsis  (Py) 19 Jun (P4} 21 Jun (P5) 21 Jun

(GMT) 22:54.06 17:39 17 27

Altitude of 2168 1511 1514

periapsis, km

a, km -6280 29595 29325

¢ 1.886 0.834 0.833

i ) 38.0 37.7 37.9

w , MEQ 15.4 39.5 39.8

Q ‘ 129.9 130.0 129.8

Period, h - 425 4235

Ay, deg - 24.3 24.3
B. Viking 2

The strategy for targeting the orbit insertion for Viking 2
was quite different from that of Viking 1 in two respects,
although the final objective of reaching the separation orbit
with a near-Mars synchronous period and a specified SEA and
LATPER was the same. First, the nominal arrival time was
determined to allow for a supersynchronous post-insertion
period such that the spacecraft would overfly three different
specific longitude zones in the region of 46° N latitude for the
purpose of site reconnaissance before making the decision to
synchronize over one of them. This timing relationship is
indicated in Fig. 25 with the three longitude regions of interest
indicated on the right. The primary landing site candidate at
the time of VYOI was at 10° W longitude, in the region indi-
cated as BI. To reach this site, the plan was to target to a
period of 27.4h at insertion and do a nominal trim to
synchronize to 24.6 h on rev 19 for a landing on rev 25,
Alternate maneuver locations and phasing combinations for
synchronizing over B2 or B3 are shown. Although both
ascending and descending crossings of 46° latitude are shown
to indicate site reconnaissance opportunities, only the ascend-
ing crossing is available for landing.

The second aspect of the Viking 2 strategy that was distinct
from Viking 1 was the targeting of the post-insertion orbit
orientation. The approach control and knowledge errors (Fig.
26) show quite good control and knowledge in B-magnitude,
but rather poor in orientation, especially for the case of
radio-only data. Primarily as a result of this characteristic of
the knowledge data, the plan was to always perform a planar
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Fig. 25. Viking 2 nominal post-insertion orbit timing
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Fig. 28. Viking 2 spproach control and knowledge

insertion and target to the proper in-plane orientation. An
in-orbit trim where the orbit knowledge was essentially perfect
was then to be performed at the true anomaly of the vertical
impact point. This trim would perform an orbit rotation and
would have nearly the same effect as an orientation correction
on the approach hyperbola. The clear advantage of performing
this cormrection in orbit is that the risk of making an overcor-
rection or a change in the wrong direction at MOI is elimi-

nated. In fact, even if an attempt were made to correct any
out-of-plane errors at MOI, a priori statistical studies indicated
a significant probability that an in-orbit omientation trim
would still have been required.

The relatively nomial performance of the approach mid-
course and the resulting orbit determination estimate of a very
small error at the tirae of the post-AMC update calculations
for the insertion parameters, coupled with the fact there was
some question about the desired landing coordinates at this
time, resulted in this strategy having virtually no eftect on the
MOI targeting.

A set of MOI commands was generated and sent to the
spacecraft about one week prior to the implementation of the
AMC, based on the nominal trajectory targeted to with this
maneuver. About four days prior to the MOI, an updated set
of parameters was calculated based on the OD solution at that
time, which indicated AMC execution errors of about 8 km in
B-magnitude, essentially no error in 8, and about -19 s error in
arrival time. This was the command load that was eventually
executed for the orbit insertion. The final encounter solution
differed from the one used for the final command generation
as shown in Fig. 27. A history of predicted and final key
orbital elements post-MOI is given in Table 8, and the nominal
and updated insertion maneuver parameters are shown in
Table 9.

As with Viking 1, the post-insertion orbital period control
was very important in order to do the site certification obser-
vations as scheduled. An arrival time error is equivalent to an
ignition time error, and thus can significantly affect the post-
insertion period, especially when TCA occurs early. This rela-
tionship is shown in Fig. 28, where all insertion parameters are
fixed except for ignition time. As was shown in Fig. 27, the

-2500 1 1 1 i 1
8 = 9266 km
2450 - FINAL ENCOUNTER\  _|
2450 ESTIMATE
TCA = 114519
5 ESTIMATE FOR E~499Y
R UPDATE
2400 - TCA = V14dds _
-
s AMC TARGET
Jo M TCA = 114503
-2350 |-
1 ] 1 1 1
8950 9000 9050 9100 9150
BT, km

Fig. 27. Viking 2 spproach trajectory history
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Table 8. Viking 2 post-MOI orbital parameters final estim‘ét&%e encounter time differs from the estimate
R made at the time of the update calculations by 35s, and in a
Last pre-MOI direction such as to make the ignition time appeur to be early.
Post-AMC . . . . . .
Nominal based on  Dased on £-4 This was fortuitous, as can be seen in Fig. 28, and evidently
Parameter  design pre-AMC  dav update Actual had little impact on the resulting orbit period.
value to insertion
MO load parameters
e The question of correcting periapsis altitude on Viking 2
P,h 27.414 27772 27.490 27.623 was of less concern than on Viking 1 because of the improved
By km 1500 1468 1521 1519 contfol accuracy. Nevertheless lherg was sti]l‘.the.possibillity of;
1 deg 55.0 551 552 552 needing to corfect fgr.low B-m.agm‘tude deAl}'ernes: A .p ot o
the cost for doing this is shown in Fig. 29. Orientation is not a
fj‘fxTPhR' 43.3 44.7 45.6 45.5 parameter here because of the targeting strategy discussed
‘8 earljer.
SEA, deg 119.6 120.8 119.7 119.2
e The problem of satisfying turn constraints was straightfor-
ward on Viking 2 as opposed to the situation described pre-
viously on Viking 1 because the Earth-Sun relationship posed
Table 8. Viking 2 oroit i ; no problem. However, as expected, it was necessary to use the
able 9. g 2 orblt insertion parameters flipped position of the high-gain antenna to get communica-
B — tions as illustrated in f1g. 30.
P Pre-AMC E-4 day
arameter nominals updat ;
pdate The maneuver implemention was near nominal, as indicated
Roll turn 1, deg +134.725 +134.663 b?/ the trajectory data of Table 8. Figure 31 shows the pre-
Yaw turn, deg -112.009 ~110.913 dicted doppler shift during the burn with actual values super-
Roll turn 2, deg +142.072 +141.957 imposed. A postflight reconstruction of the maneuver indi-
AV, m/s 1102.1 1100.8 cated a pointing error of 0.36°, or 1.10. and a magnitude err
TIGN, 8/07,76 (GMT) 11:30:39 11:29:52 ¢ onl 805 /g bout 0.03 . nagnitude error
Earth cone, deg 131.6 130.5 ot only ©.L> mys, or about £.950.
Earth clock, deg 180.0 180.0

lll. Orbit Trim Maneuvers

The most exciting maneuver analysis challenge, following
150 T T Y the insertion of each Viking spacecraft into orbit about Mars,
was that of providing the proper orbit geometries for site
certification and landing. After the landings, station-keeping

| 1600 T T T T T T
£ 100 - I .
E 1500 A8= 0, 1
o I (km)
: 0
: g 1400 |- -100 -
: v i 5
W CORRECTION
t § | UL AT MOI
':1.' 'Y 50 = =
s \ _
v 1200~ 30 CORRECTION AT TRIM ]
i I 1M00}  -400 -
¢ -0
§. 0 ] 1 1000 1 I 1 ] 1 1
-5 0 5 1050 1100 1150 1200  12% 1300 1350
EARLY LATE AVemrm/s
Btigps min TOT
Fig. 20. AV cost for correcting periapsis altitude errors at MOl vs in
Fig. 28. Viking 2 period change vs ignition time eror orbit for Viking 2
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maneuvers were made to maintain acceptable relay-link tele-
communications performance between the orbiters and
landers. The activities after landing also included orbiter excur-
sions away from the vicinity of touchdown, e.g., a longitudinal
walk for global water vapor mapping by the MAWD. In add.-
tion. a large plane-change maneuver was performed by the
Viking 2 Orbiter to move to a high inchnation for polar
observations.

The maneuver design for Viking was accomplished in tw~
phases. First, there was the preflight design and strategy devel-
opment that was dictated by mission objectives and require-
ments. Orbit determination and maneuver execution accuracy
statistics were used, together with propellant budget considera-
tions, to determine specific maneuver requirements and strate-
gies to ensure a high probability of meeting the mission
requirements. This phase, which had to account for all candi-
date launch and arrival data combinations. is discussed in
Refs. 1 and 2.

The second phase of the maneuver design occurred in flight.
This section describes the maneuver analyses that were per-
formed in flight, the software that was employed, and the
actual inflight results for the entire orbital phase of the nomi-
nal Viking Mission. The first subsection concentrates on the
prelanding objectives and geometry considerations. The ma-
neuver strategies discussed here evolved during the preflight

180 T T T T T 71— T 1T
162} -
4 HGA, FLIPPED

EARTH
STOP
126} ~
SUN sTOP
g e ~
4 F VIS, THERMAL

3 %} HGA, o ~
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£ al .

(V]
sl .

[easTH
1} SUN ~
EARTH
18 / START =
STAXT
0 1 L 1 1 i 1 [
0 3 72 08 144 180 216 252 288 324 340
CLOCK ANGLE, deg
Fig. 30. Viking 2 Earth/8un traces for MOI
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Fig. 31. Viking 2 MOI burn tracking data residuals

and interplanetary portions of the mission. The last two sub-
sections consider the actual adaptive design and implementa-
tion of the maneuvers as the mission progressed. This design
process included the minimization of both propellant usage
2nd the effects of maneuver execution errors, while complying
with several mechanization constraints. The actual inflight
results are given in these subsections.

A. Preianding Maneuver Strategies

1. Maneuver requirements. The orbit trim problem is to
attain certain mission., spacecraft-, and operations-dependent
objectives, while coping with delivery, satellite orbit determi-
nation and maneuver execution errors. The objectives of the
prelanding orbit trim strategies for Viking were:

(1) To satisfy the requirements for landing. The orbit of
the spacecraft had to be controlled to within prescribed
geometrical bounds. These bounds were governed by
the need to acquire the landing site and to psition the
spacecraft orbit within a specified space-time region
from which the lander could maneuver to the desired
landing site without violating any of its design con-
straints. Primary lander design constraints were those
which required the lander to operate within and near
its maximum deorbit AV capability, within its maxi-
mum separation-to-entry coast time capability of § h,
within prescribed entry angle corridor limits, and with-
in the relay-link geometry constraints. The required
target orbit for the sequence of prelanding trims was
specified for that spacecraft revolution during which
the Viking lander was to separate from the orbiter.
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(2) To provide near-periapsis site reconnaissance as soon as
possible following the orbit insertion maneuver. Early
reconnaissance of the site was required to permit ade-
quate time for site certification prior to landing. To
obtain an acceptable site reconnaissance sequence of a
point of interest on the planet, it was necessary for the
spacecraft to observe this point at acceptable viewing
angles and range.

(3) To satisfy the oge;ational maneuver spacing con-
straints. At least Mh had to be allowed between the
orbit insertion maneuver and the first trim and 48 h
between successive trims in order to provide adequate
orbit determination and command generation time.
These time intervals also were to ensure having suffi-
cient propellant communication time. If propellant
(liquid) separated or settled at the upper end of the
tank during or following engine cutoff, then a small
communication channel would slowly transfer the lig-
uid from the forwaid end to the aft end. In a worst-
case situation, the time required would have been 28 h
(see Ref. 3). The time required following a motor burn
to obtain thermal equilibrium (acceptable temperature
distributions in the system) and to do propulsion sub-
system performance analyses did not levy additional
constraints because the time needed for these activities
was considerably less than 28 h. Also, at least four
spacecraft revolutions had to be allowed between the
last prelanding trim and lander touchdown in order to
provide adequate orbit determination and deorbit com-
mand generation and validation time.

(4) To make efficient use of propellant capability. The
definitions of some of the separation orbit control
parameters depend on the PER angle, which is the true
anomaly of the point in the orbit that is nominally
placed directly above the landing site. The PER point is
the subspacecraft point at the PER angle on the actual
orbit. Four of the orbit parameters that had to be
controlled are shown in Fig. 32: namely, the down-
range (DR) and crossrange (XR) of the PER point with
respect to the desired landing site, the orbital period P,
and the periapsis altitude sip above the Martian surface.

To satisfy landing requirements it was also necessary to
control the lander downrange azimuth and sun elevation angle
(SEA) at touchdown (TD). The VL azimuth dispersions were
critical because the landing dispersion ellipse was very elon-
gated in the downrange direction and, consequently, the total
ensemble of landing dispersions was very sensitive to azimuth
dispersions. The sun elevation angle (SEA) is defined as the
angle between the local horizontal and the direction to the
Sun at the point of interest. This angle is interpreted to be in
the interval from 90 to 180 deg in the moming, with the

DEORBIT

GROUND TRACK
PER POINT

P = ORBITAL PERIOD
(NOMINALLY  24.6 h)

Fig. 32. Satellite orbit control for lander separation

morning terminator being at SEA = 180 deg, and in the inter-
val from O to 90 deg in the afternoon, with the evening
terminator occurring at SEA = O deg. The SEA requirement
was actually a time constraint on the amount that the relay
transmission window could be shifted without changing the
initiation time of all other landed events. The allowable shift
of 21 min mapped to an SEA requirement. The requirement
on SEA also ensured satisfactory lighting conditions at the
landing site for VO site certification imaging before landing.
As for the othei landing parameter constraints, the tolerances
for azimuth and SEA were specified in terms of corresponding
parameters on the separation orbit.

Timing was also a key target parameter. The timing delay
AT is defined to be the time required for the VO to reach the
PER point after the landing site has crossed the meridian of
the PER point (see Fig. 33).
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The timing strategy for the last prelanding trim maneuver
was to optimally compensate for the residual DR and XR
errors following the previous trims. The period of the separa-
tion orbit was adjusted by the last prelanding trim. controlling
the timing offset such that the VL could be targeted to touch
down at the landing site as the landing site crosses one diagon-
al of the DR X XR tolerance zone. That is. the separation
orbit period was chosen so that the VL could touch down at
the landing site by performing the amount of downranging and
crossranging (DR and XR) indicated in Fig. 34. As discussed in
Lander Flight Path Analysis, the DR tolerance was effectively
set to zero, to maximize the probability of a successful VL
entry and landing.

The target value for the timing offset parameter on the
separation orbit was selected to reflect both these DR and XR
geometrical errors anid the fact that the VL leads the VO
between the deorbit maneuver and touchdown. The VL/VO
geometry at touchdown and PER passage 1s shown in Fig. 35.

To obtain an acceptable site reconnaissance sequence of a
point of interest on the planet, it was necessary for the
spacecraft to observe this point at an acceptable emission
angle, incidence angle, and slant range. The emission angle
(EMA) is defined as the angle between the local vertical at the
point of interest on the surface of the planet and the vector
from this point to the spacecraft; the incidence angle INA is
the angle between the local vertical and the direction to the
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Fig. 35. VL/VO timing relationship

sun at the point of interest: and the slant range SR is the
distance from the spacecraft to the point of interest (see
Fig. 36). The sun elevation angle SFA is the complement of
INA, except that SEA is defined to be in the interval from 90
to 180 deg in the morning. The constraints on these angles
depended on the type of observation to be taken, e.g.. siereo,
oblique photopair, MAWD, and simple VIS. There was also a
viewing angle constraint imposed by the site certification
stereo analysis process that the tilt angle, shown in Fig. 37, be
less than 9 deg. This requirement became the dominant one

ZENITH

NORTH POLE

INCIDENCE
TO SUN

EMISSION

Fig. 36. Reconnaissance perameters
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during flight operations, where it was considered in terms of
the equivalent timing offset value.

There was also a strong desire to provide site reconnaissance
on Viking 2 for both the primary and secondary sites on two
separate spacecraft revolutions before synchronizing with re-
spect to a site. Synchronizing with respect to a point on the
planet refers to transferring the spacecraft to an orbit with
period equal to the Mars rotational period so that the space-
craft will continue to overfly this point. This process requires
two trims: one time-phasing maneuver to move the spacecraft
over the point on the planet, followed by another to adjust the
period to equal a Mars day (~24.6 h).

2. Maneuver capability. This subsection presents a method
and the required design curves for analyzing an orbit trim
maneuver on a given nominal spacecraft orbit. The method
utilizes the orbit parameter gradients in the Flight Plane Veloc-
ity Space shown in Fig. 38. The flight plane coordinate system
used is that formed by the ‘pominal velocity direction VM, the
normal tu the orbit plane V', and the direction orthogonal to
these away from the plzaet V ;. For a given nominal orbit the
gradients of the orbit parameters with respect to these velocity
directions are a function of the true anomaly of the trim
maneuver only. The gradient vectors form the rows of a linear
mapping matrix which maps velocity perturbations into per-
turbations in the orbit parameters as follows:

ap 7] [epav,, o o | [aw,]
an, | |onjav,,  anjav, o av,
Al 0 0 3ifav,, av,
a0 ] 0 0 /v,

dw | |awar, dwv, awlv,
| Qtry| [UrpldVy WpplVg 0|

Note that the gradients of P, h,, and 11 lie in the flight plane,
the gradients of / and £ are normal to the flight plane, while
the gradient of w has components both in the flight plane and
normal to it. These observations can be made by noting the
locations of the zeros in the above mapping matrix.

Changes in the inclination / and argument of periapsis w
produce changes in the latitude of the PER point (LATPER),
according to the equation

— SPACECRAFT

BY DEFINIT'ONfﬂLT ;O_dcg_ _____

/— POINT OF INTEREST
ON MARS

N— swATh N,
MARS ‘\ -

Fig. 37. Definition of tilt angle o ux

sin (LATPER) = sin / sin (w + PLR)

This equation determines the sensitivity of LATPER to veloc-
ity changes. On the other hand, the sensitivity of the SEA at
PER passage depends on all three orientation parameters: 2,
wand .

The gradient vectors for Viking 1 are given as functions of
true anomaly in Figs. 39 through 4S5. Figures 46 through 52
exhibit the same data for Viking 2. In order to assess the effect
of any given trim maneuver, the values of the gradients of the
parameters of interest were inserted into the above mapping
matrix, and the indicated matrix multiplication was per-
formed. Thus the appropriate maneuver required to change the
orbit parameters a given amount can be estimated by inspec-
tion. The information presented here was very useful in deter-
mining the maneuver capability and the effect of maneuver
execution errors at various points around the orbit. It was also
helpful in obtaining good initia} gucsses for use in high-
precision numerical searches.

Figures 53 through 56 provide sensitivity data for sunline
maneuvers. For example, Figure 53 gives the partial of period
with respect to a velocity increment AV applied while the
Viking 1 tpacecraft is in the cruise orientation.

3. Maneuver strategies. Many prelanding maneuver strate-
gies were considered before launch to account for all possible
launch and arrival date candidates. After launch, the design
process was reduced to refining the strategies required for the
two inflight missions. These strategies are described next to
provide background for the maneuver sequences that were
actually implemented. These descriptions also help to demon-
strate the significance of the maneuver design changes that
were required as the mission progressed. The orbit control
capability and propellant costs for these strategies are de-
scribed statistically in Ref. 4.
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Following the insertion of each Viking spacecraft into orbit
about Mars, a sequence of orbit trim maneuvers was to be
performed according to a predetermined strategy to prepare
for lander separation and to permit the taking of site certifica-
tion reconnaissance data. These strategies were motivated by
geometrical factors, expected MOI delivery errors, plus the
need for operational flexibility and simplicity. The strategies
were formulated as a fixed sequence of orbit parameter-
correction maneuvers to be performed on specified spacecraft
revolutions about the planet.

The planned Viking 1 maneuver timeline between MOI and
lander touchdown is shown in Fig. 57. This phasing diagram
shows the timing strategy incorporated in the maneuver strate-
gy. The maneuver sequence consists of:

(1) A time-phusing maneuver MOT-1 at the second peri-
apsis P2 to nullify the landing site longitude offset at
Ps.

(2) A time-phasing maneuver MOT-2 at P$ to produce a
nearly synchronous orbit.

(3) A AV-optimal LATPER-correction MQT-3 between P7
and P8 if necessary.

(4) A combined Izp correction and time-phasing maneuver
MOT-4 near the eleventh apoapsis (A11).

An important requirement for the Viking ! strategy was to
provide site reconnaissance as expeditiously as possible. There-
fore, the spacecraft was to be inserted into a synchronous
orbit with no time of arrival bias and the time-phasing and
near-sync trims performed first. Since the /1, and orientation
errors were expected to be acceptable for reconnaissance pur-
poses, they were to be corrected later in the maneuver
sequence.

Given the maneuver spacing constraints described earlier.
the first trim could not be performed before A2. Since period
changes are made most efficiently at periapsis, the MOT-1 was
to be near P2. MOT-2 could be made near P4, but it was
delayed to PS because there was a very high probability of
being able to take reconnaissance at P4 and because this delay
would save some orbiter propellant.
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Fig. §7. Viking 1 timing strategy
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The remaining trims now fill out the timeline. MOT-3 was
scheduled, .. necessary, about two revs after the second trim.
The exact position and direction of this maneuver was to be
determined by a numerical search which would minimize the
orbiter Al cost. MOT4 was scheduled near apoapsis since this
is the most A V-efficient place to correct /1. Since there had to
be at least f: ur revs between MOT4 and lander touchdown, it
could not 1, performed after the vicinity of All. The trim
was “osilici 2d near A1l to relax the operational implementa-
tion of t« maneuver sequence as much as possible and to
miiumize ne timing error buildup resulting from period errors
incurred at MOT-4.

More information concerning the trim maneuvers is pro-
vided in Ref. 2. However, it is worthwhile at this point to
discuss MCT-3 and MOT-4 in some detail. The purpose of
MOT-3 is o correct the latitude of the orbiter PER point
(LATPER" to within an acceptable latitude band determined
hy the tar.et DR X XR tolerance zone centered at the PER
poat. Figure 58 illustrates the situation when LATPER is

DR = DOWNRANGE
XR = CROSSk, .NGE

¢LS = LATITUDE OF
LANDING SITE

#A = CHANGE IN
LATITUDE PRODUCED
8Y TRIM

i = INCLINATION

ACCEPTABLE CONTROL BOX
DR BY XR) ABOUT
ISPERSED PER F7/ANT

iDISPERSED —
NOMINAL CYBIT PLANE

TNOMINAL

DISPERSE _ 'JRBIT PLANE

APDENOTLS THE MINIMUM LATITUDE
HANGE NEEDED IF THE P-R POINT IS DISPERSED TOO
FAR NORT-

NOTEy ICN THIS FISURE,

Fic. 88. Latitude correction trim
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dispersed north of the landing site latitude. A numerical search
is used to dete,mine the position and direction of the space-
craft maneuver which corrects LATPER. while mmimizing the
cost function

+ AV

J=4V MOT-4

MoT-3

Eventually, statistical studies showed that the probability of
needing MOT-3 was less than 1%, so it was eventually dropped
from the maneuver timeline.

The last trim was to be performed at a true anomaly of
about 164 deg near All in order to correct A, to within
tolerances and to nullify any remaining timing error on the
separation orbit, while holding w essentially fixed. The ratio-
nale for selecting a true anomaly of 164 deg for MOT-4 :an be
understood by referring to Figs. 39, 40, and 42. The timing
error is corrected by changing the orbital period via a velocity
increment in the V), direction, which is along the spacecraft
velocity vector. However, i, can be corrected by changing the
velocity in both the 17, and V; (in-plane) directions. There-
fore, in order tc adjust the orbital period and hp indepen-
dently, a velocity component is added along V,, to change
period and a component is added along V; to adjust &, The
component along ¥V, must take into account that the Vy,
increment would also change #,. Now, the timing errors that
MOT-4 had been designed to correct are only those introduced
by execution and OD errors experienced by previous trims. So
the V), component would generally be much smaller than the
V; component. Reviewing Fig. 42 shows that the sensitivity
of w to V; is zero at 164 deg. Also, note that this true
anomaly is very close to the point (n = 160 deg) of maximus:
sensitivity of hp to a change in Vg, which means that the
maneuver point is a relatively efficient point to obtain a
combined period and hp change. Therefore, the 164-deg ma-
neuver point was selected. Essentially the same result could be
achieved at a true anomaly of about 196 deg on the same
spacecraft revolution. Figure 40 shows that the sensitivity of
hy to Vg 18 also maximized near this point, although in the
opposite direction. The final selection of the maneuver point
at 164 deg or at 196 deg could be made based on operational
considerations such as communication const:aints.

The Viking 2 strategy was designed primarily to correct
relatively large expected post-MOI orientation dispersions, to
control lander azimuth and SEA at touchdown, and to provide
site reconnaissance for both the primary and secondary sites
on two separate spacecraft revolutions prior to synchronizing
with respect to a site. It was also important to have 12 nearly
synchronous revolutions prior to touchdown 25 revs after MOI
for reconnaissance purposes. The maneuver timeline and phas-
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ing diagram is shown in Fig. 59. The maneuver sequence
consisted of

(1) The first trim MOT-1, which was to be either a time-
phasing maneuver performed near P2 or a combined
LATPER-correction and time-phasing maneuver at the
true anomaly of the vertical impact point (about 252
deg for Viking 2) between P1 and P2. In either event,
the time-phasing would nullify the site longitude offset
at P13.

(2) A time-phasing maneuver MOT-2 at P13 which would
produce a nearly synchronous orbit.

(3) A combined A _-correction and time-phasing maneuver
MOT-3 near A21.

This strategy was to be combined with a MOl maneuver
which would target to the nominal ellipse orientation angle ¥
(see Fig. 60) regardless of the estimated approach trajectory
(pre-MOI) inclination. MOT-1 could then be performed at the
true anomaly of the vertical impact point (see Fig. 61) to
rotate the orbit about this point to bring the PER point to
within an acceptable band about the latitude of the landing
site. The geometrical effects of MOT-1 are illustrated in Fig.
62. In this figure, point 1 is the expected location of PER
following MOI using estimated approach trajectory data; point
2 is the actual post-MOI PER location; and point 3 is the
post-MOT-1 PER location. Note that the angle from the verti-
cal impact point to PER (¢ + PER angle) is invariant.

In addition to correcting geometrical errors, the maneuver
strategy had to provide for observing both the primary site and
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Fig. 59. Viking 2 timing strategy and reconnalssance opportunities
for EMA < 9 deg
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the secondary site at acceptable emission angles twice prior to
synchronizing to the primary site, plus correcting in-plane
orbit size and shape (P and h,) errors. These requirements
were to be satisfied by correcting period and orientation errors
carly, and leaving periapsis altitude errors to be removed by
the last of the three preseparation trims.

The nominal post-MOI period and timing offset were se-
lected to provide near overflights of both sites twice prior to
synchronization at the thirteenth periapsis P13. The first in-
orbit trim is performed at the true anomaly of the vertical
impact point between P1 and P2. This maneuver is equivalent
to a rotation about the S-vector of the approach hyperbola
and restores the orientation and SEA, adjusts period to nullify
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the timing error at P13, and holds ¢ essentially fixed. These
constraints determine the velocity correction vector, which
means that the periapsis altitude cannot in general be con-
trolled independently with this maneuver and often is further
dispersed by it. If the post-MOI orientation parameters were
satisfactory, timing errors would be corrected at P2 and no
orientation correction would be made.

The second trim MOT-2 is made at P13 so that there are 12
near-sync orbits prior to landing. This trim is nominally a
synchronizing trisn, but, in the presence of OD and execution
errors experienced in MOT-1, it actually phases to the required
timing offset on the separation orbit. This maneuver is per-
formed at or near periapsis to minimize AV.

The third trim is performed at a true anomaly of about 164
deg (or equivalently 196 deg) between P20 and P21 in the
same manner as the last trim for Viking 1. The placement of
MOT-3 had to be properly balanced between P13 and P25.
Location soon after P13 permits too much time for timing
error growth by separation. Location too near P25 increases
the size of the MOT-3 AV and increases the final period
dispersions, which in turn increase the postlanding relay geom-
etry (timing offset) dispersions. Selection of a point near A21
was determined to achieve the best balance among the various
tradeoffs.

For this strategy, the nominal post-MOI orbit would pro-
vide a direct overflight of the site Bl on revolutions 1 and 7,
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and a near direct overflight of site B2 on revolutions 3 and 9.
The timing strategy involved for the nominal and 99% period-
dispersed cases is shown in Fig. 59. The vertical lines mdicate
the range of timing offset that will allow reconnaissance with
EMA < 9.0 deg. For each reconnaissance opportunity, two
such vertical lines are shown: one for the 99% low inclination
and hp values and the other for the 99% high values. These
parameter combinations are given because of the high correla-
tions between i and (pin = 0.98 for Viking 2 with radio
only OD and p;,_ = 0.86 for radio plus optical) on the post-
MOI orbit and because of their effect on EMA. Reconnais-
sance probabilities which include the effects of altitude and
orientation dispersions are given in Ref. 4.

Another significant feature of this strategy is that both
period and orientation errors are corrected early to meet
reconnaissance requirements. If the period errors were not
corrected early, large timing dispersions would occur at the
second reconnaissance opportunities for each sitc, greatly re-
ducing the likelihood of viewing the sites. If the orientation
errors were not corrected before the reconnaissance opportuni-
ties, large geometrical errors would produce unsatisfactory
viewing angles.

B. Maneuver Mechanization

The planned maneuver sequence for the Viking spacecraft
was a gyro warmup period followed by a roll turn, yaw tum,
possibly a second roll, and finally the motor burn to achieve
the desired AV. Tumns could be made of either polarity and for
durations exceeding a complete revolution about either (roll or
yaw) axis. The duration of the tums was controlled by count-
ing a specified number of pulses, each 1 s in length. Hence, the
computed (ideal) turns to implement a correction had to be
quantized to an integer number of seconds in duration and
could not be mechanized precisely. With a turn rate of about
0.18 deg/s, the maximum resolution error was 0.09 deg about
each of the axes. A similar situation existed for controlling the
magnitude of the velocity correction. An accelerometer was
used, which issued a pulse for each 0.03 m/s, corresponding to
a maximum resolution error of 0.015 m/s. In addition, there
was a requirement that each motor burn be at least 1 s (i.e.,
approximately 1/2 m/s for prelanding trims) in length.

There were two methods for reducing the effects of these
resolution errors and the minimum burn duration constraint.
One method was to alter the time of motor ignition, changing
slightly the pointing and magnitude requirements. The second
was to modify the direction of the maneuver in such a way
that critical target parameters were unchanged and resolution
errors were mapped into less important, and perhaps less
sensitive, parameters.



et

coampnan

[RR— TGN = RTINS .

In loading the maneuver into the spacecraft's onboard com-
puter, the turns parameters had to be specified well in advance
of implementing the maneuver. On the other hand, it was only
necessary at this time to estimate the velocity increment
magnitude AV (equivalently, the burn duration) and ignition
time. Following this stage of the maneuver design process, the
orbit determination process continued; i.e., additional tracking
data were processed to predict the orbital parameters at the
time of the trim maneuver. The AV and ignition time were
then updated to account for late changes in the orbit estimate.

Execution errors associated with the mechanization of a
maneuver may be classified as proportional (to the maneuver
magnitude) and fixed (independent of the magnmtude). The
inflight a priori 99% execution errors in both magnitude and
pointing are shown in Table 10 for both spacecraft.

Table 10. Inflight a priori execution errors (89%)

Proportional Fined

Mancuver Pointing. mrad magnitude, 7 magmitude, m/s
Viking 1
MOT-1 16 0.22 0.029
MOT-5 16 0.21 0.035
MOT-6 16 o 0.035
SKT-2 16 0.14 0.063
MOT-? 16 0.11 0.031
MOT-8 9.6 0.113 0.053
MOT-9 9 0.115 0.031
Viking 2
MOT-1 8.5 0.244 0.028
MOT-2 9 0.241 0.028
MOT-3 8.5 0.244 0.028
MOT4 8.5 0.239 0.028
MOT-5A 9.0 0.157 0.030

MOT-5 18.5 0.157 0.030

C. Maneuver Constraints

There were a number of constraints on the design of each
of the maneuvers, primarily on the turns that could be per-
formed and on the timing of the maneuvers. Two independent
roll/yaw tumn sets could achieve the desired thrusting direc-
tion, although the spacecraft oientation would usually be
different after the implementation of each set. By varying the
tum combinations, including tums of more than 180 deg,
eight different tumn sets can be found which yield the required
thrust pointing direction. In general, turns constraints identi-
fied by the Orbiter Performance Analysis Group (OPAG)
eliminated some of these sequences from further con-
sideration.

Turns constraints were determined by the pointing require-
ments of certain onboard instruments. The violation of these
constraints was checked by superimposing traces of the Sun
and Earth during the turns on another figure which indicated
the unacceptable regions in cone angle vs clock angle space
(Fig. 63). Thus, an appropriate set of turns was determined
from among the candidates. Specific instruments which im-
posed constraints were the VIS, IR, and the Canopus sensor
sun shutter. The VIS and IR imposed constraints on the
pointing of the scan platform. The constraint imposed by the
Canopus sensor sun shutter to prevent its being pointed at the
Sun was precautionary since the purpose of the shutter was to
protect the Canopus sensor from light sources such as the Sun.
The precaution was necessary because, if the shutter failed
either in the open position and the sensor was damaged by
being exposed to direct sunlight or in the closed position, the
spacecraft would be unable to maintain its star reference.

1t was also very desirable to maintain downlink communica-
tion dunng the motor burn. Communication constraints,
which required that the low-gain antenna (LGA) be directed,
with varying tolerances, to the Eartl., were satisfied by vectori-
ally adding a velocity increment to the maneuver in a noncriti-
cal direction.

Figure 63 shows the pointing region for the high-gain an-
tenna (HGA) in either the unflipped (*normal™) or flipped
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positions. To communicate over the HGA during the burn, the
turn set had to be selected to position the Earth vector in one
of these regions. Recall that a second roll turn was introduced
for MOI to communicate over this antenna in the flipped
position. However, flipping the antenna was generally consid-
ered to be risky and was not done for any of the trims.

Maneuvers performed on orbits having significant solar oc-
cultations were further constrained to lie within a specified
tolerance of the sun direction. Tl''s constraint limits the size of
the yaw turn to avoid further depletion of the ba.‘eries. And,
in fact, burns were performed in the cruise mode as sunline
maneuvers whenever possible. Thus the turns were eliminated,
greatly reducing operational complexity.

Timing constraints were imposed for certain trims. For
example, some trims were prohibited from being performed
within 1 1/2 hours of periapsis to permit the taking of relay-
link data. One maneuver was constrained to be at least four
hours after periapsis to allow sufficient time for the orbiter to
take and playback relay data.

These and other constraints are considered in more detail in
the discussions of the individual trims for each spacecraft given
below in Subsections E and F.

D. Trim Maneuver Software

The Mars Orbit Trim Operations Program (MOTOP) was
implemented for use by the Flight Path Analysis Group
(FPAG) to calculate and analyze the VO orbit correction
maneuvers required to acquire the landing site, to satisfy
mission and science objectives and to station-keep over the
lander. To meet these requirements, MOTOP was designed to
perform the following functions:

(1) Trim maneuver strategy function. Simulate selected
maneuver strategies designed to acquire primary and
secondary landing sites and to support postlanding VO
operations, while satisfying mission constraints.

(2) High-precision trim maneuver computation junction.
Compute the precise velocity correction vector and
time of ignition, given the best estimate of the space-
craft state, the required postmaneuver orbit param-
eters, and other mission, spacecraft and astronomical
data.

(3) Maneuver post-processing function. Given the velocity
correction, compute the turn sequences required to
achieve proper thrust pointing and generate the
maneuver-comrmandable quantities based on spacecraft
performance data. Data useful for the analysis of ma.
neuver constraints is generated. The turmn sequences
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required to properly align the VO relay antenna bore-
sight are computed.

(8) Statistical error analysis function. For each maneuver
of a maneuver strategy. perform an error analysis to
generate expected velocity cost and postmaneuver con-
trol statistics, given maneuver execution and orbit
determination uncertainties.

(5) Post-maneuver performance evaluation function. Based
on pre- and postmaneuver orbit determination, evaluate
-the performance of all orbit trim maneuvers after exe-
cution, including AV, and turns that were actually
implemented.

For further details on MOTOP, see Refs. 5 and 6.

To perform the five MOTOP operational functions, a vari-
ety of subprograms could be executed. However, as the mis-
sion progressed, the typical mode of operation was to perform
the strategy function by using just one of the MOTOP stra‘egy
algorithms. This algorithm targeted one trim to a maximum of
four parameters in the following list: period. radius at peri-
apsis, time for periapsis, right ascension of the ascending node,
argument of periapsis, inclination, latitude of the PER point,
and sun elevation angle. If less than four parameters were
targeted, the remaining degrees of freedom were used to mini-
mize AV. The high-precision anz'ysis was then performed by
using DPTRAJ in a man-in-the-loop iterative fashion.

E. Viking 1 Trim Maneuvers

This section and the following section treat the actual
adaptive design and implerientation of the maneuvers as the
mission progressed, including the inflight results. Tables 11
and 12 give the commandable quantities for each trim, while
Table 13 provides the resulting trajectory data.

1. Prelanding trim maneuvers. Figure §7 showed the origi-
nal maneuver timeline and phasing strategy associated with a
synchronous post-MOI target orbit. However, because of the
propellant pressurant regulator leak discussed earlier, two large
approach midcourse maneuvers were performed followed by
insertion into a 42-h orbit. This large initial target orbit made
it necessary to change the phasing strategy to that shown in
Figure 64. This strategy maintained essentially the same
maneuver timeline as that shown in Fig. 57, with phasing
maneuvers at P2, P5 and All. But MOf-] was now a large
period-change maneuver designed to return to the nominal
timeline to permit the taking of reconnaissance data and to
prepare for lander separation.

If the errors encountered at MOI were small, MOT-1 would
be a syncing trim to decrease the orbiter period from 42 h to



Table 1. Design quantities: velocity increment and ignition time

Table 12. Design quantities: turns

Vrlocity increment AV, Ignition ime GMT-OET

Maneuver
o i m/s (date, h:min:s)
Viking 1
MOT-1 80.053 6-21-76, 17:26:21
MOT-§ 25.7113 7-9-76, 00:40:00
MOT-6 2.736 7-14-76,07:12:00
SKT-2 2.228 8-3-76.03:00:00
MOT-7 21.327 9-11-76, 19:03:54
MOT-8 3.708 9-20-76,22:15:29
MOT-9 22.926 9-24-76, 15:10:00
Viking 2
MOT-1 4.077 8-9-76.17:16:00
MOT-2 1.776 8-14-76, 08:31:15
MOT-3 42.728 8-25-76,17:48:29
MOT4 11.292 8-27-76, 20:25:38
MOT-5A 5.006 9-29-76, 04:33:20
MOT-S 342.551

9-30-76, 21:07:38

synchronous. If the errors experienced on this trim were also
small, no further maneuvers would be nieeded to acquire the
niominal landing site. However, in the presence of large execu-
tion errors at MOI, the P2 trim would phase to produce a tilt
angle of less than 9 deg at P4 and P6. Note, for example, that a
dispersed path having a large positive offset at P2 would be
targeted for a negative offset at PS. This strategy improves the
tilt angle (equivalently timing offset) at P4. A satisfactory tilt
angle is then obtained at P6 by a phasing maneuver at PS. The
last trim is performed at A1l to sync over the site in prepara-
tion for landing. The probability (pre-MOI) of achieving a
9 deg or less tilt angle at P4 and P6 with the Viking 1 execu-
tion and OD errors was about 98%.

The phasing diagram in Fig. 65 shows the timing offset
between the Viking ! spacecraft and the planned landing site
at 19.5°N latitude and 34.0°W longitude. This figure gives the
planned sequence of events at the time of MOT-1, when hope
still remained for a July 4th landing. Even prior to implement.
ing MOT-1, it was clear that the PS trim, MOT-2, could be
deleted from the maneuver timeline. Recall from the discus-
sion above that MOT-2 was intended to phase to obtain
satisfactory tilt angles for reconnaissance purposes in the event
of large post-MOI orbit dispersions. However, the MOl was
very accurate and did not introduce large dispersions. Note
that the first periapsis passage P has been omitted in Figs. 64
and 65. This notation was sdopted to maintain the corre-
spondence between periapsis number and GMT reflected in
extensive operational plans. As shown in Fig. 65, the probabil-
ity was greater than 99% that the tilt angle requirement {tilt <
9 deg) would be satisfled for every rev before MOT-3; thus,

Turns, deg
Mancuver Roll reference T —
Roll Yaw Koll
Viking 1
MOT-1 Canopus 56.856 -126.850 0.0
MOT-§ Canopus -153.329  -130.500 0.0
MOT-6 Canopus 46.270 -51.100 0.0
SKT-2 Canopus 101.506 -23.907 0.0
MOT-7 Sirtus 125.177  -126.116 0.0
MOT-8 Sirius 0.0 0.0 0.0
MOT-9 Sirius 0.0 0.0 0.0
Viking 2
MOT-1 Canopus 0.0 0.0 0.0
MOT-2 Canopus 0.0 0.0 0.0
MOT-3 Vega 0.0 0.0 0.0
MOT4 Vega 0.0 0.0 0.0
MOT-5A Vega 0.0 0.0 0.0
MOT-5 Vega -141.351 -123.777 144.839

MOT-2 was cancelled. There was a small probability that
execution errors experienced at MOT-1 would produce a
period error that was large enough to require a phasing maneu-
ver at MOT-3, but, in fact, the Al site was almost perfectly
acquired by MOT-1.

Site reconnaissance now proceeded as planned and soon
showed that the Al site was unsatisfactory for landing. As the
search for a satisfactory nearby site continued, MOT-3 was
designed to provide for significant landing site adjustments as
late as possible. However, no satisfactory site was found in
time to permit a landing on July 4th.
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Fig. 64. MOT site soquisition strategies
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Premancuver (A2)

Postmaneuver (A3)

Premaneuver (A19)

Postmancuver (A20)

Premancuver (A24)

Postmaneuver (A25)

Premancuver (A43)

Postmancuver (Ad44)

Premaneuver (A82)

Postmaneuver (A83)

Premaneuver (A92)

Postmaneuver (A93)

Premancuver (A96)
Postmaneuver (A97)

Premancuver (A2)
Postmancuver (A3)

Premaneuver (A6)
Postmaneuver (A7)

42:21.07

24:39.40

24.37:13

24:46:34

24:45:51
24-39:04

24:36:21
24:38:17

24:32:08
21:52:37

21:52:38

22:13:45

22:13:55
24:38:42

27:37:12
27:18:47

27:19:16
27:24¢:47

rp. km

4907.2

4907.1

4905.6

4906.9

4906.2
4902.5

4900.1
4898.8

4885.5

4885.2

4882.4

4885.9

4885.2
4909.4

49124
4893.0

4892.8
4895.0

Table 13. Trajectory data

Parameters

§2, deg

Viktng 1: MOT-1
129.80

129.68

Viking 1: MOT-5

127.59
124.77

Viking 1: MOT-6

124.24

124.20
Viking 1: SK'1-2

121.94

121.78
Viking 1: MOT-7
117.12

116.99

Viking 1: MOT-8
115.78

115.72

Viking 1: MOT9

115.28
115.08

Viking 2: MOT-}

36.28
36.07

Viking 2: MOT-2

35.80
5.2

w, deg

39.76

39.94

42.74

44.89

45.61
45.82

48.96
49.31

55.82

56.03

57.63

5799

58.51
59.77

69.36
69.77

69.90
70.02

371.37

37.88

37.99

37.69

37.73
37.70

37.81
37.90

38.15

38.13

38.10

38.31

38.10
3s.16

§5.18
§5.20

55.21
55.21

Tune
(GMT,1.,76)

20:16.56 (6/2t1)

05:47.19 (6/22)

16:02 28 (7/8)

16 43:52(7/9)

19:48:34 (7/13)
20031-03 (7/14)

07:50-13 (8/2)
(8:28:06 (8/3)

06:50:09 (9/11)

06:02:33 (9/12)

10:56:42 (9/20)
08:59:57 (9/21)

03:41:26 (9/24)
03:08:11 (9/28*

05:08:11 (8/9)
08:33:16 (8/10)

18:30:49 (8/13)
21:52:53 (8/14)




Table 13 (contd)

i’urumeters
P, Time
B T km Q, deg w, deg 1, deg (GMT. 1976)
Viking 2 MOT-3
Premaneuver (A16) 27.24:47 4896.0 34.85 70.52 55.19 04:38:23 (8/25)
Postmaneuver (A17) 24:02:24 4818.3 34.78 72.66 55.65 06:22:43 (8/26)
Viking 2: MOT-

Premaneuver (A18) 24:02:31 4818.6 34.70 72.1 55.65 06:25:12 (8/27
Postmaneuver (A19) 24:31:19 4883.0 34.40 73.65 55.39 06:45:15 (8/28)
Viking 2: MOT-SA
Premaneuver (AS0) 24:38:28 4897.0 31.71 75.53 55.38 02:16:44 (9/29)
Postmaneuver (AS1) 24:38:35 4925.5 31.27 75.89 55.34 02:57:44 (9/30)
Viking 2: MOT-S
Premaneuver (AS1) 24:38:35 4925.5 31.27 75.89 5§5.34 02:57:44 (9/30)

Postmaneuver (AS2) 26:47:38 4902.3 54.6.1 68.34 74.90

04:56:43 (10/1)
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Since no site was found in the immediate neighborhood of
Al, MOT-3 and MOT4 were cancelled and a maneuver strat.
egy comprised of MOT S and MOT-6 was designed to walk to
an ares northwest of the original site. Following the implemen-
tation of MOT-S, the spacecraft began to walk to a candidate
site in the northwest region. In this walk, still another candi-
date was found. MOT6 cynchronized to this site at 22.5°N
and 47.4°W. Final adjustments in the site coordinates were
made and landing occurred on 20 July 1976 (GMT). Esch of
the trims is considered in tum in the following discussion.

The post-MOI orbit parameters are given in Table 13 and
the orbit geometry is shown in Fig. 66. MOT-1 was designed to
return the spacecraft to the nominal timeline to permit the
taking of reconnaissance data and to prepare for lander separa-
tion. The landing site rendezvous problem is illustrated in
Fig. 67.

MOT-1 was designed to remove all downrange (DR) error at
P1S and to perform no correction of the latitude of the PER
point (LATPER). The remaining error, XR, would then be
taken out by the VL at deorbit to conserve propellant on the
orbiter. Also, since the landing site was subject to adjustment,
it was possible that the current LATPER might be better than
the nominal one. Therefore, LATPER was left to precess to a
value of 19.65°N at P15. This meant that VL] would have to
crossrange 0.3 deg to move to 19.5°N or as much as 3.0 deg to
reach candidate sites further south. Deleting the correction of
LATPER also maximized the probability of needing only one
trim by minimizing the execution errors. In fact, the probabil-
ity of satisfying the entry angle requirements for the nominal
s'te was shown to be 86%. The Al site acquisition probability
density function is given in Fig. 68. This figure shows the
proLability of success as a function of the VL entry angle and
crossranging.

Given the sbove maneuver criteria, MOT-1 reduces to
period-change maneuver where the target period must provide
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DR =0 at P15. To minimize AV, the trim was performed at
periapsis, the most A Veefficient place for such a maneuver.
The maneuver was made in the direction of -V,,. Being
tangential to the spacecraft velocity vector essentially nullified

.

the effects of pointing errors and, in fact, the 99% accuracy
for period was predicted to be 1.8 min for the 80.053 m/s
burn.

The MOT-l design was subject to a constraint on the
maneuver execation time. The motor burn had to occur be-
tween 13:16 GMT and 22:16 GMT on June 21, 1976. This
block of time in the onboard computer CCS was reserved for
the maneuver commands. Commands for activities other than
the propulsive mancuver were loaded into the CCS for times
outside of this window. The boundaries of the window were
computed by FPAG prior to MO, using expected 99% disper-
sions for MOL. This maneuver constraint was easily met.

For MOT-1, the angle between the LGA and the Earth
exceeded SO deg so the burn was performed in the blind. The
commandable quantities are given in Tables 11 and 12, trajec-
tory data in Table 13.

Following the execution of MOT.I, site reconnaissance
proceeded as planned and soon showed that the Al site was
unsatisfactory for landing. As the search for s satisfactory site
continved, MOT-3 was designed to provide for significant
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Fig. 68. A-1 site acquisition probabllity

landing site adjustments as Jate as possible in support of a July
4th landing. Initially, it was not known whether the new site
would be east or west of the original one, or how far in either
direction. So AV-cost and accuracy analyses were performed
for changing the orbital perind +1 min while keeping /,, fixed
and satisfying the communication constraint (angle between
the Earth and the LGA <50 deg). Once the new site was
selected, the required period change to walk to this location
could be determined and the results for 1 min scaled to this
new value.

The problem w2s then considered in flight plane velocity
space, using the gradient values given in Figs. 39 and 40. The
magnitude of the AV,, component is determined by the
period change, while the AV, component cancels the h,
change introduced by the 4V, component. A third compo-
nent is required along AVN to satisfy the communication
requirement. Figure 69 shows the magnitude of the resulting
inplane velcity increm nt AV, and the 3-dimensional vector
AV for the period decreasing case AP = -1 min. Finally, the
expected 99% accuracy for pe iod is determined, using the
execution error statistics listed in Table 10, the serdtivity of
period to AV, and the angle between AV and AP),.

A new candidate landing site was selected at 19.35°N and
32.5°W for targeting purposes. Even though the landing site
selection team had not determined :hat there was 8 satisfac-
tory lander footprint about this point, the decision was made
to proceed with the maneuver design process fur MOT-3 30
that maneuver parametes: would be avallable if needed. Since
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Fig. 69. MOT-3 velocity cost snalysis for Viking 1, Ap = ~1 min

the site was to the east of the original one. the orbital period
had to be reduced.

MOT-1 had obtained an orbit that wouid place the PER
point at 19 5°N and 34°W. Figure 70 shows the resulting VL
accessible area, which consists of those sites that the lander
could reach by c-ossranging 3 deg or less and by targeting to
an entry angle 7. between -17.4 and - 16.2 deg. This figure
also shows the 997 landing dispersion ellipse if MOT-3 were
deleted and the lander performed +1.20 deg of crossranging
while targeting to v, = -16.51 deg. The benefit of using
MOT-3 for the new candidate (19.35°N, 32.50°W) was thus
seen to be questionable. But this cundidate had not yet been
shown to be acceptable for landing. Ir this site should be
rejected, the late update capability and the VL crossranging
capability could be used to attain another site in this eastern
region. However, since no satisfactory site was found in the
eastern region, MOT-3 was cancelled.

A new candidate site (AINW) was specified northwest of
Al at 23.4°N, 43.4°W, Therefore, it was necessary to change
botk the latitude and longitude of the PER point. A three-trim
strategy (Fig. 71) was designed consisting of phase and sync
maneuvers (1o correct the longitude) and 8 LATPERchang,
maneuver. However, subsequently, the finst of these maneu-
vers, known a5 MOT-4, was omitted by combining the phase
and LATPER changes in MOT-5. The only penalty for deleting
this mancuver was that the tilt angle would exceed 9 deg at
P20 for targets northwest of 23.5°N and 43.0°W.

The revised strategy is shown in Fig. 72. The design criteria
for this revised AINW acquisition strategy may be stated
bijefly as follows:
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Fig. 71. AINW acquisition with MOT-4, LATPERp = 23°N

(1) The orbiter will time-phase to the optimum entry flight
path angle vz = -16.8 deg.

(2) The lander will crossrange XR =-3.0 deg to reach the
northernmost site at 24.0°N latitude.

(3) The VL will land near periapsis P27.
(4) The orbit will minimize the drift following P27 if the
landing is delayed by five days.

i The maneuver software discussed earlier was used to com-
pute MOT-S to phase (adjust period) and correct orientation
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(LATPER) for minimum AV while holding h, fixed. The
resulting tilt angle expected at P20 and the VL accessible area
are shown in Fig. 73. Tilt angles for viewing the given latitude
and longitude are shown in the range from 0 to 20 deg. For
example, the tilt angle in the P20 coverage for a site at 24°N
latitude and 39.6°W longitude is 8 deg. The VL accessibie area
shows those sites that the lander could reach by crossranging
3deg or less and by targeting to y. between -17.4 and
-16.2 deg.

An analysis was performed to determine the latitude and
longitude changes that could be accommodated with the late
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update. (Recall that late updates involved changes in AV and
Lign> while the turns remained fixed.) The band of equivalent
latitude and longitude adjustments that could be obtained by
such an update are shown in Fig. 74. The solid line marked
AAV= 0.0 m/s shows site changes that could be made by
adjusting only the ignition time. Other lines running parallel to
this one show sites that could be obtained by also adjusting
AV. The band is shown for changes of only +30 min in ¢,.,,
because this was approximately the maximum adjustment cap-
ability at the time of the final maneuver design.

This information concerning site targeting adjustment capa-
bility was of great interest at this point in the mission since the
very intense search for the final landing site was still in
progress. In fact, prior to implementing MOT-5, another site
was selected at 23.5°N latitude and 51.0°W longitude: This
new site became known as AIWNW. Table 14 can be used as a
reference for keeping track of the site changes.

As discussed above, some latitude and longitude adjust-
ments could be made while using the thrust directions speci-
fied for AINW. However, to walk to this new site, the wait
time between MOT-5 and MOT-6 was increased according to
the phasing strategy shown in Fig. 75. MOT-5 would still
perform the LATPER-change and phasing; MOT-6 wouid be
performed near P26 to sync. The phasing was to target for the

Table 14. Viking 1 landing site targeting ¢ Jjustmenta

Parameter Al AIR AINW AIWNW AIWNWSE t;:‘e‘;'.
Latitude, °N  19.5 1935 234 235 225 224
Longitude, °W 340 32.5 434  SI.0 474 415

SEA at TD, deg 29.8 308  38.0 39.0 38.1 38.2

3Viking 1 landed at 22.46°N latitude and 48.01°W longitude.
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Fig. 75. Site scquisition for Viking 1

optimal vz of -16.8 deg at P30 (or, if delayed, at P35). The
fan of paths at the MOT-6 maneuver shows the results of
changing the longitude targeting requirements by £5 deg after
MOT-$ has been executed. A contingency plan is also shown in
the figure. If, following the taking of additional reconnaissance
data, the decision were made to retum to AINW, MOT."
would be executed at P23 for the optimal v, = -16.8 deg to
+ouchdown at 23.4°N, 43.4°W near P27.

When the commandable quantities were determined for
targeting to AINW, the GMT ignition window was specified as
23 h: 35 min on July 8 to 00 h: 40 min on July 9. Moving to a
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site farther to the west required increasing the period. Hence,
it was necessary to delay the :aneuver. Because of the con-
straint to remain within the ignition window, the mancuver
was performed at the latest allowable time at a slight AV
penalty. The required AV was 25.713 m/s.

Only the final (updated) commandable quantities are
shown in Tables 11 and 12. Table 13 shows the traectory
data. The P30 value of LATPER was changed from 21.1 deg to
22.0 deg by MOT-S.

Still another candidate site. known as AIWNWSE (22.5°N,
47.4°W) wos located by using reconnaissance data obtained
during the walk begun by MOT-5. MOT-6 was designed to
time-phase to vy = -16.8 deg at this site, while minimizing the
postmaneuver asynchronism. The latter was needed to give
more time to select a landing ellipse if the proposed area was
very rough. These objectives put a heavy demand on the
period accuracy.

The design of the m:neuver involved a tradeoff of several
factors:

(1) The need for optimal period cuitrol.
(2) Timing constraints at P30 and P35.
(3) A favorable geometry for communications.

(4) No change in hy.

This is a 4-dimensional optimization problem. To simplify the
analysis, the requirement to fix h, was ignored at first and the
problem was considered in flight plane velocity space. A AV,
component was needed to decrease the period by 6 min 40 s
to time-phase. A normal component AV, was needed to
satisfy the 50 deg constraint on the angle between the Earth
vector and the LGA. We know from the gradient curves that
the required magnitudes of AV, and AV, are functions of
the true anomaiy. The period sensitivity to AV,, is symmetric
about the true anomaly n = 180 deg, but maneuver locations
with 1 > 180 deg were more favorable for communications, So
only this region (n > 180 deg) was considered. Figures 76 and
77 show the 99% period control and AV cost, respectively. A
maneuver at apoapsis would provide the best period accuracy,
but would have changed h,, by 120 km. Also, the AV cost is
largest here because of the relative insensitivity of period to
velocity changes. For example, if the maneuver at n = 220 deg
were to maintain hp fixed, the 99% period accuracy would
have increased to 12s.

As a tradeoff, the maneuver at n = 262.5 deg was sel..cted.
Calculations using high-precision (DPTRAJ) trajeciory data
and LTOP target data refined the maneuver design to AV =
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2.7m/s (AVy = 1.2 m/s, AV, = 2.5 m/s) and a 99% period
accuracy of 11 s, The timing offset history is shown in Fig. 78.

The landing site specification was finalized at 22.4°N lati-
tude and 47.5°W longitude. Figure 79 shows the VL param-
eters for revs 30 and 35 that :esulted from the execution of
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Fig. 78. Site acquisition strategy following MOT-5

MOT-6, where the dashed curves at vz =-16.9 and v, =-15.7
deg indicate desired VL operating limits. Thus, MOT-6 had
adequately completed the final landing site acquisition prepar-
atory to lander separation.

2. Station-keeping trim. The mission design designated cer-
tain SOLs as station-keeping maneuver opportunities. That is,
station-keeping trims (SKT) could only be performed on SOL
5, SOL 13 and SOL 26. SOL 5 was reserved for an early SKT
to adjust the relay geometry in the cvent that the lander
attained an unfavorable orientation. After the landing, the
orientation was found to be favorable for the relay so this
maneuver was cancelled. In fact, only the SKT at SOL 13 was
performed for Viking 1.

The maneuver design was greatly influenced by a malfunc-
tion that occurred on VL-1 following landing. The lander relay
to the orbiter had been mechanized to operate in a 1., 10- or
30-W mode. Instead of cperating in the 30-W mode as pro-
grammed, the lander uscd the 1-W mode on SOLs 1 and 2. On
SOL 3, VL-1 began using the 30-W capability. Since the reason
for this relay link malfunction was rot known, there was
concern that the VL-1 might switch back unexpectedly to the
1-W mode. Therefore, the trim was designed to maintain the
VO- J-VL relay which would provide maximum 1-W relay per-
formance.

Figure 80 shows the longitude offset history for the orbiter
with respect to the landing site. The dashcd curve shows the
offset if the SKT-2 had not been performed. This path would
have moved the VO to a geometry which provided better
(longer) 30-W performance. However, an SKT would have
been required before the EOM in any event. Another reason
for performing the station-keeping at this SOL rather than a
later one was that Viking 2 was still in interplanetary cruise,
whereas a later opportunity would have been during the busy
time of Viking 2 landing site selection. The solid path was
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Fig. 80. Station-keeping strategy for Viking 1

chosen to keep the VO in the area of good 1-W performance
through about SOL 40. This would allow about 25 more SOLs
:0 observe and analyze the relay link mode selection. Another
SKT could have been performed later to again adjust the offset
to remain within the good 1-W region if necessary. However,
this additional trim was not needed.
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To introduce the longitude shift discussed above, it was
necessary to increase the orbital perind of the VO by 2 min
13 s. It was also necessary to keep hp tixed and to perform the
maneuver at least four hours after periapsis. This ignition con-
straint allowed sufficient time for the VO to receive and play
back relay data from the lander. The minimum AV maneuver
that would target to the increased period and fixed k ,, subject
to the execution time constraint, was located at the beginning
of the ignition window, i.e., at a true anomaly of 162 deg. This
maneuver was an in-plane maneuver of 1.9 m/s and orthogonal
to the A, gradient.

To reduce the effect of execution errors on the orbital
period, an out-of-plane component AV, was added to the
velocity vector as shown in Fig. 81. Figure 82 shows the effect
on period control as the angle between AV,, and AV is
increased, while the component along AV, is fixed. When AV
points directly along AV,,, ie., the angle is zero, the fixed
magnitude execution error is the dominate error source point-
ing in the direction of maximum sensitivity to orbit period. As
the angle increases, the sensitivity to the fixed error decreases.
For large angles, the pointing error begins to dominate and the
period error rises.

Finally, it was desirable to maintain communications during
the maneuver. At the time of the SKT, the communications
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angle constraint was that the angle between the LGA and the
earth not exceed 40 deg. Since this communications constraint
could be satisfied with acceptable period control (5 s 99%) at a
AV penalty of only 0.3 m/s, the maneuver shown in Figure 81
was performed. The commandable quantities are given in
Tables 11 and 12, Trajectory data are given in Table 13.

3. VO excursion maneuvers. Three trims were performed
to “walk” VO-1 to VL-2. The walk was designed so that VO-1
could support VL-2 science data return in an optimum manner
during the VO-2 plane change and resync walk period, Septem-
ber 29 to October 17, 1976. Resynchronizing the VO-1 orbit

cast of the VI.-2 landing site would afford the optimum
VL-2/VO-1 relay link windows. Hence, a walk/resync maneu-
ver sequence was designed to positio; the VO-1 orbit track 11
deg east of the VL-2 longitude at the time of VL-1 latitude
(22.4 deg) overfly. Figure 83 shows the geometric rela-
tionships.

In addition to providing the relay geometry discussed
above, the maneuver sequence was required to walk around as
much of the planet as possible by periapsis P88 for site
reconnaissance purposes. Figure 84 shows how much longitude
would not be overflown as a function of the targeted longitude
at P93. This figure also shows the required walk rat in deg/rev
for the interval from P80 to P88 to achieve the targeted site
longitude and the corresponding AV cost. For example, a
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desynchronizing trim performed at P80 to produce a 40-deg/
rev walk rate would cause the spacecraft to overfly all but 30
deg of longitude by P88, while the AV cost would be less than
60 m/s.

Ultimately a decision was made to land VL-2 at B;. How-
ever, by this time, the orbiter science long-range planning had
begun working to a 40-deg/rev walk. To avoid redoing this
sequence design work, it was required that the first phasing
maneuver target to this walk rate. Following a decision to
delay each of the planned maneuvers for two revolutions, the
final walk design characteristics were: (1) to provide a 14-rev
subsync walk beginning on rev 82 and ending on rev 96, (2) to

PERIAPSIS LONGITUDE, deg W
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Fig. 85. VO-1 walk timeline
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begin the wulk at 40 deg/rev, and (3) to resync, providing
maximum duration VL-2 to VO-1 relay links, i.e., to provide
the geometne relationship shown mn Fig. 83.

These objectives were achieved via a sequence of three
trims:

(1) MOT-7 ncar P82 to begin a 40-deg/rev walk,

(2) MOT-8 on rev 92 to phase to the Viking 2 site on rev
96.

(3)-MOT-9 on rev 96 to sync 11 deg east of the Viking 2
site.

Since VO-1 was now moving into a period of solar occulta-
tions which would result mn a significant drain of the VO-1
batteries, a turns constraint was imposed on MOT-8 and
MO19. If the yaw maneuver were to move the solar panels
too far off the Sun, the power system would switch to a share
mode in which the spacecraft would get some of its power
from the Sun and the rest from the batteries. MOT-8 and
MOT-9 were constrained to a yaw of less than 40 deg to avoid
the use of this share mode and thus avoid further depletion of
the batteries.

MOT-7 was to be performed on rev 82 to begin a 10-rev
subsync walk of 40 deg/rev as shown in Fig. 85, (A subsync
walk was chosen to walk around the planet as rapicly as
possible.) Therefore, it was necessary to reduce the orbital
period by 2.7 hours. T minimize the AV cost, the maneuver

NODE LINE

SUN
(12° ABOVE PLANE)

EARTH
(2A4% ABOVE PLANE)

Fig. 8. MOT-7 geometry for Viking 1
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was performed at periapsis as a retromaneuver opposite the
spacecraft velocity vector (Fig. 86).

The accuracy of the maneuver was considered acceptable
because the period could be controlled to within 20 s t0 99%
probability. Performing the maneuver along the velocity vector
essentially nullified the effects of pointing errors. The 20 s was
essentiully due to magnitude errors only. Recall that the exe-
cution accuracy was impioved for the SKT by ad-ling o com-
ponent normal to the orbit plane. Such a strategy could not be
used here. In fact, adding such a component would have
degraded the accuracy by increasing the effect of the (propor-
tional) pointing error.

Finally, the cost of maintaining communications during the
motor burn of 19 m/s was deemed to be tou great. so this
maneuver was performed *in the blind.” Figure 86 shows the
geometry of the maneuver. Recall that the LGA points in the
- AV direction so that the 40-deg communication constraint
was violated. Figure 87 shows the graph of the expected
change in frequency (in Hz) during the MOT-7 turns that was
used for monitoring the maneuver, Since communications over
the LGA are not lost by the roll turn, a hold was built in
following this turn to allow time to verify that it was per-
formed correctly. After this verification, the spacecraft pro-
ceeded to perform the yaw. Approximately 4 min after begin-
ning this turn, the downlink was lost. The maneuver was
completed in the blind and was accurate to within 10s in
period. The commandable quantities are given in Tables 11
and 12; the trajectory and performance data are given in
Table 13.

MOT-8 phased VO-1 for VL-2 relay at rev 96. It was only
necessary to reduce the walk rate from 40 to 35 deg/rev by
increasing the orbital period by 0.3 h. This maneuver would
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Fig. 87. MOT-7 tume doppler for Viking 1

not have been needed if it were not for the 40-deg/rev walk
requirement following MOT-7. That is, the phasing could have
been accomplished by one trim instead of two.

After several strategies were considered. the minimum AV
sunline maneuver was performed at a true anomaly of 54 deg.
Performing a sunline muneuver greatly reduced the operational
complexity by eliminating the need for turns and also pro-
vided communications during the motor burn by remaining in
the cruise attitude. Figure 88 shows the geometry. Thirdly,
this orientation also avoided further depletion of the batteries
begun by the solar occuitations by keeping the solar panels
pointed toward the Sun. The 99% period accuracy was shown
to be 125, which was acceptable. Therefore, the 3.7 m/sec
maneuver was performed on September 20, 1976. Perfoi-
mance data are given in Table 13.

The post-MOT-8 timeline shown in Fig. 89 made it neces-
sary to redesign MOT-9. As discussed above, this maneuver had
been intended to complete the walk/resync maneuver se-
quence by syncing VO-1 11 deg east of VL-2. Before MOT-8
was implemented, a high-precision (DPTRAI) trajectory run
provided a list of the expected periapsis passage times through
P110, assuming nominal MOT-8 and MOT-9 trims. Before
MOT-8 was implementad, orbiter science viewing and relay
link times were computed based on these expected postmaneu.
ver data. Execution errors experienced at MOT-8 introduced a
somewhat different periapsis history. Therefore, the target
period for MOT-9 was adjusted to correct the future periapsis
timeline, while sacrificing the requirement to resync at 11 deg
east of VL-2. Given this tradeoff, a perfect MOT-9 would now
produce the expected periapsis passage times through P110 to
within 1 min and obtain an orbit that is 1.1 min super-
synchronous.

This maneuver was also performed along the sunfine for the
same reasons as was MOT-8. The AV penalty for performing
the maneuver along the sunline was only 4 m/s, which was
considered acceptablc. The orbital geometry characteristics
were the same as those for MOT-8 since the maneuver was
again performed at the minimum AV sunline maneuver loca-
tion. The VO-1/VL-2 offset history following MOT-9 is shown
in Fig. 90. Performance data are in Table 13.

Note that this maneuver sequence increased the height at
periapsis to 1516 km. One of the alternate strategies that was
considered would have kept h,, fixed by performing MOT-8 at
about 139 deg. Such a MOT-8 maneuver would have lowered
hy, in anticipation of raising it again at MOT-9. Hawever, it was
decided that fixing h,, was not worth an increase in AV cost of
4mfs.
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F. Viking 2 Trim Maneuvers

1. Prelanding trim maneuvers. Since Viking | had shown
how difficult it :an be to obtain a satisfactory landing site on
Mars, the Viking 2 site certification and acquisition process
was designed to look at three candidate sites before the space-
craft was synchronized aver any one of them. A site selection
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Fig. 90. VL-2/VO-1 offset

walk was performed to look at site B in Cydonia, B2 in Alba
Patera, and B3 in Utopia Planitia. Furthermore, each of these
sites was only specified as lying within the latitude and longi-
tude bands shown in Table 15. However, a candidate in the Bl
band at 46.0°N and 10.0°W was used as the nominal site for
the initial design phase.

The MOI maneuver was targeted to a period of 27.4h to
introduce a walk rate of 40 deg/rev (+2.8 h of asynchronism).
Therefore, the spacecraft could, in the absence of MOI disper-
sions, acquire the nominal site with a single trim at P19 aftera
walk of more than 720 deg. Following the P19 trim, the
spacecraft would be in a synchronous orbit in preparation for
the landing to occur during rev 25. Figure 91 shows this
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Table 15. Candidate Viking 2 landing sites

Best estimate

Site Longitude range longitude L“‘"Ndc
before MOI range

B1 345°W to 15°W 0°W 40°N to SO°N

B2 90°W to 140°W 110°W 42°N to SO°N

B3 200°W to 270°W

257°W 40°N to 50°N

nominal maneuver timeline, together with the reconnaissance
(VIS) and IR schedules. Note that these activities would be
performed for B2 on revs 4, 7 and 8, and for B3 on revs 9, 10
and 11. IR data would be obtained for Bl onrevs 12, 13 and
'4. The rev 4 observations were to be taken near the ascending
crossing of the candidate site latitude, while all of the others
would be near the descending crossing (dashed line on Fig.
91). V01 would obtain VIS data for Bl.

Dispersions for the post-MOI orbit could introduce the
need for up to two additional trims: MOT-1 at P2 and MOT-2

at P6. The 99% dispersions are shown as dashed lines in Fig.
91. MOT-! would time-phase to the nominal Bl site at P19 1f
this would produce acceplable geometrical conditions on the
reconnaissance and [R revs listed above. Reconnaissance
demanded an EMA <9 deg: IR needed a timing offset of less
than 5 min. If these requirements were not met, MOT-1 would
phase back to the nominal (solid) timeline at P6, where MOT-2
would phase to B1 at P19.

Other trims would be needed to cover all site selection
alternatives. If B2 or B3 were selected, MOT-3 would be
performed at P16 to move to the new site. Note that the walk
rate following MOT-3 is determined by the longiwude of this
new site. The syncing maneuver MOT-4 would follow at P18
for B3 or P19 for B2. However, it was noted that proceeding
to B2 in this fashion would be AV-expensive since it required
moving to a subsynchronous orbit at P16 to walk eastward. An
alternate plan would have delayed these two maneuvers to P21
and P23 (maneuvers MOT-7 and MOT-8 in the figure). This
plan would move the spacecraft westward at least to P23,
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saving almost 50 m/s but would also delay the landing to rev
27. If Bt were selected, MOT-5 and MOT-6 would provide the
phasing and syncing respectively. Figure 91 shows thiee paths
for each site. Two of these are for the endpoints of the
longitude ranges. The intermediate one shows the path to the
best estimate shown in Table 15 except for Bl where the path
is to 10°W (the preflight nominal).

This maneuver strategy possesses several very desirable
characteristics:
(1) It requires as few as one trim.

(2) All site-selection data are acquired at least five days
before the selection maneuver (MOT-3 or MOT-S).

(3) Information is acquired on all sites before the decision
point at P16.

(4) Maneuvers and observations are not required on the
same rev.

(5) All trims are on fixed revs with no multiple options.

The disadvantages are:
(1) The strategy could requtre up to five trims.
(2) The walk size cuts down IRTM diurnal capability.

(3) The trims to B2 are costly or a delay in landing is
incurred.

The four pre-landing trims that were actually performed are
considered in turn below, The first two were the statistical
trims MOT-1 and MOT-2. The others were the site selection
trims MOT-3 and MOT-44. which scqiired the final target
landing site at 47.9°N areographic latitude and 225.8°W jongi-
tude in the B3 area. Maneuver data for all of the trims are
given in Tables 11 and 12.

Two strategies were considered for the first trim, MOT-1.
Figure 92 shows how the timing offset history for each of
these strategies would differ from that of the pre-MOI design.
Since the post-MOI period was 12 min too large, the spacecraft
reached P2 24 min late, i.c., approximetely 6 deg west of the
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desired longitude. One strategy would return the spacecraft to
the nominal pre-MOI design by P6, where a second trim would
obtain the nominal post-MOI period of 27.4 h. After P6, the
spacecraft follows the nominal offset history shown in Fig. 91,
Note that this path satisfies the +5-min IR constraint for those
revs on which the IR data are to be taken. The second strategy
would cancel MOT-2 and target MOT-1 to achieve the pre-MOI
design value for the time of periapsis passage at P7. Canceling
MOT-2 would eliminate the need for late updates to the
observation times for revs S through 15. These times would be
known as soon as the post-MOT-1 orbit was determined and
could be loaded into the onboard computer at that time.
Eliminating the trim would also remove the risk involved in
performing another maneuver. This MOT-1 targeting would
(1) cause the spacecraft to overfly the midpoint of the Bl
region at P19, (2) maintain the P7 observations exactly with
respect to the plan, (3) enhance P8 through Pi1 reconnais-
sance observations in the B2 region, and (4) produce no ex
pected degradation in the P12 through P15 IR observations.
The timing offset history for this one-maneuver -trategy is
shown in Fig. 91 as the path labeled P.

The two-maneuver stiategy was designed to decrease the
period by 19.3 min at MOT-1, producing a period which is 6
min less than the nominal post-MOI value of 27.4 h. Thus the
24-min offset error at P2 is removed at the rate of 6 min per

rev for four revs to P6 (Fig. 92). The partial of period with
respect to velocity, given in Fig. SS, shows that such a period-
change can be accomplished by a 3.5-m/s sunline maneuver at
the true anomaly n =275 deg. However, by performing the
maneuver at n = 243, it can also be used to remove the +18-km
h, error experienced at MOI for AV = 4.15 m/s. Actually,
MOT-1 was designed to overcorrect the h, error by 2 km,
anticipating the fact that MOT-2 would raise it again. A small
AV penalty was accepted n favor of the sunline maneuver
(Figs. 93 and 74) to (1) provide excellent communications,
(2) avoid using power from the hatteries, and (3) simplify the
operational complexity involved 1n command generation, The
99% period accuracy of 8 s was also acceptable. The second
trim (MOT-2) is then performed at P6 as a sunline mancuver to
increase period by 6 min.

The MOT-1 of the alternate strategy was designed in a
similar manner. This maneuver would have decreased period
by only 17.1 min for 4.05 m/s.

The two-maneuver strategy was selected, with the maneuver
being performed at 17 h: 16 min GMT on August 9, 1976. As
for MOT-1 on Viking 1, this maneuver was subjected o a
constraint on the execution time. That is, the motor burn had
to occur within a window (between 15 h: 00 min GMT on
August 9, 1976, and 04 h: 00 min GMT on August 10, 1976)

MOT=1 SUNLINE MNWR DESIGN

Fig. §3. Orbit plene for Viking 2
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that had been reserved in loading commands into the CCS.
This constraint was easily met.

The period obtained by MOT-] was 5.4 s too small due to
execution errors. Figure 95 shows how the timing offset his-
tory would differ irom the pre-MOIl design if the MOT-2
maneuver computed before MOT-1 was performed. This path
would have remained well wir*'n all constraint limits, but the
maneuver was updated to produce the second path shown in
the figure. Figure 55 shows that the required pesiod increase
of 6 min could have been obtuined by a 1.2-m/s sunline
maneuver at n= 95 deg. High precision (DPTRAI) analysis
obtained the preliminary commandable quantities: RT = 0.0
deg. YT = 0.0 deg, AV = 1.27 m/s, 1,5, = 08 h: 56 min on
August 14, 1976. At the time of the delivery of this prelimi.
nary set, the ignition window was specified to be 08 h: 10 min
to 10 h: 10 min, while the AV and time of ignition could still
be updated.

The update capability was used principally to improve the
period control accuracy following the trim, Figure 96 shows
the AV cost ang 99% period control accuracy for sunline
maneuvers at different true anomalies. The discontinuities in
the period control graph were caused by the fact that the 99%
fixed magnitude error was given as 0.052 m/s for burn dura-
tions less than 33 and only 0.028 m/s for longer burns.
Therefore, the best period accuracy within the GMT window
could be obtained by a maneuver at n= 40 deg. Using the
Iatest orbit determination, the command update made AV =
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Fig. 95. Viking 2 orbit timing at MOT-2

1.8 m/s with motor ymition at 08 h: 31 min: 15s GMT on
August 14, 1976. The maneuver geometry is shown in Fig. 97.

Eventually, a candidate site was located in the B3 region.
Huwever, this site was only specified as 45.0°N $1.5° areo-
graphic latitude and 226.0°W £2.0° longitude (see Table 16).
Trims MOT-3 and MOT-4 were then designed to:

(1) Reach arcographic latitudes from 46.5°N 1o 49.5°N
with less than 3 deg of VL crossranging (XR).

(2) Target timing to the optimum lander entry flight path
angle

Ve =" 17.0 deg

(PER =-9.9 deg).

(3) Treat the point at 48.0°N areographic latitude and
226.0°W longitude as the nominal site.

(4) Perform MOT-3 and MOT-4 near P16 and P18 respec-
tively.

(5) Land near P25.
(6) Minimize the orbit drift for a 5-duy delay in landing.
(7) "rovide communications during the burn if possible,

The two trims had to walk the spacecraft to the new site
longitude and increase LATPER by 1.8 deg. Figure 98 shows
the site acquisition timeline. To time-phass, MOT-3 must
change the period from 27.4 to 24.05 h. This subsynchronous
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Table 18. Viking 2 landing she acjustments

Specification  Specificatior.

for MOT-3  for MO14  Achicved
. . site
desigr. __design
Aicogtaphic latitude, °N 48.0 1.5 47.9:1.5 47.97
Areocentric latitude, °N 47.7 +1.5 47.6+1.5 47.67
Longitude, °W 226.0 £2.0 225.8:2.0 225.67
Sun elevation angle, deg 130.0 :3.0 130.0 £3.0
T T T T T
-13

99% PERIOD CONTROL, s

e —) —
=

| /
BURN DURATION = 34 -1

| \

|
GMT WINDCW 8:10 & 10:10 1
| 1 1 |

1
x° «° o 120° 150°  10°

TRUE ANOMALY, deg

Fig. 96. Mensuver update analysis for Viking 2 MOT-2

orbit takes out the longitudinal offset at the rate of 9 deg per
rev. MOT4 then synchronizes the orbit. The timing oftset
jumps shown n Fig. 98 at P16 and P18 reflect the changes in
the right ascension of the PER point produced by the trims.
The amount of LATPER correction by each tnm was selected
by considenng sunline maneuvers at vanous true ancmalies.
Since MOT-3 was required to increase LATPER and decrease
period, it had to be performed before periapsis (Figs. 55 and
56). Therefore, sunline maneuvers were targeted at true anoin-
alies before periapsis to change this period from 274 to
24.05h. On the other hand, MOT4 nad to increase both
period and LATPER, so sunline maneuvers were targeted at
true anomalies after periapsis to move the spacecraft from the
24.05-h orbit to a synchronous one. This process determines
the postmaneuver values for all orbital pirameters. The results
for the two trims were then inspected 1o find a combination of
mareuvers that would increase LATPER by 1.8 deg and pro-
auce a final h, value of 1500 km. F gures 99 through 102 give
the AV cost and achieved hp and ¢ ATPER changes. After the
MOT-3 maneuver at n = 290 deg and MOT4 at = 130 deg
had been selected, a high precision (DPTRAJ) analysis pro-
duced the trajectory changes shown iz Table 17. Note that the
inclination of the orbit is .ncreased by each of these maneu-
vers, reducing the AV cost of the later planc change maneuver,
which had to raise inclination to 75°,

Thus it was possible to design both trims as sunline maneu-
vers, providing excellent communication angles. Table 17
shows the planned trajectory changas for the preliminary
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Fig. §7. MOT-2 geometry for Viking 2
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Table 17. MOT-3 and MOT-4 trajectory summary for Viking 2

Pust-MOT-3

Pre-MOT-3 —_—- Post-MQT-4 SLP

Parameter actual Target Achieved target target
Period, h:min:s 27:24:45 24:02:56 £103s(997%) 24:02:24 24:37:20 £155(997) 24.37:20
Periapsis altitude,® km 1512 1433 1434 1497 1500
Arcographic LATPER, deg 46.0 47.5 475 47.9 48.1
SEAPER P deg ~ - - - 128.9
Inclination, deg 5§5.2 55.6 55.6 554 55.4
Time of P25, GMT 249/0107 247/1823 247/1818 247/2249 247/2249 1165 (99'7)

4The periapsis altitude was computed using the value 3384 for the Mars radius at the landing site latitudes.
PSEAPER is the sun elevation angle at PER passage on the touchdown orbit.
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Fig. 102. MOT-4 h, and LATPER changes for a sunline maneuver
on Viking 2

command set. Note that the 67-km h,, overcorrection intro-
duced by MOT-3 is to be restored by MOT-4, Also, the Sun
elevation angle at PER passage on the separation orbit is
essentially nominal. The maneuver geometries for both trims
are shown in Fig. 103. The VL accessible area, shown in
Fig. 104, covers almost all of the specified region (inside
shaded portion) of candidate landing sites. Note that the
99% landing ellipse for zero lander crossranging and vy =
-17.0 deg is centered at the nominal site (48.0° aerographic
latitude, 226.0°W longitude). The ellipse for +3.0 deg of
crossranging is also shown in this figure for comparison
purposes.

Table 17 shows the orbit attained by MOT-3. LATPER was
only +0.003 deg high while the period was 32 s too small. At
this time, a slight adjustment was made in the nominal Vik.
ing 2 landing site, which was specified for MOT4 design pur-
poses as 47.9°N £1.5° areographic latitude and 225.8°W
+2.0°W longitude. MOT4 was retargeted to the optimum T =

-17.0 deg, obtaining the maneuver parameters given in Tables
11 and 12. This retargeting reduced AV by 0.4 m/s and made
the time of motor ignition 18 min (4° in true anomaly) earlier
than for the maneuver computed before MOT-3 was imple-
mented. Figure 105, which gives the VL accessible area, shows
that the new nominal could be obtained by +0.3 deg of
crossranging and 0.0 deg of downranging by the lander, The
99% landing ellipse is also shown.

The post-MOT4 orbit was perfectly acceptable. Landing
occurred near P25 on September 3, 1976 (GMT).

2. Post landing trims. A sequence of three postlanding
trims was planned for VO-2 to (1) increase the orbit inclina-
tion to 75 deg, (2) walk 480 deg around the planet in 16
revs, (3) resync the VL.2 to VO-2 relay near the descending
overflight of the VL-2 latitude, and (4) provide a Sun cleva-
tion angle greater than or equal to 15 deg at VL-2 overflight
following the resync.

The first of these maneuvers, MOT-5 on rev 51, was designed
to accomplish the large inclination change and produce an
acceptable SEA at the rev 67 (descending crossing) VL-2
overflight. It was also targeted to initiate the global walk. A
statistical trim MOT-6 of less than 2 m/s (99%) was planned
to follow on rev 56 to remave the effect of MOT-5 execution
errors on the orbit period. Later, MOT-7 would terminate
the global wall- for a AV cost of about 14 m/s. However,
after MOT-5 was performed, the other two trims were canceled,
leaving the spacecraft in a 26.8-h orbit.

The failure of the primary VO-2 IRU at VL-2 separation
raised concern about attitude control during MOT-5, When
the primary IRU failed, the secondary one was brought on-
line automatically. Since MOT-S was the first major maneuver
event to occur on the orbiter since separation, there was con-
cern that the backup IRU would fail during the burn. There-
fore, a short 5-m/s test burn MOT-5A was introduced before
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Fig. 103. MOT-3/MOT-4 geometries for Viking 2

the large plane change. Burning only 5 m/s without attitude
control would not be catastrophic, whereas the 350 m/s for
MOT-S surely would be.

The test maneuver MOT-5A was designed to (1) be S m/s,
(2) be performed at least 32 h before the large plane change
maneuver MOT-5, (3) maintain the rev 50 and 51 (SOL 25
and 26) relay links, and (4) be performed in the sunline
attitude if possible. In fact, MOT-5A was performed along
the sunline 40 h before MOT-S. The exact ignition time was
selected to avoid changing the orbit period, thus maintaining
the rev 50 and 51 relay links as previously planned. Recall
from the parameter sensitivity discussion that adding a velocity
increment orthogonal to V,, does not change period. Figure
106 shows the sunline direction to be orthogonal to V), at
the true anomalies n = 50 and 185 deg. At the latter, 99%
execution pointing errors maintain the time of P50 within
2 s and the time of P51 within 6 s. Since these errors would be
considerably greater at n = 50 deg, the n = 185 deg point was
selected. Note from the ¥ curve in Fig. 106 and the test
burn geometry shown in Fig. 107 that this maneuver had a
large component along the +V; vector. Therefore, the maneu-
ver would increase h, by 31 km. The normal component
would reduce inclination by 0.1 deg, which was a slight
penalty since the plane change maneuver was intended to
increase this parameter.

The test burn was executed at 04 h: 33 min: 20 s GMT on
September 29, 1976, producing AV = 5.006 m/s. The telemetry
data recewved from this maneuver showed no anomalies and
gave confidence that the spacecraft could satisfactorily imple-
ment the large maneuver to follow,

MOT-5 was designed as a AV optimal maneuver with three
target parameters (inclination, periapsis altitude and period),
subject to a constraint on the Sun elevation angle (SEA
=15 deg) at the rev 67 descending crossing of the landing
site latitude. An inclination of 75 deg was needed for polar
observations. This increase of 20 deg required about 350 m/s.
Given such a large velocity change along the normal (AVy)
direction, little additional AV was needed to achieve the
period and A, targets. But for this large a maneuver, the
execution errors were necessarily large and hy could only be
controlled to within £54 km (99%). Since the requirement
on h, was that it be between 1400 and 1500 km after the
maneuver, it was targeted for 1450 km to maximize the
probability of satisfying this constraint, The period was
targeted for 26.66 h, yielding a 30-deg/rev walk. Resyncing
after 16 revs would provide a longitude timing that would
achieve a 9-min offset east of the landing site when the space-
craft crossed the VL-2 latitude. This would maximize the relay
link duration (see Fig. 108). Figure 109 shows the AV cost of
targeting to these three parameters as a function of the target
value for SEA. The AV optimal maneuver of 343.2 m/s was
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selected, attaining an SEA of 22 deg. The maneuver and orbit
geometry is shown in Figs. 107 and 110.

The maneuver attitude was achieved by a three-turns
sequence: roll = -141.351 deg, yaw = -123.777 deg, and
roll = -144.839 deg. The late update specified AV = 342.551
m/s withignitionat 21 h: 07 min: 38 (GMT) on September 30,
1976. MOT-S was satisfactorily executed achieving A, = 1528
km, period =26.78 h and i = 75.1 deg.

ORIGINAL PAGE S

After implementation of MOT-5, and prior to the planned
phasing maneuver on rev 56, the science activity plans for
VO-1 were changed. The plan for a VO-1 wal* for radio
science was eliminated. As a result, VO-1, which had been
timed to provide the VL-2 relay during the VO-2 walk, was
left to continue the VL-2 relay. No further maneuvers were
made on VO-2, leaving it in the ~30°/rev walk. VL-1 relay
links were infrequent during this period, and were done with
VO-2 when the relative timing permitted.
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Lander Flight Path Analysis

E. A. Euler.G. L. Adams, and F. W. Hopper

I. Introduction

The primary functions of the Lander Flight Path Analysis
Team (LFPAT) were to (1) design the Viking Lander (VL)
descent trajectory and compute the descent guidance param-
eters for command transmission to the Viking Lander and
Viking Orbiter (VO), (2) reconstruct the VL trajectory from
separation to touchdown u:ing data transmitted from the VL
to Earth via the VO during descent, and (3) predict the
VL/VO relay link system pe:formance during descent and post
touchdown.

Each of these primary functions is discussed in detail in
subsequent sections. Sections II, III, and IV addiess item 1
above and discuss the preflight VL capability, the history of
proposed descent trajectory designs as the site selection pro-
cess evolved, and the final trajectory design and guidance
parameters for each vehicle. Sections V, VI, and VII address
the trajectory reconstruction process, including the overail
reconstructed VL flight path summary and a detailed discus-
sion of the entry trajectory and atmosphere reconstruction
results. The postland relay link prediction function is discussed
in Section VIIL,

The {ollowing paragraphs contain an overall description of
the LFPAT flight operations activities, key intsrfaces, proce-
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dures, timelines, and the software used to perform the func-
tions described above.

A. LFPAT Software

1. LTOP — Lander Targeting Operations Program. This
program consisted of a number of different modes to generate
and completely analyze proposed descent trajectories. The
heart of the program was a detailed three-degree-of-freedom
trajectory model. Although the onboard computer computa-
tions were not simulated in this program, all other applicable
VL subsystems were modeled to the degree of sophistication
necessary to maintain a flight path positional accuracy of
about 10 km at touchdown. Given the parameters of the orbit
on which separation was to occur, the program had the capa-
bility to construct deorbit maneuver parameters (time, point-
ing angles, AV) to achieve a variety of different desired target
conditions, perform an error analysis on a given trajectory,
predict the VL/VO relay link performance for descen:, ait
most importantly, compute the onboard guidance par. meters
necessary to achieve the desired flight path conditions. Adds-
tionally, the program operated in a postflight mode to make a
weighted least squares estimate of the deorbit maneuver
parameters and to generate the actual attitude profile prior to
entry using telemetry received from the VL.
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2. LATS - Lander Trajectory Simulation. This program
was a non-real-time, high-fidelity . six-degree-of-freedom digital
simulation of the descent trajectory. The onboard thght soft-
ware computations were functionally simulated, and all other
VL descent subsystems (i.e., radars, propulsion systems) were
modeled in great detail to accurately simulate the detaiiod
vehicle dynamics and onboard guidance, control, and naviga-
tion processes. This program was used primarily as a verifica-
tion of the descent gwmdance parameters and trajectory desig,
but it was also useful as an analysis tool to investigate poten-
tral anomalies. During preflight test und training, the program
was used to generate simulated onboard descent telemetry to
test the lander trajectory reconstruction process.

3. RLINK - Postland Relay Link Program. RLINK mod-
eled the VO orbital motion to predict the relative VL/VO
geometry after landing and used VO and VL relay subsystem
parameters to predict the overall link communications systems
performance. The output of the program was used to monitor
actual performance and to compuie the relay data transmis-
sion start times and durations for uplink planning.

4. PREPR - Preprocessor for Lander Trajectory and
Atmosphere Reconstruction. This nrogram provided the data
conditioning and editing functions necessary to prenare the
data obtained from onboard telemetry during the entry to
touchdown time period for the reconstruction software, The
preliminary functions included editing and calibrating the ac-
celerometer and gyroscope data and smoothing these data to
produce a continuous time history of angular velocity and
acceleration of the vehicle center of gravity at a desired fre-
quency. Other subsystem data used for reconstruction (radars,
pressure, temperature) was unaltered.

5. LTARP - Lander Trajectory and Atmosphere Recon-
struction Program. LTARP was essentially a ciassical orbit
determination program that employed a sequential Kalman-
Schmidt¢ filter. The six-degree-of-freedom trajectory was gener-
ated by integrating the sensed vehicle acceleration and angular
velocity data along witn gravitational accelerations. The ob-
servables were radar altimeter and terminal descent and land-
ing radar data, ambient and stagnation temperature and p :s-
sure data, and externally supplied position or velocity fixes
(e.g., landed position). The usage of the program is described
ir. Subsection VI-A.

B. Operational Activities

Although a number of operational support tasks were per-
formed beginning at ahout MOI-30 days (such as MOI/MOT
support), the activity penod leading directly to separation of
the VL started about SEP-10 days. At this time the predicted
separation orbit was well determined and s preliminary target
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landing site was avalable, allowing for a reahstic design of the
descent trajectory to be flown and the associated flight com-
puter load. along with an estimate of the key event times
(separation, touchdown, etc.).

The preliminary data was used to do preliminary command
and sequencing for both the VO and VL. and to perform
descent validation runs in the VCSF in Denver. This early
validation of descent was done to provide a “shakedown™ of
the system in Denver and to identify any potential problems
with the proposed descent. In actuality, this early test proved
valuable for VL-1 when ground hardware problems were dis-
covered in the VCSF in the first test of the system, performed
on June 25, 1976.

The descent validation process is shown schematically in
Fig. 1. The VL trajectory was targeted and the VL descrnt
guidance parameters were computed by the LFPAT u.ing
(. TOP, and then verified by the OMATT using DPTRAJ. . his
check by the OMATT was performed independently tv pro-
vide confidence that the proposed parameters were error-free
prior to release by the FPAG. The LPAG then generated the
necessary command load for the VL and prepared the pre-
dicted GCSC memory map at separation that was used to
initialize the descent simulation to the VCSF. The separation
state vector and attitude were sent from the FPAG to the LSO
to complete the set of initialization data. The simulation of
descent was performed by the LSO using the VCSF. Key
trajectory and ;ubsystem data was sent bhack te JPL by the
LSO for compurison with simulation results from FPAG pro-
grams LTOP and LATS. In addition, each element of the flight
team did other checks on the detailed output data in certain
specialized areas.

During the time period from SEP-10 to SEP-5 days, two
additional simulations were run that utilized worst-case envi-
ronment and subsystem data along with 3o trajectory pertur-
bations to further validate the propossd load under stress
conditions. This activity ended at SEP-5 days, at which time
all of the data was reviewed by the SPFPAD and problems
were identified and resolved.

This same process was repeated twice in the final three days
before SEP, but on a much tighter schedule. Table | shows the
operations timeline during this last criticai time period prior to
SEP. In addition to the activities described above to validate
the descent load, the translation from engineering parameters
to the 24-bit GCSC words and proper memory location was
performed by the LFPAT manually and compared with both
the predicted and actual memory maps. This provided an
independent check on the comsmand generation process for
descent,
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Fig. 1. Descent validation process

Becausc of the extremely short response time to anomalies
during this time perinod, preparations were made for certain
anomalies before the VL executed preseparation checkout.
Specifically, an alternate deorbit roll attitude was selected and
validated in case a lateral uccelerometer failure was observed
during the preseparation calibration. Also, trajectories were
designed and analyzed for a separation on successive orbits
after the nominal in case a no-go was encountered during the
countdown to separation. The availability of this data could
minimize the delay and aid in the reschaduling of separation.

The last prime VL navigation function prior to separation
was the evaluation of the latest VO orbit prediction data to
determine if a separation time update was necessary to remove

SEP-84 hr final site target coordinates
SEP-78 final orbit determination
SEP-77 preliminary descent mancuver conference
SLP64 FPAG delivery of descent guidance
patameters to LPAG

SEP-57 begin VCSF validation
SEP49 final descent maneuver conference
SEP4S descent validation complete
SEP44 VL/VO command conference
SEP43 VO uplink
SEP-39 VL uplink
SEP-33 VL preseparation go/no go
SEP-30 begin VL preseparation C/O
SLP-16 TSEP update conference
SEP-15.5 VL final C&S conference
SEP13 begin final VCSF validation
SEPL) final V9. command conference
SER9.5 final VL uplink
SERG VO uplink for TSEP
SEP4 final descent validation complete
SEP-3.S g0/no go
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the timing error inherent in the orbit solution used to generate
the onboard computer load. This change could be made as late
as SEP-16 hours and would reduce the onboard navigator
initial conditions error and landing site error due to this error
source. For both missions the timing errors were small (<1 s)
and separation time updates were not necessary.

One final verification of descent was performed between
SEP-13 and SEP-S hours that incorporated any VL commands
sent in the SEP-9.5-hour update and the most recent estimate
of the separation state vector. For instance, on Mission 2. the
decision was made to lock out one beam of the TDLR due to
an anomaly in the preseparation test. This was properly mod-
eled in the final LATS and VCSF verification runs. The suc-
cessful comparison of these simulations contributed to the
final decision to “go” with only 3 bcams used in the onboard
navigation process.

During the actual descents the entry trajectory status was
monitored and displayed by comparing the onboard estimate
of altitude vs time with the preflight nominal and 30 devia-
tions. These plots are shown in Figs. 2 and 3. Although the
VL-2 data was not obtained in real-time due to a VO-2
anomaly after separation, the plots were constructed during
the playback of the descent da:a from the VO tape recorder
the day after VL-2 descent.

After touchdown the emphasis shifted to the VL trajectory
and atmosphere reconstiuction (LTR) and relay link planning
functions. Because of the large preflight uncertainty in vehicle
performance and environmental data, the LTR function was
scheduled to be complete within 10 days after touchdown of
Mission 1 so that these results could be used in the design of
the Mission 2 descent and influence the Mission 2 landing site
selection. For Mission 1, all of the key parameters indicated a
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near-nominal descent and, in fact. when theaesults weie com-
pleted, every thing wians so close to the predicted values that no
changes were made to the Misson 2
detatled comparison of the predicted and actual thght param-
eters is given 1n Section Vi. The LTR process for Mission |
did. however, take longer than expected. The estimates of
systems performance and environmental quantities were not
truly understood until about four weeks after landing. As a
result of the expenence gained 1n this first attempt in dealing
with real entry data. the reconstruction of the Misston 2
descent went smoothly and was essentrally complete about
two weeks after landing.

trajectory despn. A

The relay hink planning functions and selection of final
transmission times were tied closely to the overall mission
operations strategy. At the beginning of cach long-range plan-
ning cycle (20-25 days betore commanding). the pradicted link
performance was used to spacify link durations at required bt
error rates. Prior to TD and early n the postland phase. these
durations were quite conservative, being ba< d on perforn.ance
above the QSS (quasistatisticil sum) of adverse tolerances,
After a number of observation: of actual relzy pertormance
were made and understood. the durations were bhased on
observed nerformance.

Approximately two days prior te the preliminary command
and sequencing activities for each cycle, tie Latest orbit predic-
tions were used to select the final VL transmission and VO
recewv 1 start times. No change was made to the durations.

These activities required close coordinatton  with  the
OMATT for design of VO orbit stati-n-keeping mancuvers.
Further discussion of the relay link activities is given in Sec-
tion VI

il. Preflight VL Capability Estimate

The design of the VL trajectory, sequence of events, and
associated onboard guidance parameters evolved over many
years and changed frequently as the design of the Viking
Lander matured. An cxtremely conservative approach was
taken in the design of all descent mission phases. This conser.
vatism was necessary owing to the lack of previous experienze
w.'h a spacecraft of this type, the desire to provide maximum
margin since the entire descent had to be accomplished with-
out ground intervention, and the large degree of uncertainty in
the Mars environment (atmosphere density profile, vinds, ter.
rain characteristics) that existed prior to the mission.

The relevant preflight system and mission constraints are
shown in Table 2. Because of VL aeroshell structural limita.
tions the maximum dynamic pressure q,,,,, experienced by
the VL during entry was no! to exceed 144 1b/f12. The total

e
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Table 2. Preflight system and mission constraints

Deortat A1 S 156 ms

Coani hime t - sh

Mavimum dy namie presaare < lad bt

[I'Hll A

Totad stapnation heat load (2~ 1S Btu 1e

Stagnation heating rate (- 26 Biu TR

- A
Parachute deployment dy namni Sondb tt= . Khibrtrs

“onr’
prossure

Parachute deptoyment Mach
nunther

Vg p 21

Descent relay conmmunications Must exceed sum of g herse

sVl pertonmance tolerances

11,4 npn

Imitial postland bk duration &

stagnation: head Toad @ Junng entry was not fo exeeed 1310
Btu't12 while the stagnation heating rate Q woas not t.r exceed!
26 Bru'ttis, At parachute deployment the dynamic pressure
was to be between S.0 and 8.6 1h 112 and the Mach number 1o
be sess than 2,10 The manitaum deorbst M7 o 1560 my was
determned by prepelfant loaded. propeliant margn, and VI
wass. VL thermal and power constrimts dictated that VL
coast time from deorbit to entry not exceed S hours Finaliy,
in order 1o ensure that allowable bit error rates would not he
exceeded dunng data transmission from the VL to the VO, the
relative VL/VO geometry was to provide tor relay communicu-
tions system performance exceeding the sum ot adverse toler-
ances thioughs ut descent and at least 104 nun after fanding.
In addition, 1t was desired to minimize the enty weaght (or
camvalently, use the maximum A capability, theeeby mang-
nuang deorbit propelfant usage within constramnts) and select
traiectories to mnimize the landed dispersions.

All these constraints had v e satisfied under stacked
worst-case conditions. Worst-case conditions were obtamed by
selecting each relevant statistical error source at its 30 magni-
tude and with its worst-case sign. Winds were selected at their
99% mugnitude, as shown in Fig. 3, and in the worst-case
selected from one of the five equally probable atmosphere
models. The atmosphere models are iliustrated in Figs. 75 and
76 of Section VII-A herein

This is not the entire set of constraints that had to be
satisfied. However, these constraints governed the design of
the descent trajectory. Other constraints, which were satisfied
by orieniing the VL properly during descent, will be discussed
in a .ubsequent paragraph.

One of the key concepts for expressing VL capubility was
a-cessible area. The accessible area was that region in inertial
space within which the VL could land from the given separa.
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tion orbit without violating mission or system constraints.
During VL trajectory design development, the accessible area
became progressively reduced in size as new system require-
ments and desires became known. In the following discussion,
tiie three maior accessible area concepts will be presented.

The first accessible area is called the maximum accessible
area. It is the region in which the VL could land if it were
utilizing its maximum capabilities and if there were no trajec-
tory dispersions. The second accessible area is called the rarger-
ing region, and reflects entry corridor (yg) dispersions and a
more conservative utilization of VL capabilities. The third
accessible area is called the preferred targeting region, which
refers to . small entry flight path angle band of #0.1 deg
centered about the optimal entry flight path angle. This region
was employed in the targeting of the fina' VO site acquisition
maneuvers and the final design of VL descent trajectories. It
reflects a design objective introduced by project management
during flight operations in order to maximize the probability
of mission success. Each of these accessible areas will be dis-
cussed in more detail in subsequent paragraphs of this secton.

A. Maximum Accessible Area

The procedure for constructing the maximum accessible
area begins with a determination « . the entry corridor, i.e., the
Yg region between the steepest and shallowest permissible
entry flight path angles at fixed entry altitude. The entry
corridor is determined by the entry phase constraints on
Dmaxr @ @ dpgp, and Mppp. These parameters are exam-
ined over a broad range of entry flight path angles, for all five

O ——a <

equally probable Martian atmospheres mentioned above, and
with worst-case winds and VL aeroshell aerodynamic charac-
teristics. The results of this process are shown in Figs. 5
through 8. Each figure shows the final set of environmental
and VL characteristics which produced the max:.num values of
the relevant entry paran ~ters. Figure 5, for 2xample, shows
that the maximum ¢, was attained in the maximum p
atmosphere with a 99% headwind, a 5% (30) low aeroshell C,,,
and a 0.02 (30) low L/D. The steepest Y permitted under
these conditions was Tg =~ 17.°7, since g 3 ,max €quals the con-
straint value of 144 Ib/ft° at this value of v, . Figures 6 and 7
show the same kind of information foi Q and Q, respectively.
Examination of Fig. 6 shows that with steep v,. restricted to
-17.7 deg, the Q constraint was also satisfied. Although the
shallowest conceivable entry flight path angle is the worst-case
skipout flight path angle, which for the VL was -13.5 deg, the
shallowest permissible entry flight path angle for the VL was
actually determined by the parachute deployment constraints.
In order to maximize parachute performance (maximize speed
reduction and minimize terminal descent propellant usage), it
was desirable to deploy the parachute at the highest possible
altitude. Figure 8 shows g, ., and M, g p s altitude above the
areoid (near the end of the aeroshell phase) for a range of
entry flight path angles. The worst-case conditions which
maximize q,, ., and M, ., are listed on the figure. This figure
suggests that Y could not be more shallow than -16 deg
owing to the parachute deployment constraints of Mach num-
ber and dynamic pressure. An earlier design of parachute
depioyment altitude satisfied the constraints exactly for Yy of
-15.9 deg. Subsequent environmental model adjustments
shifted the curves as shown in Fig. 8, causing a minor violation
of the deployment dyramic pressure constraint for Ve =159
deg. This minor constraint violation was found acceptable
owing to the extreme conservatism in stacking the error
sources. Therefore, the parachute deployment altitude and the
g limit of -15.9 deg were preserved to avoid a redesign of
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several other descent parameters. This figure is referred to later
in the description of how the parachute deployment altitude
above terrain was selected to provide maximum terrain height
capability while still satisfying parachute deployment con-
straints. Thus, the VL entry corridor was bounded by a shal-
low v, of -15.9 deg and a steep v of -17.7 deg. Note in
Fig. 7 that the Q constraint was easily satisfied by this cor-
ridor.

It will be useful at this point to define relevant descent
parameters to aid in the remaining discussion of the maximum
accessible area. Figure 9 depicts the deorbit controls of
AV, CA, and CLA, entry lead angle Ag, ond touchdown
PER and XR angles. Cone angle CA is the in-plane thrust
pointing angle; clock angle CLA is the out-of-plane thrust
pointing angle. Entry lead angle is defined as the angular
separation hetween the VL and the VO when the VL arrives at
the entry radius. A negative lead angle means the VL is leading
the VO, and this is the normal situation. The PER angle is the
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angle between VO periapsis and the VL at touchdown. The
XR angle is the angular displacement of the VL out of the VO
orbital plane at touchdown. Coast time 7. is measured from
the beginning of the deorbit burn maneuver to entry.

The fina' step in constructing the VL maximum accessible
area was to deter ine the XR capability for the entry corridor
defined above. XR capability was determined primarily by
AV, o, and o The maximum available deorbit pro-
pellant of 160.1 1b was determined by subtracting the ACS
propellant and all propellant margins from the total propellant
loaded in the tanks. This in turn, along with initial VL mass
and deorbit propulsion system Igp, deterinined a maximum
available deorbit AV of 156 m/s. The maximum allowable
coast time of 5 hours was based on worst-case power and
thermal analysis for VL descent. Finally, analysis showed that
for the entry corridor specified earlier, a lead angle of -20 deg
would always permit satisfaction of the descent and initial
postland reiay link constraints. These three parameters —
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AV, .. of 156 m/s, temax Of S hours, and Ay of =20 deg

and the entry corridor specified earlier completely defined the
maximum accessible area shown in Figure 10. Each convex
subregion in this figure corresponds to a specified entry flight
path angle and was determined by the AV boundary and

nax
the 1,4, boundary.

MAX COAST TIME = 5 hr

MAX AV = 156 m/s

XR
o

2

"

-6 7= -16.8° ye=-17.7

PER

Fig. 10. Maximum acressible area

B. Targeting Region and Preferred Targeting Region

The targeting region is a subregion of the maximum accessi-
ble area and is obtained by acknowledging entry flight path
angle dispersions due to orbit determination and deorbit exe-
cution errors and by utilizing VL capabilities in a mor. onser-
vative fashion.

The prelanding predicted entry flight path angle dispersions
(fixed altitude) over a region of the accessible area are shown

in Figure 11. The statistical errors resulted from orbit determi--

1. aion and statistical deorbit execution errors, although orbit
determination errors made only a very small contribution. The
total errors were obtained by adding the accelerometer ther-
mal bias shift effect to the statistical errors. The possibility of
an accelerometer thermal bias shift was postulated during
preflight analysis, when it was shown that moderately large
temperature transients might occur in the accelerometers due
to RCS firings during deorbit. Note, however, that the acceler-
ometer thermal bias shift effect applied only to the shallow
side of the entry flight path angle, not the steep side. The
asymmetry of the plot is due to the effect of the rotating
atmosphere. That is, to achieve zero XR the deorbit AV vector
must be displaced out of the VO orbital plane in the direction
of negative XR (see Figure 9), so that after the VL encounters
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Fig. 11. Dispersions (37) over targeting region

the rotating atmosphere. the atmosphere will carry the VL
back into the VO orbital plane. However, as the displacement
of the deorbit AV vector out of the VO ~ibital plane increases.
so does the contribution of out-of-plane pointing errurs to v,
errors.

To protect against entry flight path angle dispersions caus-
ing entry outside the entry corridor. it was necessary to
constrict the entry corridor on both the shallow and steep
boundaries by the expected 30, dispersions. These disper-
sions vary significantly with XR and, to a lesser extent, with
Yg, as is clearly shown in Figure 11. Cross-range targeting was
limited to *3 deg in order to limit both entry flight path angle
and touchdown location dispersions.

Finally, the deorbit AV was set at its maximum value of
156 m/s in order to minimize entry weight and coast time.
This has the effect of eliminating the convex subregions for
each vz in the maximum accessible area and reducing it to a
single g arc.

The targeting region obtained by constricting the entry
corridor by the 30, dispersions and by fixing deorbit AV at
its maximum value is shown in Figure 12. Also shown is the
superimposed maximum accessible area, as well as the third
accessible area concept mentioned earlier, namely, the pre-
ferred targeting region. This latter region was obtained from
the targeting region by defining a mini-entry corridor of #0.1
deg about the optimal entry flight path angle, which for VL1
was -16.8 and for VL2 was - 17.0 deg. After the optimal entry
flight path angle was selected for the actual descent, the final
VO site acquisition maneuver was designed to keep the se-
lected landing site within this band.



g T

CL

gt
{’H"W""‘«Wﬂwﬂ ~

by

8 ]
¥RE£R$EDG REGION - \
™ TARGETIN | e e e ]
/
oL . /\ |
TARGETING  / /
REGION ‘
2+ { | -
x o { Lt |
= -2 -4l 4
\
2 \ —
\
-4 ) / —
/\“JL\XN
-6 v = -16.2° 7 = -16.8° ve = -17.4° -
-8 ]
PER

Fig. 12. Targeting regions

C. Landing Accuracy

If the landing site is selected to lie within the targeting
region described earlier, a descent trajectory which satisfies all
relevant svstem and mission constraints is assured. The mea-
sure of the VL capability to land close to a selected site is
given by the touchdown dispersion ellipse. This 99% ellipse is
centered at the nominal touchdown site and is defined by the
downrange semimajor axis, SMA, and the crossrange semi-
minor axis, SMB.

Figure 13 shows the variation of SMA over the targeting
region and the contribution of deorbit execution errors to the
total. Figure 14 shows both the total SMA and SMB of the
touchdown dispersion ellipse, as well as the contribution of
each important error source to the total. Statistical compo-
nents were RSS’d to obtain the total statistical error. The total
error was obtained by adding the total statistical error to the
algebraic sum of the nonstatistical errors. The trapezoidal bars
represent the variation in each error source from XR=0 to
XR=3 deg. It should be noted that SMA and SMB showed very
fittle variation over the entry corridor, so that the results
shown in Figure 14 were applicable to the entire targeting
region.

Deorbit execution errors were analyzed in terms of errors in
deorbit AV magnitude (due primarily to accelerometer bias),
in-plane pointing, and out-of-plane pointing. Since very little
cross-ranging was actually required for either VL, AV mag-
nitude was the dominant contributor to vz errors and SMA,
out-of-plane pointing was the dominant contributor to SMB,
while in-plane pointing was an insignificant error source as far
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as Yg, SMA, and SMB were concerned. This situation can be
understood by viewing each error component n terms of the
energy and angular momentum errors it induces in the descent
trajectory.

The three deorbit execution error components produce the
vector AV _in the commanded deorbit AV. The energy error
induced by 8AV is proportional to V5 * AV, where Vi, is
the velocity at deorbit start. The angular momentum error is
proportional to 15, X AV, where Ty, is the radius vector at
deorbit siart. For both VLs, deorbit began when the true
anomaly was about 217 deg, so that the radius was large, while
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the velocity was relatively small. The consequence of this
situation is that the error 8AV does not mduce a significant
energy error in the VL descent trajectory, but can mduce a
significant angular momentum error if 7, and 6AV are
nearly perpendicular.

Thus, the entry errors (at fixed entry radius) and touch-
down errors (SMA and SMB) produced by deorbit execution
errors were due primarily to the deorbit angular momentum
error. Furthermore, the angular momentum magnitude error
maps into a v, error and SMA, while the angular momentum
direction error maps into an entry heading angle error and
SMB. For both VLs, the in-plane pointing angle CA was
close to 90 deg. Examination of Fig. 9 shows that for CA close
to 90 deg. a CA error will produce only negligible angular
momentum errors. This explains why in-plane pointing was an
insignificant error source for Viking. Contrariwise, again refer-
ring to Fig. 9, with CA close to 90 deg, a AV magnitude error
maps directly into angular momentum magnitude error. And
since for the VLs the out-of-plane pointing angle CLA was
also close to 90 deg, which means the deorbit Al” vector lay
essentially in the orbital plane. a CLA error. while producing
very little error in angular momentum magnitude, will produce
a significant angular momentum direction error. This accounts
for its importance with respect to SMB errors.

Entry systems errors were comprised of winds and errors in
predicting VL aerodynamic characteristics. Each of these two
sources made roughly equal contributions to SMA, while the
SMB contribution was due primarily to winds. Since the direc-
tion of the wind was assumed to be random, winds made equal
contributions of 19 km to both SMA and SMB. The errors in
VL aerodynamics which contributed to SMA were L/D, C, .
and Cp errors, This should be apparent since these errors
induce errors in the lift and drag vector magnitudes and
in-plane directions. The only VL aerodynamic errors which
contributed to SMB were the VL entry roll angle and lateral
CG offset errors. These errors act by tilting the VL lift vector
out of the entry plane,

Since the touchdown dispersion ellipse was very important
in the selection of a suitable landing site (i.e., the ellipse could
not include potentially hazardous surface features), the uncer-
tainty in the location of a given point on the Martian surface
must also be factored into the dispersion ellipse. The two error
sources which produce errors in locating a point on the Mar-
tian surface were the Martian pole error and the map error.
These error sources together made equal contributions of 45
km to both SMA and SMB.

The accelerometer thermal bias shift error, which was de-

fined earlier, was a nonstatistical error. It induced entry and
touchdown errors in much the same way as a deorbit AV
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magnitude or pointirg error;i.c., it produced a deorbit angular
momentum error.

Five equally probable atmosphere models were assumed for
preflight analyses. Since only one atmosphere can be used for
targeting the actual descent trajectory, it is important to know
how the touchdown pomnt would be shifted 1f one of the other
atmosphere models were encountered. For Viking, the mean
atmosphere model was used for targeting. The maximum dis-
placements of the touchdown point were mduced hy the min
p and max p models, This should be expected since these were
the models having the minimum and maximuin upper atmo-
sphere densities, respectively. Since ecach atmosphere was
assumed to be equally probable, the conservative approach was
to add this touchdown error algebraically to the total statsti-
cal error. The touchdown error due to atmospheres was totally
an SMA error, with no contnbution whatever to SMB.

The final values for SMA and SMB. as indicated in Fig. 14,
were 112 km for SMA and 52 km for SMB. Thus value ot SMA
assumed negligible cross-ranging. It the actual targeted landing
site had required the project-upproved 3 deg of cross-ranging,
SMA would have increased to 138 km.

D. Additional Design Considerations

There are certain VL capabilities which are not rflect2d by
the accessible area and touchdown dispersion ellipse concepts
discussed earlier. Since the flight program was designed to
deploy the parachute on altitude above the local terrain, it was
necessary to carefully select that parameter,

Given the highest permissible parachute deployment alti-
tude above the areoid shown in Fig. 8, there existed a highest
terrain height (also referenced to the areoid) at which the VL
was capable of landing for stacked worst-case system and
environmental conditions. The design Martian terrain height
was 2.75 km, with an uncertainty of *3 km (3¢). Figure 15
shows the relationship of the maximum terrain height and the
highest permissible parachute deployment altitude to the
areoid. In order to provide the VL with the capability of
landing at the maximum terrain height and at the same time
keep the parachute deployment altitude indeper 'nt of what-
ever landing site was selected, it was necessary  select the
parachute deployment altitude as the difference Lietween the
highest permissible parachute deployment altitude ahove the
areoid and the maximum terrain height above the areoid. This
difference is shown to be 5.98 km (19,600 ft) in Fig. 135, (The
actual deployment altitude was reduced by the onboard alti-
tude sensing uncertainty of 0.18 km.)

There was a high probability that the VL could land at the
maximum terrain height. However. with stacked worst-case
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conditions for the terminal descent phase at the maximum
achievable deceleration by the VL terminal descent sys.em,
sufficient propellant was not available to ensure a safe landing
at this maximum terrain height. The terminal descent phase
was governed by the terminal descent contours shown in Fig.
16. These contours and the corresponding terminal descent
propulsion system ignition altitude were designed according to
a stacked worst-case philosophy, with one exception. Because
of higher VLU velocities necar the surface for descent through
the min p, atmosphere, this model was critical for the terminal
phase design. These VL velocities were increased still further
by the addition of worst-case winds. Finally, because of the
fixed parachute deployment altitude above terrain discussion
earlier, the higher the terrain, the higher the VL velocities at
both parachute deployment and terminal desceni ignition.
Adding the maximum terrain height to the above stacked
worst-case resulted in a terminal descent phase trajectory re-
quiring more propellart than was available. For this reason a
decision was made to use a 1.50 terrain height uncertainty in
the design of the terminal descent phase. Thus, in a stacked
worst-case sense, the highest terrain at which the VL was
capable of landing was the design terrain height +1.50. This
relaxation regarding terrain height uncertainty was acceptable
for two reasons. First, attainment of the aforementioned high
velocities on the parachute prior to terminal descent ignition
was quite improbable because of the stacking of several worst-
case conditions. And second, as shown in Fig. 15, the nominal
VL-1 and VL-2 sites were well below the maxim im permissi-
ble terrain heights. This was also true of alternate VL-1 and
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VL-2 sites. Although it was possible to adjust the parachute
deployment altitude as a function of selected site terrain
height, this parameter was held constant to provide additional
deployment ¢ and Mach number margins for the lower sites.

The final VL capability to be discussed is one that was
discovered after the actual launches of the Viking spacecraft
had occurred. During cruise, a concern developed over the use
of the high-power mode of the relay transmitter (30 W) from
parachute deployment to touchdown + 3 minutes because of
potential VL thermal preblems. An analysis was conductec to
determine the acceptability of using the 10-watt mode instead
during this phase of the mission, thereby avoiding VL thermal
problems. The analysis was based on 0.99 uprange/downrange
touchdown dispersions over the entire targeting region and on
maximum VL pitch/yaw attitude dispersions from parachute
deployment to touchdown.

For VL-1, analyses showed that a significant probability of
data loss occurs only for the -3 deg XR region at parachute
deployment and touchdown. If a data loss did occur at para-
chute deployment, it was very unlikely that it would have a
duration exceeding 1 s. For the initial postland link, the worst
relay performance degradation would be 1-2 dB below adverse
tolerances, but could last for 2 min in the worst case. This
performance degradation corresponds to a bit error rate of 2 X
10-2 and was acceptable for real-time imaging. On the basis of
these results it was concluded that VL-1 had the capability to
operate satisfactorily in the 10-W mode from parachute
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Fig. 16. Terminal descent contours

deployment to touchdown + 3 min, and, therefore, the 10-W
mode was used for the actual VL-1 descent,

For VL-2 in the 10-W mode the probability of relay perfor-
mance below the sum of adverse tolerances was sigrificant
over the whole targetable region of the accessible area at
terminal descent start and touchdown, and also at parachute
deployment for iire - 3-deg XR region. This analysis could not
justify using the 10-W mode for VL-2. However, the excellent
relay performance of the actual VL-1 descent and initial post-
land links provided the rationale for using the 10-W mode on
VL-2.

lil. Preliminary VL Trajectory Design
History and Validation

A. Preliminary VL-1 Trajectory Design History
and Validation

This section documents the history of the VL-1 preliminary
descent trajectory design in response to the unexpected prob-
lems encountered in the selection of candidate landing sites
(LS’s). This sequence of 1.8’s developed when it became appar-
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ent that the prime Al site and subsequent sites were much
rougher than expected.

Figure 17 depicts the sequence of LS’s on a Mars grid as
well as related actual and potential V-1 tmrgeting regrons. The
sequence of VL-1 LS’s in the order m wiuch they were
selected is as follows Al AI-R.AT-NW, AT-WNW_ and Al-
WNWSL. The four conesponding targeting regions are shown
and numbered in the order in which they were considered. A
targeting region shown with solid hnes denotes a targeting
region for an actually achieved separation orbit. Those shown
with dashed lines denote potential targeting regrons which
would have been achieved 1f other Mars orbit tnm (MOT)
maneuvers had been executed.

The separation orbit following MOT-1 for a VL-1 touch-
down on July 4 produced targeting region No. I. The prime
landing site is denoted by A1l and corresponds to an entry at
- 10.8-deg flight path angle and essentially zero XR at TD. The
prime site was dropped when VO observations indicated thatat
was quite rough. Attention was then turned to a revised Al
site, denoted by Al-R, which would have required a shallower
entry with a4 moderate XR at TD. However, site A1-R was also
dropped when VO observations indicated that it too was quite
rough. It should be noted that preliminary descent trajectories
were designed for both Al and A1-R sites. Plans for landing on
Julv 4 were then cancelled so that time would be gvailable to
explore a region known as “Northwest Territory.” An MOT
was designed (but not executed) to place the spacecraft over
the Northwest Territory on July 16. The targeting region
which would have existed if this MOT had been executed is
labeled No. 2 and the candidate site is denoted A1-NW. This
site could have been achieved with nominal - 16.8-deg entry
flight path angle, but with a substantial negative XR. It was
quickly rejected, for the same reason as for earlier sites. The
LFPAT did complete preliminary design for this site and
landing date, but no validation or other Project work hased on
this data was done.

A MOT strategy (MOT-5/MOT-6) was then defined which
would open up to observation a large region to the west of the
first three sites. MOT-S would induce a steady westward drift;
MOT-6 would stop the drift when an acceptable landing site
was finally selected. One of the considered options for MOT-6
would have produced targeting region No. 3, and the site
considered within this region was denoted by A1-WNW. This
site would have required an entry trajectory very similar to the
previous site (A1-NW). However, this MOT-6 design was not
implemented because evidence was mounting that region 3
would be less hospitable than the nearer region. Therefore, an
MOT-6 was designed and eventually executed which produced
targeting region 4. The selected site within this region was
denoted AI-WNWSE, and this was the final VL-1 site. The
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final targeting region is shown in Fig. 18 on an expanded scale, b-f'f
along with the 99% landing dispersion ellipse about the Al- T Srcs T
WNWSE site. Preliminary descent trajectories were designed 251 B
for both A1-WNW and A1-WNWSE sites. Table 3 presents a o
summary of key descent trajectory parameters for all VL-1 § *r ¢ P ¢O~9~ -
landing sites considered. - PO %,
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The first step in the descent validation process for sites Al 5 nf £
and A1-WNW consisted of an independent validation of the U
nominal descent trajectory and the inertial navigation refer- £ 0 I
ence frames by the OMATT using the DPTRAJ program. The § o pr
separation epoch and commanded deorbit pointing com- g W
puted by the LFPAT using LTOP served as the fundamental \9/ 4
inputs to be used by the OMATT to verify that indeed the 99% TOUCHDOWN
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The second step involved the selection of 3o dispersed
entry state vectors which produced minimum and maximum
time entry trajectories in conjunction with the following en-
vironmental and VL system conditions:

For minimum time entry trajectory

Low aeroshell L/D (L/D = 0.16,Z .. =-0.139 ft)
Min p atmosphere

10,000-ft terrain height

Nominal RA blackout

Aeroshell C; and Cp, high by 5%

Parachute C; and Cp, low by 12%

WEST LONGITUDE, deg

Fig. 18. Final VL-1 targeting region and landing site

Low RA lock altitude (inhibit RA lock for 36 s after
blackout)
Entry attitude errors (roll, pitch, yaw)
Mission 1: ¢ = 0.8514 deg, 8 =-0.6192 deg,
Vg = -0.7224 dep)
Mission 2: ¢ = -0.7482 deg, 65 = -0.6192 deg,
Vg = -0.8772 deg)
Sense 0.05-g event at 0.07 g
99% tailwinds
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Table 3. Summary of descent trajectory designs for candidate VL-1 LS's

Parameter s T
Al AlR
Location
Areocentric latitude, deg 19.5 19.35
Longitude, deg. W 34.0 325

Landing time

Site designation

AINW ATWANW ATWNWS]
234 23S 224
434 NRL 475

UTC, hr.min 7/5/76 01 41 7/5/76 01-42 7117/76 09 40 7/20/76 12 05 7/20/76 11 83
LLT, hr'min 16-48 16:55 16-15 16 11 16 13
Fntry flight -16.79 -16.51 -16.81 ~16.80 ~16 89
path angle, deg
Coast time. hr 3043 3.023 3.292 3208 3082
PER 1y, deg -8.85 -7.61 -9.10 -9.05 -9 18
XRpp. deg +0.25 +1.20 =210 -1.77 -0 60)
Comments Used tor pre- Approved at Never used: Used tor pre- Final
limingry LSO MOT3 cancelled hminary LSO
validation maneuver betore use validation
conference 1f (repeat)
site ok
—_ - - L J U e —
LLT: local lander time from midnight at landing wite.
PERqpy: angle from VO penapsss to the projection of the landing site into the orbit plane at touchdown.
XRyp: central angle from the landing site at touchdown to the orbit plane.

For maximum time entry trajectory

High aeroshell L/D(L/D=0.2,Z,; =-0.175 ft)
Max p atmosphere
-26,000-ft terrain height
Aerashell C; and Cp, low by 5%
Parachute C; and C), high by 12%
Entry attitude errors (roll, pitch, yaw)
Mission 1: ¢ = ~0.8514 deg, 6, = 0.6192 deg,
Yg = 07224 deg
Mission 2: ¢, = 0.7482 deg, 0, = 0.6192 deg,
Vg = 0.8772 deg
Sense 0.05-g event at 0.03 ¢
No winds

The third step consisted of the simulation of the nominal
SEP to TD descent trajectory and simulation of entry to TD
trajectories for the minimum and maximum time dispersed
cases by LTOP, LATS, and the VCSF (LSO). The final results
were compared to validate the accuracy and consistency of the
three trajectories. It should be noted that the LATS program

utilized the corresponding nominal descent flight load file
generated by LTOP, while the VCSF used the corresponding
predicted VL memory map generated by LPAG from this same
descent flight load file. Thus, the simulation was more than
just a validai.  of descent trajectory dynamics: it was also a
validation of the command Iload required to produce the
descent trajectory. This third step was the m.st important step
in the entire descent validation process.

The fourth and final step involved only the use of LTOP to
verify that the dispersed entry trajectories satisfied all design
constraints when subjected to additional stress conditions,
Four stress cases were required: (1) maximum acroshell dy-
namic pressure, (2) maximum parachute deployment dynamic
pressure and Mach number, (3) maximum terminal descent
ignition velocity, and (4) minimum terminal descent ignition
velocity. The detailed conditions producing these 4 stress cases
are defined in FPAG Procedure SPF3-107.

One feature of the descent validation process requiring
more discussion was the selection of the dispersed entry state
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vectors, The selection progess was based on the convenient
fact that the two dominant eigenvectors contained the bulk of
the entry dispersions in inertial Right path coordmates at fined
radius and were neany coplanar with entry tnuefentry flight
patl angle space. Tlas simphfied the selection of dispersed
samples to produce minimum and maximum flight time entry
trajectories. The two dominant eigenvectors were first pro-
jected into entry time/entry flight path angle space. Two lincar
combinations of these eigenvectors were then formed to pro-
duce a low and steep sample (minimum time trajectory) and a
high and shallow sample (maximum time trajectory). In adds-
tion, the effect of accelerometer thermal bias shift was added
to the high and shallow sample since it tends to make entry
time occur at a higher radius and a shallower flight path angle.
fn practice, this selection process produced error samples in
inertial flight path coordinates which were greater than or
equal to 3o in all components, except for inertial entry veloc-
ity. Prior to transfer of these dispersed samples to the 180,
they were first transformed into equivalent samples in MEQ
coordinates at fixed entry time.

The final descent validation was performed using the de-
scent trajectory designed for the A1-WNW site, even though
the final selected site. A1-WNWSE, differed substantially from
the A1-WNW site. However, both sites required nearly the
same entry flight path angle for site acquisition. In asddition,
the final site had a smaller cross-range at TD associated with it,
so that entry dispersions would, in fact, be smaller than those
actually used in the final descent validation process. Thus,
adequate rationale existed for relying on the final descent
validation results based on A1-WNW. Therefore, the final de-
scent trajectory design was validated for nominal descent but
not for the dispersed entry cases.

8. Preliminary VL-2 Trajectory Design History
and Validation

The history of the VL-2 preliminary descent trajectory
design was not complicated by a sequence of substantial LS
selection changes as in the case of VL-1. Lessons learned
during the VL-] site certification and acquisition process wzre
applied in defining the strategy for the corresponding VL-2
process. Three longitude bands (designated B, B2, and B3) of
potential VL-2 siter were selected. The insertion and trims
were designed to produce a steady westward drift of the VO-2
orbit so that each longitude band could be examined in a more
orderly fashion for an acceptable VL-2 landing site. When an
acceptable site was found, the MOT-3/MOT-4 maneuver se-
quence could be designed to place the orbit over this landing
site at the currect time. The final VL-2 site area was selected in
the B3 band at a latitude of 4870 N and a longitude of 22670
W. Minor adjustments to this site were made on two subse-
quent occasions, with the final landing site coordinates defined
to be 47789 N and 225786 W. The targeting region from the

final separation orbit for this site and the 99% landing disper-
sions are shown in Fig. 19. The key trajectory parameters for
the related descent trajectory design are tabulated in Section
IV (Table 4). Ti~re was no evolution of Jdescent trajectory
designs for VL-2 as there was for VL-1.

As can be seen in Fig. 19 the nominal VL-2 entry flight
path angle was selected to be = 17.0 deg, unlike the - 16.8 deg
angle for VL-1. There were two reasons for this, Fst, the fact
that VL-1 had actually entered with a flight path angle of
~17.0 deg and performed excellently provided a strong argu-
ment for doing the same thing with VL.2. Second, the B site
nominal atmosphere extrapolated from the atmosphere recon-
structed by LTARP from the actual VL-1 data showed that
entry at an angle steeper than - 16.8 deg was entirely satisfac-
tory since the reconstructed atmosphere closely resembled the
ming_ atmosphere at high altitude. and thus a lower ¢
would be encountered.

max

As can be seen in Fig. 19, the touchdown dispersion ellipse
for VL2 was smaller than the preflight ellipse used for VL1,
There wee several reasons for this. First, analysis of actual
VL1 deorbit data showed that 1emperatures were stable dur-
mg deortnt and no accelerometer thermal bias shatt had oc-
curred. 1t was for this reason that the accelerometer thermal
bias shift was deleted as a VL-2 error source. Second. the
actual VL-1 atmosphere reconstruction process, as expected,
was able to reduce the degree of atmospheric uncertainty:
consequently, the in-plane, nonstatistical touchdown disper-
sions due to the unknown atmosphere were reduced from
£30 km for VL-1 1o £12 km for VL-2. Third, as a result of
fanded VL-1 tracking, the pole component of the map/pole
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dispersion was greatly reduced. This permitted the 45- X
45-km dispersion ellipse used for VL-1 1o be reduced to a 30-
X 30-km ellipse for VL-2. which essentially was the map error
only,

The descent validation process for VL-2 followed the same
steps as for VL-1, For VL-2, of course, there was only one
descent validation.

IV. Final VL Trajectory Design and
Descent Parameters

This section describes the final VL-1 and VL-2 trajectory
designs and presents the basis for the selection of relevant
descent parameters. The expected trajectory dispersions and
descent relay performance wiil also be discussed.

A. Nomina! VL Descent Trajectory Design

The final VL descent trajectory design process began with
the specification of the final landing site and the current best
estimate (CBE) of the separation orbit.

The final landing site for VL-1 was:

Areocentric latitude = 2274 N (arcographic latitude
= 22°6N)
Longitude = 4775 W

The final landing site for VL-2 was:

Areocentric latitude = 47759 N (areographic latitude
=47789 N)
Longitude = 225786 W

In addition to the landing site, two other targets were
required for the targeting process. For both VL-1 and VL.2
these were:

Deorbit AV =156 m/s
Entry lead angle = -20 deg

The selection of deorbit AV as a target is consistent with
the decision discussed earlier to select the deorbit AV at its
maximum value in order to minimize coast time and entry
weight. Entry lead angle was selected as a target because the
targeting region employed in landing site selection was based
on a lead angle of -20 deg to ensure acceptable descent and
initial postland relay link performance. Note that entry flight
path angle vz was not a target since selection of the landing
site within the targeting region auiomatically determined v,
(observe the ¥ arcs in Figs. 18 and 19).

The wrhital elements and epoch ot the separatton orbits
which were used i the design ot the nonunal VL-1 and Vi.-2
descent trajectornies are given below

V-1 b2

P = 8BR6Y39459 P =88638.0192
r, = 4901 85 km r, = 4RRLRIT2 ki
i=37.7302 deg 1=55.384312 deg
€= 123 5689 dey 2= 33924799 deyp
w = 40.0924 deg W = T3985842 deg
1=1, = THOKB.242 t~1, = TH953.478
epoch = 1976 July 20/ epoch = 1970 Sept. 3/
08 00.00 UTC 19 00.00 UTC

Jt

H

The VL-1 separation orbit above corresponds to SATOD solu-
tion P24S48. the VL2 separation orhit corresponds to
SATOD solution Q20824

The resulting targeted descent trajectory 1s shown m Figure
20. To the scale shown m this figure. no discernible differ-
ences exist hetween the VL-1 and VL-2 descent trajectories.
Major descent trajectory events are shown. The VL descent
trajectories are essentially coplanar wath the VO tragectory.
The VL-1 out-of-plane thrusting angle of ~7.4 deg produced
only a relatively small out-of-plane displacement of the de-
scent trajectory, as did the VL-2 out-of-plane thrusting angle
of +1.9 deg. Important trajectory parameters for these descent
tr-jectories are summarized in Table 4.

END DEORSIT

SEP

Fig. 20. Nominal VL. descent trajectory



Table 4. VL descent trajectory design summary

Parameter VLI VL2

Separation to entry
Separation time (UTCW  202/08.32 15 247/19 19 29
Deorbit aV 186.0 m/s 156 0 m/s
Deorbit propellant
consumption 1624 1b 162.21h
Coast time 3.082 hr 3.038 hr

i ntry conditions?
Fntry time (UTCY 202/11 44-08  247/22 28 46
I ntry time from SEP 11513.0¢ 11386.7
Inertial veloaity 4.6105 kin/s 4.6135 km/s
Incrtial flght path angle  -16.89 deg =17.03 deg
VL/VO lead angle =20.0 dep =20.0 deg
bntry mass 984.2 kg 982.9 hy

Lntry to touchdown
Mavimum dy namic
pressure 112.6 Ib/112
Parachute deploy ment
{mortar arm)
Altitude above

115.8 1b/1t2

terrain 5.857 km 5.856 hm
Dynamic pressure 6.567 Ib/112 6 535 Ib/112
Mach number 1.014 1041
Time from SFP 11931.6 » 11766.8 «
Terminal descent
Fagine igmtion altitude 1.462 km 1.462 kin
Time trom SEP 119920« 11826.0¢
Relative veloeity at
end of warmup 51 Sm/s $2.7.n/s
Propellant consumption 152.01b 152.01b

Touchdown
Touchdown time (UTCY  202/11:52:50  247/22:37 18
Touchdown tisne from

SEP 120349 5 11868.7 «
Arcographic latitude 22259 N 47789N
Longitude 47°52 W 228785 W
PER angle -9.18 deg =10.0 deg
Cross-range angle <0.60 deg 0.12 deg
Sun clevation angle at

touchdown 38.3 deg 128.8 deg

Day of year/hr:min:sec.
"l*ntry was defined as B0G,000 11 above the areowd at
touchdown.

B. Descent Flight Load Parameters

After the VL descent trajectory had been designed, a corre-
sponding set of descent guidance parameters had to be com-
puted. These constituted a set of commands which were up-
linked to the spacecraft and which, when executed, produced
the desired descent trajectory. The descent guidance param-
eters represented the culmination of the descent trajectory
design process and guaranteed satisfaction of all trajectory-
related constraints and requirements discussed carlier. They

also guaranteed satisfuction of certamn constraints and require-
ments imposed on the VL attitude dunng descent.

Table S summanvses the actugl vphnked descent gurdance
parameters tor both VE-Land VI-2 Detimnons ot the param-
cters are also presented in this table.

Certan VL descent flight load parameters are discussed 1
this section, along with their rationale, in the approximate
order 1 which they were exccuted by the thght sefiware. In
particular. most VL. attitude-related parameters and “manual”
parameters will be discussed

The VL attitude commands A(2) through A(6) were refer-
enced to the VL attitude just pnior to separation. This separa-
tion (or celestial fock) coordinate frame was defined by the
ideal VO celestial lock onentation corrected for the predicted
VO roll drift while the VO was on roll inertial hold from
SEP-3 hr to SEP. For VO-1 the reference star was Canopus and
the predicted VO roll dnit angle was -0.082 deg. For VO.2
the reference star was Vega and the predicted VO roll dnft
angle was -0.470 deg.

The VL onentation dunng the deorbit burn was specitied
py attitude command A(2). Thiy matny defined the required
pomting of the VL x-aws for the deorbit bu « as determined
by the targeting process. It also defined the Vi 1l onentation
about the X-axis which would result 1n minimum sensitivity of
entry flight path angle errors to Jdeorbit pointing errors in the
event of a VL z-axis accelerometer failure. The technique for
selecting this roll angle 1s described in Section 10.2.6.2 of the
Navigation Plan (Ref. 1). For VL-1 this roll onentation was
20 deg: for VL-2, 36 deg. The relative VL/VO attitude orienta-
tion geometry during the deorbit burn is shown in Fig. 21 for
VL-i/VO-1 and in Fig. 22 for VL-2/VO-2.

Following the deorbit bum, the VL was reoriented to
prepare for the long coast phase of the descent trajectory. In
the case of VL-1 a roll maneuver about the x-axis (defined by
matrix A(4)) was performed to position the VL z-axis perpen-
dicular to the Sun direction. This maneuver, plus another
180-deg roll (defined by matrix A(5)) nidway through the
long coast at time 7(180) prevented uneven heating of the
IRU, which is located on the z-axis. In the case of VL-2, the
reorientation after the deorbit burn involved a repositioning of
the x-axis as well as a roll about the x-axis. The repositioning
of the VL-2 x-axis was required to shield the RPA from the
Sun during the long coast. This maneuver was defined so that
the Sun vector was 120 deg from the VL-2 x-axis and in the
x-y plane. Like VL-1, VL2 performed a 180-deg roll midway
through the long coast.

The preentry phase for VL-1 began at E-6 min (command
T(6)), which required that the attitude mancuver for preentry

o e S T A i, A P o 2 2y R A e R s . Y



Parameter

HISTRT
HMORT)

HICV)

Mrm
T
1(4)

145
T6)
Tt

AL)

AL}

Atd)

Al6)

A1)

Cto)
)
C(2)
G
Cte)

Table 5. Trajectory-related descent guidance paramerers
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Table 5 (contd)

Time from Sol 0 midnight at .anding site to separation

ORIGIN,
OF popel PAGE I3

R QUALITY

Param _ter Detinngon Umits VIET N goaes ME2 Vi
Vi Inrtad velodities tor tenminagd descent oncontours L and 20t/ 365211973494 23403 365211973494 224013
Vi(2) respectively ftis 25098446653991+003 JSU9KIL6653Y91 403
VIV Velocrty tor constant veloaity descent ft/s LKO000000000000 +1) ] BHOOGHODOOHOOG0+() |
CNTUR D) Termimal descent contour 1 coetticients 1 S190370°83441 599+ ST903TOKIK] <94+
CNIUR12) h- ONTURICY + CNTURT2) » v + ONTURI £ V2 S OOODBHOBHNGH0G OONOOOOGOGHG 1ih
CNITURY) FONTURIE) x VI + ONTUKTS) » V3 W2 49021868166001-01] 39021898 166001=1
CNIUR ) G2 S B06B0SEI20166T-04 - KUBKNS62 20166 7-014
CNTURN(S) G 48926667394356-07 4892666739435H-0"
CNAUR (1) Terminal descent contour 2 covtticients f1 S042K843099282+02 SO42K8R330992K2+002
CNTUR2(2) \ ODOOGHOODO0HO0 O00000G0O00D00)
(NTUR2e3) 2o 7216601993234 28-01 721660993234 25-0]
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Vo) Deorbit delta-V for Ist burn /s SIT8I102362205+113 S1IR1102362208+03
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Hit) I ntry atutude above Linding site t 8O6490K495471 1 +06 839430655319 1+06
R(P) Planet radius at landing site H 11117349216 18K8+08 1N97975071929+0%
At 1) Entry prteh rate poly nomial coethicients rad/s ~46650828266879-013 - S6701185069293-03
Al 2) AI=AL D X L+ AL » o2 rad/A? - 24098930026432-06 - 23904143143198-06
o(CL) Parachute roll angle chango rad = 17163423606995+0] 2663K8381727306+40) ]
Kt Ih Gravity gradientat 1D N - 22014744572449-05 - 221300223K729009-05
K(GH Gravity gradient at entry 2 ~ 178430448785 7K-05 - 17941807369154-038
G(O) Acceleration of gravity at 1D 1t/s? 122372800 165855+02 12280036963421+02
R(XE) f1 - 3783955722244 +07 -~ 36T3S0A36TRRIO+0T
RIYE) Inertial position at entry in lecal vertical at TD I - 29139711932419-1 3 .

o yrdimates 2913 3241 H HON00GHOHOTHINN
R(Z1) ft - 11307503747749+08 - 11320824957924+0K
Vixs) tt/s 61684720202416+03 .13396452737212+403
VIYS) Landing site velooity it T in lacal vertical at TD " 3 . - ,
coordinates /s 3I®T74722789430+03 29077834600908+013
V(ZS) tt/s 7119793059309 +01 39616245434K57+01
HDOT) Altitug. -ate at entry /s -43905011318683+04  ~44317205519557+04
TU Time trom 6/24/76 GMT to SIP s 22771350000000+07 62039690000000+()7
RA Right ascension of landing stte on 6/24/76 rad 3797992981543 +01 6854K8924619507+00
A(llh) Pitch change at entry rad 14643526 285480+00 14643526 285480+010)
TT(1A) Time between 1st and 2nd deorbit burns . L00060000000000 N00BO0HN00000H0
visn Veloaty to deploy stagration temperature sensor tly 3659238649591 +04 .36089238649591+04
TPy Thern: 1 pulsing time hmit . T00000000000004+()2 T0000000G0G000+0 2
T4(180) Time ter coast roll maneuver 5 .64 550000000000+04 646 70000000000+(14
A(S) Coordinate transformation from VL axes a1t SI P to VL ~.73323712887637+00  -499Y9973272647+00)
axes after coast roll maneuver ~64070943159820+00 - 7951115974 1106400
122771633992980+400  ~.34321588942269+01)
~67997302518712+00 ~ 8660251005696 2+00)
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1C0l1 Backup time for deorbit burn | S 1791. 1782
tC02 Backup time for deorbit burn 2 . 0. 0.
t05G) Backup time for 0 05 cvent $ 11690. 11530
t(PROBL) Backup time tor 1.1 kmj\ rvent s 11813. 11657
H(05G) Altitude for re-inttiatization at (.05-¢ event ft 259635. 257666
5 45341 23444
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Fig. 22. VO-2/VL-2 relative geometry at deorbit

be initiated at E-9 min (command T(5)). The preentry phase
for VL-2 was deiayed until E-3 min in order to keep the Sun
out of the RPA port while electron temperature measurements
were being made. This required that the VL-2 attitude maneu-
ver for preentry be initiated at E-6 min. The required VL
attitude at the beginning of preentry was specified by matrix
A(6). The VL began a slow pitch maneuver from this attitude
in order to maintain the RPA port essentially paralie! to the
VL relative velocity vector until entry, i.e., until 800,000 ft
above the areoid at touchdown. This pitch maneuver was a
quadratic function of time (with respect to preentry start)
defined by polynomial coefficients A(E1) and A(E2). The
slow pitch was interrupted momentarily at entry by a step
change in pitch (defined by A(1E)) to place the VL in the
aerodynamically trimmed orientation. The slow pitch maneu-
ver then maintained this trimmed orientation until aerody-
namic moments took over at 0.05 g.

The parachute phase roll command ¢(CL) was designed to
produce the required VL leg I azimuth at touchdown, which
for VL-1 was 320 deg and for VL-2 was 210 deg.

The manual parameters presented in Table 5 will be dis-
cussed next. Deorbit burn cutof{ backup time rCOl was
selected so that an overburn would still keep the *'L from
exceeding the steep entry angle constraint (- 17.4 deg) of the
entry corridor and not deplete propellant to such an extent
that attitude control would be impossitle during subsequent
trajectory phases. For VL-1 the numerical value of tCOl was
obtained from tCOI = 1757 + 6 + 28 s, where 1757 s was the
nominal cutoff, 6 s was the GCSC cutoff time error, and 28 s
corresponded to an ovesburn which would change the entry
flight path angle from the nominal - 16.87 deg to the steep
constraint of -17.4 deg. For VL-2 the overburn component of
tCO1 was different: it was 19, not 28 s, since the VL-2 nomi-
nal entry flight path angle was - 17.03 deg. Backup time #C02
was set to 0, since the deorbit burn was a onesburn, not a
two-bumn.

The backup time ¢(0S g) for the 0.05 g event was selected
to ensure attitude stability in the worst-case entry situation.
This worst-case entry situation would occur at a 3o shallow
entry in the minp atmosphere with 30 low C, and C; , 30 low
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L/D. and 99% tailwind. For VL-1, (05 g) was set at 177s
after entry; for VL-2, it was set at 173 s,

The backup time #(PROBE) for the 1.1 km/s event was
selected to be greater than the worst-case situation producing
the longest time interval between entry 7(7) and the 1.1 km/s
event, yet soon enough tc prevent interference with the para-
chute deployment event. The latest that the 1.1 km/s event
could have occurred 1s 282 s after 7(7). This would occur for a
30 shallow entry in the minp atmosphere with 3a low Cj, and
C,.. 30 high L'D, and a 99% tailwind. The earliest that para
chute deployment could occur 1s 337 s after 7(7). This would
occur for a 3o steep entry in the maxp atmosphere with 3o
high Cp, C;. and L/D and 3 99% headwind. Therefore a
judicious selecticn of f(PROBE) for both VL-1 and VL-2 was
T(7) + 300 s.

Parameter H(05 g), which was used to re-initialize the navi-
gation computations for altitude at the 0.05-¢ event, was
selected as the midpoint altitude between the extreme alti-
tudes at which 0.05 g could occur in the entire set of atmo-
sphere models. This approach minimized the maximum alti-
tude error.

Parameter MMTI, the Mars mission time increment, was the
time difference between SFP GMT and Sol 0 midnight GMT at
the nominal landing site. For VL-1. SEP was commanded at

202/08:32:15 and Sol 0 midnight at the landing site was 201/
19:39:54. For VL-2, SEP was conunanded at 247/19:19:29
and Sol 0 midnight at the landing site was 247/12:48:45.

C. Descent Trajectory Dispersions

Trajectory dispersions were predicted for the nominal VL
descent trajectory design in order to verify that the dispersed
trajectory parameters would not violate constraints. The pre-
dicted entry and touchdown dispersions for the nominal VL-1
and VL-2 descent trajectory designs are summarized in
Table 6.

Tables 7 and 8 present the constraints checklists for the
final VL-1 and VL-2 descent designs. respectively. The ratio-
nale for the constraints themselves was presented earlier in
Section 1. Many of the minimum and/or maximum values
appearing in this table were obtained by applying both the
statistical and nonstatistical dispersions in Table 6 to the nomi-
nal VL descent parameters. The methods employed for obtain-
ing the min/max values for parameters not appearing in
Table 6 will be discussed next. The min/max values of the
VL-Sun angle and the RPA/UAMS angle of attack were ob-
tained by applying the maximum attitude limit cycle excur-
sions expected during the apprcpriate descent trajectory
phase. Required terminal descent propellant min/max values

2

were obtained by defining 3o termunal descent ignition min/
max velocity cases to produce min/max propellunt consump-
tion cases. respectively. The maximum ignition velocity case
was defined by a 3o shallow entry flight path angle. the minp,
atmosphere. a 3o high terrain height. a 99 tailwind. a 30 high
A/S L/D. and 30 low A/S and parachute aerodynamic coeffi-
cients. The minimum ignition velocity case wus defined by a
3o steep entry flight path angle. the maxp, atmosphere. a4 3¢
low terramn. no wind, nominal A/S L/D. and 30 high A/S and
parachute aerodynamic coeffictents. The mimn/max values for
termmal descent propellant remaining and the minimum
planet-relative velocity at parachute release were obtained
using methods described in the Navigation Plan (Ref. 1). Min/
max leg 1 azimuths at touchdown were obtained by applying
the maximum expected inertial roll hold attitude excursion
during the parachute phase. And finally. the minimum post-
land relay link duration was obtained from Monte Carlo analy-
ses conducted preflight.

D. Descent Relay Performance

The predicted nomunal and adverse descent relay perfor-
mances for VL-1 and VL-2 are shown in Figs. 23 and 24,
respectively. The 1-W and 10-W mode phases of the descent
trajectory are indicated in these figures. Note, however, that
the 1- and 10-W modes were actually 1.7 and 10.26 W, respec-
tively, for VL-1, and 1.4 and 9.68 W, respectively. for VL-2.
The predicted performance assumed the reference star to be
Canopus for VO-1 and Vega for VO-2. The predicted nomiral
and adverse initial postland link durations were 14.4 and
12.2 min. respectively, for VL-1, and 17.9 and 14.7 min, re-
spectively, for VL-2.

V. Reconstructed VL Flight Path Summary

This section present- the CBE’s of the VL descent trajector-
ies. Detailed entry ph ~d atmosphere reconstruction is
discussed in Sections Vi VI, respectively.

Table 9 summarizes the CBE’s of pertinent VL-1 and VL-2
descent trajectory parameters froivi SEP to TD. The predicts in
this table represent the best a priori predicts and so are not
necessarily ideatical to the nominal descent trajectory designs.
The reconstructed trajectory parameters in this table were
actually the result of a 2-step process. The first step consisted
of reconstructing the trajectory from entry to touchdown with
LTARP, using the a priori entry state. the SATOD landing site
fix, and entry phase IRU and measurement data. The second
step consisted of reconstructing the separation-to-entry seg-
ment of the descent trajectory with the reconstruction mode
of LTOP. This latter process employed a weighted least
squares algorithm to process the CBE of the SEP state vector
from SATOD and the entry state vector estimate generated by
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Table 6. Predicted VL entry and touchdown aispersions

VL-1 VL-2
Parameter 30 statistical Nonstatistical Nonstatistical 3o statistical Nonstatistical
error atmosphere error ATBS error error atmosphere error

Fined entry altitude errors

Vy 0.628 m/s NA 0.017 0.635 m/s NA

vy 0.203 deg NA 0.076 0.191 deg NA

174 0.098 deg NA a 0.197 deg NA

t 20.56 s NA 3.57 29.55 sec NA

LAT 0.307 deg NA a 0.299 deg NA

LONG 0.309 deg NA a 0.343 deg NA
Fixed entry time errors

vy 25.22m/s NA a 28.35 m/s NA

7" 0.849 deg NA a 0.969 deg NA

vy 0.342 deg NA a 1.126 deg NA

h 35.55 km NA a 39.92 km NA

LAT 1.107 deg NA a 1.533 deg NA

LONG 1.576 deg NA a 1.897 deg NA
Entry phase

Tax 6.06 1b/ft? -23-6 -1.31 5.64 Ib/ft2 -23-6

9pEP 0.51 1b/f1? -0.4 1.0 0 0.52 1b/f1? -04-1.0

Mpep 0.042 -0.06 - 0.34 0 0.044 ~0.06 -+ 0.34
Touchdown

t 344 -15—+40 6.8 354 -15-+40

DR 70.0 km +30 18.2 58.8 km +12

XR 50.7 km 0 -0.3 37.6 km 0 E

3Not significant.

. e

g

- R
g’ VPRI e e = v s+«
LS

s



Parameter

Nominal vilue

Inertial entry flight path angle

Inertial entry velocity

Maximum dynamic pressure

Deployment dynamic pressure

-16.89 deg

4.6105 km/s
112.6 1b/t12
6.567 Ib/12

Deployment Mach number 1.014
VL-Sun angle 137.2 deg
Coast time 3.082h
Ter.ninal descent propellant required 152.01b
Terminal descent propellant remaining (per tank) 16.51b
Minimum planet-relative velocity at chute release 169 ft/s
RPA/UAMS angle of attack at pre-cntry 0.5 deg
Leg 1 azimiuth at touchdown 320. deg
Initial postland link duration 12.2 min

Table 7. VL-1 descent constraints checklist

Minmmum/maximum value

-17.09/-16.61
NA/4.6112
NA/124 6
5.66/8.08
NA/1.40
121.2/143 2
NA/3.090
144/173
6.5/23.9
115/NA
NA/1L.S
310/330
11.0/NA

Table 8. VL-2 descent constraints checklist

Constramnt

See Table 8
See Table 8
See Tuble 8
See Table 8
See Table 8
See Table 8
Sce Table 8
See Table 8
See Table 8
See Table 8
See Table 8
300 < AZ < 346
See Table 8

a3

Minimum/maximum value

Constraint

Parameter Nominal value
Inertial entry flight path angle =17.03 deg
Inertial entry velacity 4.6135 km/s
Maximum dynamic pressure 115.8 1b/f12
Deployment dynamic pressure 6.54 1b/ft2
Deployment Mach number 1.041
VL-Sun angle 120. deg
Coast time 3.038h
Terminal descent propellant required 152.1b
Terminal descent propellant remaining (per tank) 16.51b
Minimum planet-relative velocity at chute release 172.9 ft/s
RPA/UAMS angle of attack at pre entry 0.5 deg
Leg 1 azimuth at touchdown 210. deg
Initial postland link duration 14.7 min

-17.23/-16.84
NA/4.6141
NA/127.4

5.62/8.06
NA/1.43
114./126.
NA/3.046
144./173.
6.5/23.9
118./NA
NA/1.5
200./220.
12.5/NA

“17.7 <y < -15.9
Vg <4.625
9max < 144
S.0<qp<86
Mp<21

Sun angle » 110
1. <50

W,y <1850
Wg <26.0

Vg > 100

a< 20

190< A, <230
Ar> 104

;gg-jf._ig;;iﬁ; s

K

>R



) P St & -

RECEIVED SIGNAL POWER, dBm

-50

-60

-70

-80

-110

T | T —T T T ]
i
l
1
[
|
NOMINAL i
T T T T ADVERSE i
] !
I
|
] —
{

— E-40 m
— PRE-ENTRY
F- -
— ENTRY
CHUTE
7180 DEPLCY
— TOUCHDOWN |
T~ END INITIAL
T ——d POST-LAND LINK
i i
BER <3+10°3
1 WATT ' 10 WATTS AT 16 kbps
- I e
BER< 341073
B AT 4 kbps i
7

) i i 1 1 | I

° 1000 €000 8000 10,000 12,000 14,000 16,000

TIME FROM SEPARAT'DN, s

Fig. 23. Predicted VL-1 descent relay link performance

237

B o P PRV . SO Y



-60

RECEIVED SIGNAL POWER, dBm

-100

-110

-120

-1%
0

3 -

iy

NOMINAL
—— —— ADVERSE

END DECRBIT
E-40m

PRE-ENTRY

ENTRY

CHUTE
DEPLOY

TOUCHDOWN

END INITIAL
POST-LAND LIND

BER <3107
AT 16 kbps
BER < 31072 AT 4 kips \ -
1 WATT 10 WATTS
i 1 i 1 1 I 1 | | | 1 | 1 i |
2000 4000 €000 8000 10,000 12, 000 14, 000 16,000

TIME FROM SEPARATION, s

Fig. 24. Predicted VL-2 descent relay link performance

. e
v



A=

Parameter

Separation (MEQ SEP+0)

N3 N~ >

Deorbit
AV
CA
CLA

Coast
ippy from T4 to T180
ippa from T180to TS
ay, from E-6™ to £
ay; fromE t0.05g
igpa from E-6" to E-0

Entry
7
Vi
K/
Vi
r
LAT (areocentric)
LONG

Entry
r
Vi
i/
vy
t
LAT (areocentric)
LONG
Entry phase
9max
thploy
M #depioy
Touchdown
t
Terrain height
LAT (areocentric)
LONG
Azimuth leg 1

Predict

15480.259 km
7617.091
-13234.228

-1.160690 km/s
0.410977
0.572120

156.0 m/s
85.°914
97.°384

131.°5

129.°8

-19.°§

-11.°1
110.°0 @ E-6™
118.°6 @ E~0

11513.s
4.61000 km/s
-16.°900
54.°173
3635.57 km
12.°578
62.°004W

3635.57 km
4.61000 km/s
-16.°900
54.°173
11513.0 s
12.°575
62.°004W

112,49 1b/it2
6.57 1b/f12
1.014

12035.6 s
-2.3km
22.°369
47.°538 W
320.°0

Tabile 9. Descent reconstruction summary

VL-2

Estimate

15480.340 km
7617.090
-13234.296
-1.160683 km/s
0.410977
0.572117

156.310 m/s
86.°155
97.°373

127.°9/141.°9
122.°5/135.°1
-19.°9/-18.°9
-10.°9/-10.°4
109.°8/119.°5

NA

4.60989 km/s
-16.995
54.145
3635.41
12.503
62.151W

NA
4.60978
-16.999
54.144
115129
12.°498
62.158W

96.5
6.8
1.1

12050.5
-4
2.23
793w
521.°6

Alo-level)

0.08 km (.04)
-0.001 (~0)
0.068 (.07)
7.0E-6 (.11)
~0 (~0)
~3.0E-6 (.02)

0.199% (1.26)
0.°241(.84)
~0.°011 (.04)

~1.10E~4 (.01)
~0.095 (.34)
~0.028 (.25)
~0.16 (.01)
-0.072 * 20)
0.147 (.28)

NA

~-2.2E-4 (1.05)
-0.099 (1.46)
-0.029 (.89)
-0.1(.01)
-0.077 (.76)
0.154W (1.50)

-15.99 (NA)
0.2(NA)
0.1 (NA)

15.2 (NA)
0.9(0.9)
-0.14 (NA)
0.40W (NA)
1.6 (0.24)

Predict

12990.758 km
-4991.806
-16509.059

-.044430 km/s
.856233
1.065381

156.0 m/s
85.°106
91.°927

122°1

114.°

-19.°5

-11.°1

70.°0 @ E-3™
74.°9 @ E-0

11357
4.61430 km/s
-17.°005
44.°790
3626.96 km
36.°586
243.°036W

3626.96 km
4.61430 km/s
-17.°005
44.°790
113570
36.°586
223.°036W

115.75 1b/f12

6.536 1b/ft?
1.041

11868.2s
-1.7km
47.°596
225.°845W
210.°0

Fstimate

12990.932 km
-4992.063
~16508.515

-.044438 km/s
.856244
1.065392

156.086 m/s
85.°343
91.°765

114.°3/128.72
109.0/120.2
-19.7/-19.1
-11.2/-10.7
69.9/74.6

NA
4.61216
-17.084
44.754
3628.77
36.476
243.131W

NA
4.6134
-17.042
44,802
11358.34
36.54
243.049W

99.3
6.3
1.05

11900.9
-28
47.646
225.680W
210°1

Alo-level)

0.17 km (.06)
~-0.26 (.15)

0.54 (.21)
-8.E-6 km/s (~0)
1.10F-5(.24)
1.10E-5 (.14)

0.055% (.35)
0.°237 (.82)
-0.°1621.56)

NA

-2.14E-3 (.23)
-0.079 (.25)
-0.036 (.10)
1.81 (.14)
-0.11(.22)
0.095W (.13)

NA
-9.0E-4 (4.25)"
-0.037 (.58)
0.012(.18)
1.34 (.14)
-0.05 (.46)
0.013W (.11)

-16.45 (NA)
~0.2 (NA)
0.01 (NA)

32.7(NA)
-L1(LY
0.050 (NA)
-0.165W (NA)
0.1 (0.02)

"l'he entry state best estimates are the result of a3 backward integration of the final state near touchdown. The abnormally large fixed altirude
velocity error is probably the result of small accumulsted velocity errors obtained in the forward filtering process. All other indications are
that the true velocity was much closer to the predict.
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LTARP in the first step of this process to reconstiuct the best
separation-ta-entry trajectory. In Table 9, A is detined as the
difference between the reconstructed and predicted values,
except for the coast phase. where A is defined as the maxi-
mum magnitude difference. Note that the estimates of the
coast phase angles are given as the min/max values winch were
observed over the entire coast phase.

Table 10 compares the acwual event-dependent VL sequence
of events with the predicted SOE. All times are referenced to
separation and are rounded to the nearest second.

Figures 25 and 26 depict the CBE’s of the contributions of
all error sources to the VL-1 and VL-2 landing site errors,
respectively. The reconstructed error sources correspond to
reconstructed entry state, atmosphere, winds. and aeroshell
L/D characteristics. For VL-1, the dominant contributor to
the landing site error was the deorbit execution error  more
specifically, the deorbit AV magnitude error. The errors due to
VL aerodynamics aind winds were also important. Although
the deorbit execution error was also important for VL-2, the
dominant contributor to the VL-2 landing site error was the
VL aerodynamics modeling error. A more detailed explanation
of the VL aerodynamics modeling error can be found in
Section VI, where the unusual observed trim angle of attack vs
Mach number characteristics are discussed. The smaller contri-
bution of the deorbit execution error to VL.2 was very likely
due to the fact that the VL-2 axial accelerometer was of higher
quality than the VL-1 axial accelerometer. During VL-2 pre

1o UNCERTANTY
IN CBE

to LANDING
ERRGR ELLIPSE

AREOGRAPHIC LATITUDE, °N

.

5.9 km)

n.H ! | L 1 L
48.1 48.0 479 478 47.7 476

LONGITUDE, ‘w

47.5 47.4

- TARGET 1 - OD ERROR ND$S
- C8t 2 - DO EXECUTION ERROR 5 VL AERODYNAMICS
3 - ATMOSPHERE 6 - UNEXPLAINED

Fig. 28. VLi-1 landing site error

Table 10. Actual vs predict VL SOE
(all times in seconds from separation)

Fvent
L.nd ot deorbit burn
Fotry radius
0.05 g
qIN"K
1.1 /s
M/IF
Terminal descent ignition
(pyro fire)

Constant velocity start

Touchdown

Vi
Predict  Actual
1757. 1760.
11513. 11513
11665 11652.
18713, 11707,
11761.  11760.
11933 11943,
11993 120085,
12029 12043

12081,

12036.

V2

Predict  Actual
1757. 11757.
11357, 11358,
11508 11495.
11553 11553
11600. 11606,
11767 11792,
11826. 11856.
t1861.  11893.
11868. 11901.

separation checkout the accelerumeter biss stability data
showed very little variability, unbike the relatively large varia-
tions which were observed during the VL-1 pre-separation
checkout. Table 11 shows the landing error contributions due
to each deorbit execution error. In the entry trajectory recon-
struction process, the winds can only be estimated below
about 25 km. For VL-1, analysis of the high-ualtitude attitude
data indicated that the vehicle “*cocked™ siightly. producing a
cross-range error. This cross-range error can he explained by an
average wind of about 30 m/s from the east, which also corre-
sponds to the estimated wind at 25 km altitude. This inferred

2T T T T T T T T

45,1L. \ 1o LANDING -
2 ERROR ELLIPSE
)
§ 48.0 ~
[
<
o v -
§ 47.8 .
2 4.0 km|
<

4.7

5.9 ki
4761 ! i N . |

226.4 2262 726N 225.8 225.6  225.4
LONGITUDE, °w

© - TARGET 1 - OD ERROR 4 - WINDS
X - CBE 2 - DO EXECUTION ERROR 5 - VL AERODYNAMICS
3 - ATMOSPHERE 6 - UNEXPLAINED

Fig. 26. VL-2 landing site error
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Table 11. VL entry flight path angie and touchdown errors
regulting from each deorbit control error

VL-1:

A magnitude
error

=0.070 deg

In-plane
pointing error

Lrror due to

All deorbit
control errors

Out-ot-plane
pomting ¢rror

7 error (fixed radius) -0.009 deg -0.001 deg -0.080 deg
DR errorat TD ~21.6 km <2.1 km -0.4 km -24 1 km
XR esror at TD -0 59 km -0.003 km +0.12 km -10.47 km
VL-2. Lrror due to
v error (fived radius) ~0.019 deg -0.007 deg -0 008 deg -0.034 dex
DR errorat TD -4.52 km -0.85 km -1 98 km -7.35 km
-0.02 km -0.01 km +1.47 km

XR error at TDH

high-altitude wind has been included in the VL-1 wind contr;-
bution error. Two 1-0 dispersion ellipses are shown in Figs. 25
and 26. The large ellipse represents the a prion control disper-
sions which were predicted prior to separation. The small
ellipse (a circic) icpresents the knowledge dispersions for the
final estimate of the landing site from LTARP It should be
noted that the reconstructed trajectories which modeled the
above reconstructed error sources also satisfied the observed
VL entry sequence of events and q,,, ;..

Plots of reconstructed and observed descent relay perfor-
mance time histories are shown in Figs. 27 and 28 for VL.1
and VL-2, respectively. The reconstructed descent relay per-
formance was computed using the best reconstructed descent
trajectories and, in the case of mission 2, with an anomalous
VO roll attitude of -22 deg off Vega, which was the final
estimated attitude after stabilizauon.

VI. Entry Trajectory Reconstruction

This section documents the trijectory reconstruction
results obtained by the Lander Flight Path Analysis Team
following the landings of VL-1 and VL-2. Trajectory, atmo-
sphere, and vehicle parameter estimates are presented, along
with estimate uncertainties. In addition, characteristics of each
reconstruction are discussed, with mention of difficulties en-
countered and resulting accuracy implications.

A. Description of Process

In order to facilitate understanding and correct interpreta-
tion of results, a b.ief description of the overall reconstruction
process used is given, with pertinent details added in later
sections as requ wred.

+] 44 km

Data used in the reconstruction were

(1) Targeted entry state (position. velocity, and attitude)
and cevariance thereof,

(2) Raw dynanuc data file from DECSET (tabulated gyro
and accelerometer telemetry data. all properly scaled
and time-tagged)

(3) Measurcinieni data file from DICSET (tabulated RA,
TDLR, pressure ana icmperature measurements, cali-
brated and time-tagged).

(4) Post-touchdown meuasurements (ODP janded position
fix, and pressure and temperature measurements from
the meteorology exoeriment).

The dynamic data were preprocessed by the program
PREPR, which (after data editing and filling any gaps present)
yielded a file of smoothed time histories of angular velocity
and acceleration for each vehicle axis. PREPR did nothing to
the measurement data except to arrange the data into a file
with time-sequencing cotresponding to that of the dynamic
data file (this could result in negligible time-tag shifts).

The actual reconstruction was done by the program
LTARP. By means of a planetary model and the PREPR
dynamic data file, LTARP propagated the targeted entry state
forward in time in the manner of a strapped-down inertial
navigator. In so doing, angular velocity da.a wus integrated to
keep track of vehicle attitude, and total acceleration (sensed
from the PREPR dynamic data file plus computed gravitation)
was integrated to provide velocity and position time-histories.
At selected *ime points corrections were applied 1o the state
thus computed by processing with a Kalman-Schmidt filter RA
and TDLR measurements from the PREPR measurement data

24
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file. After similarly processing the position fix slightly before
touchdown, the resulting final state was integrated back to
entry to provide a continuous reconstructed trajectory.

This trajectory was then “frozen.” and the atmosphere
reconstructed thereon. Working from entry to touchdown,
LTARP computed dynamic pressure from sensed acceleration,
using a prion aerodynamic data. Density was computed from
dynamic pressure, based on the velocity history from the
frozen trajectory (modified by wind estimates). Pressure was
computed by integration of density with respect to altitude in
the hydrostatic equation. Temperature was then computed
from density and pressure by means of the equation of state.
Wind estimates were based on a comparison of a prion aerody-
namic trim. predictions with those computed for the frozen
trajectory on a no-wind basis. Pressure and temyerature mea-
surements from the PREPR measurement data ile were pro-
cessed by the Kalman-Schmidt filter at selected times to pro-
vide atmospheric corrections. Finally, a continuous recon-
structed atmosphere was obtained by means of a deterministic
run of the frozen trajectory. incorporating a wind vs altitude
table and other parameter estimates from previous tilrering
runs.

B. Data

The primary data used for the initialization of the recon-
struction process is presented in this section. The a priori entry
state and covariance for each mission are shown in Table 12.
Alsu shown is the transformation from the MEQ cooidinate
system to the a priori direction of the body axes at entry. The
a priori uncertainty in body attitude was 1 deg (10) in pitch,
yaw, and roll. The uncertainties in sysiem parameters are
documented in the Navigation Plan.

The IRU deta contained in the entry telemetry was con-
verted to engineering units using the scale factors shown in
Table 13. Known biases (determined in preseparation check-
out) were removed from the data and are also shown in
Table 13. These biases were also used by the onboard software
during each descent.

A radar altimeter scale factor of 9965 was applied to the
decalibrated TM values to correct for terrain effects on signal
return time. A bias of about 17m was identified during
instrument calibrations, but was not used in the reconstruction
because of its variation with altitude and insignificance com-
pared with terrain uncertainty.

Values of model paran.cters critical to the reconstruction
are presented in Table 14. 1o uncertainties are given where
significant.

Owing to softw i modeling hmitations, the (tourth-order)
reference areoid was modeled as a spheroid with polar and
equatorial radit shown in Table 14. This surface matched the
radius of the reference areoid exactly at the targeted landing
site and was very close in the general area of each site. The
data contained in this report 1s with respect to this spheroidal
sutface. For statistical purposes it was regarded as an altitude
reference with zero uncertsinty. ODP landed posttion fixes
together with 1o uncertainties are presented in Table 15,

Nominal terrain height profiles were deduced for both
landers from availuble contour map9 and input tc LTARP by
means of tables. Plots of these profiles are mcluded m Figs. 29
and 30. The lg uncertainty of each profile was regarded as
$] km.

Aerodynainic tables were constructed from data in Ref. 2,
with 1o uncertainties as follows.

Aeroshell phase axial force coefficient vs Mach number and
total angle of attack. £1.7%.

Aeroshell phase trim angle of attack vs Mach number (for
nominal CG offset of 1 83 in.). 0.5 deg.

Parachute phase drag coefficient vs Mach number, #477.

C. Entry Trajectory Reconstruction Results

The VL-1 and VL-2 reconstructed trajectory variables are
recorded at various times of interest in Tables 16 and 17, along
with uncertainties in the estimates, Tables 18 and 19. These
variables are plotted in Figs. 31 to 47 for VL-1 and Figs. 48 to
65 for VL-2, with significant events noted, and design limits
included where applicable. Comparisons of estimates with pre-
dicted values were given earlier in Table 9.

1. Discussion of results. Were it not for a data gap prob-
lem, which will be discussed, both the VL-1 and VL.2 trajec-
tory reconstructions would have been simple and straightfor-
ward, using LTARP and the procedures develcped therefor
(Ref. 3). Much of the de.clopment work leading to LTARP
was aimed at providing the ability to cope with large (e.g., 30)
entry dispersions, but for both vel cles the entry dispersions
were about 10 or less. The fear of a large radar blackout region
and a resulting loss of reconstruction accuracy led to studies
and development ° special procedures, but both landers ob-
tained near-continuous radar altimeter measurements below
130 km altitude. Similarly, the TLLR data was almost con-
tinuous where scheduled and of excellent quaiity. A great
worry had been the anticipated poor quality of the dynamic
data, and much work went intc PREPR to provide the capa-
bility to edit out numerous wild points and to fill gaps in the
raw data prior to smoothing. Surprisingly, the data was of
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Table 12. A priori entry state and covariance
b ntry state (M1 Q)
Parameter VL-1 VL-2
GCSC time, s 11513. 11357
X.tm/s ~1.00835 -4.08531
Y. hm/s ~3.90904 -1.29505
Z, ks 2.22757 1.71021
X, km -2633.44 1272.62
Y, km 2375.78 2619.54
Z, km 793.41 2161.78
i{our angle of Mars prime mendian, rad 3.48898 536033
Covariance 5(, ?, i, X. Y. Z (units of entry state)
Vi-1
454628E-3
x -.399004L-3 355271E-%
~-.130670E-3 .118580E-3 4686214
-.205189 .177043 .058938 95.656
-.748189 660641 216765 335.290 1235.277
423299 -.377960 -.134959 -190.734 -700.423 413.903
VL-2
.131407E-3
769558E-3 S80284E-3
.227811E-3 475459E-3 .402963E-3
472355 1.007282 833365 1754.266
148690 301740 257541 530.109 169.071
-.205232 ~-428525 -.365593 -753.121 -232.558 333.894
Attitude transformation, MEQ to body axes (at prepitch program initiation)
VL-1
- T DG -
.095223 -.933758 345006
. -.538920 -339754 -.770800
836957 -112%33 -.535573‘
| VL-2
- P
} -.851931 -.511782 110874
} -482538 .684999 -.545833
9 .203399 ~.518513 ~.830526
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Table 13. instrument bias and scale factors

Parameter

VL-2

Table 14

Parameter

Mars gravitation constant u

Harmonic J,

Mars rotation rate

. Model paramete s and uncerta:nties

fo
uncertainty

Value
428284431 § km3/s2
001965
7088219F4 rad/s

Universal gas constant

Ratio of spectfic heats v

00831434 km2/ K mol «2
1.384 1

Vil
X-gyro bas, rad/s ~31282k4 -.9353Fk->
Y-gyro bias -.27633L4 ~19730L4
Z-gyro bias - 4340L-5 ~.2536014
X-gyro scale factor, 8.004221- 4 7.9652714
deg/pulse
Y-gyro scale factor, 7.9035814 7.84698L4
deg/pulse
Z-gyro scale factor, 7.9261414 7.93027L4
deg/pulse
X-accelerometer bias, km/x2  ~1.0894L-5  -2.0129L-5
Y-accelerometer bias, km/s? 1.1067L-5 -6.745E6
Z-accelerometer bias, km/s?  7.478L-6 1016715
X-accelerometer scale factor., 1.27219E-5 1.27754E-5
km/s/pulse
Y-accelerometer scale factor,  3.18267k6 3.14868L6
km/s/pulse
Z-accelerometer scale factor, 3.18009E-6 3.19154k-6

km/s/pulse
Instrument bias added to the decalibrated TM value: scale
factors applied to TM pulse counts by DECSFT.

Molecular weight of Tower 43,32

atmosphere

Radu ot reference spheroid

VL-1 VL-
kquatorial radiuy, km 3393470 3394.114
Polar radius, km 3375.654 3376.294
Lander mass
Entry mass, kg 982.93 981.63
Mass after aeroshell drop, kg 789.25 787.95

2Regarded as constant befow 100 km.

Table 15. ODP landed position fixes, 1o uncertainties

VL-1 VL-2

Parameter
Radius, km 33894 +.13 3381.35+ 1.
Latitude (areocentric), deg 22,23 2 D) 4767+ .05
Longitude (west), deg 4793+ .014 22567 ¢ .08

The numerical vatues in this Table differ from those 1n Table 10 of
the Sarellite Orbic Determination chapter because the above entries are
with respect to the proflight (i.e., Maiiner 9) Mars pole, whereas the

other entries are with respect to the inflight “solved-for™ pote.
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Fig. 20. VL-1 nominal terrain height profile
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Table 18. Viking trajectory / atmosphere reconstruction summary: Viking 1 reconstruction

Variable Fntry 005 2 Max g 1.0 km/s M‘lilrr‘c"” l‘é::"';; Touchdown
GCSC time, s 11513 11652 11707 11760 11943 12005 12050.8
Vg, km/s 44177 4.5388 3.2139 1.1032 0.2327 0.0532 0.0027
1R deg -17.758 -12.995 ~7.962 -0.429 -53.392 -69.758 -
Ag. dey 52.138 54.784 $6.080 56.343 55.547 -34.151 -
Altitude above MSL, km 242.8 78.3 322 25.8 43 -(1.09 ~-1.5
Latitude, deg 12.503 18.286 20.447 21.376 22.208 22,224 22.228
W longiwde, deg 62.151 54.072 50.747 49.260 47932 47.92% 47.931
og. deg 0.60 0.003 -0.31 -0.48 -0.60 -3.06 ,
Bg. deg 0.09 0.12 -0.36 -0.52 -0.19 9.75 -
ag, deg -18.81 -11.19 -11.64 -12.49 -8.85 ~-13.40
Pressure, mb - .74E-3 .28 .54 442 7.20 7.62
Density, gm/cc - 30E-8 87E-6 .16E-§ A11E-4 .159L4 .165E4
Temperature, K - 140, 165, 177. 214. 234. 241.
Mach no. >20. 154 5.1 I.1 20 -
Dynamic pressure, 1b/ft? - 6 96.5 220 6.8 A -

Range, km 0 574.1 799.6 898.5 986.5 988.1 988.4

Date: 9-5-76

Time: 2$0/00:25:00.

Data sources; PREPFXA00220, PREPFXA20277.

PREPR files ENTRYDIG, ENTRYD2G; LTARP runs YTFBS(, JTFBS6.

.- e mL e ey g2 X s Moo id v

b



Table 17. Viking trajectory / atmosphere reconstruction summary: Viking 2 reconstruction

TFouchdown

11900.87
0030

-2.8
47.646
225.680

-51.61

-%9.01

-98.33
7.78
178E4

229,

1007.0

Vartable Entry 0.05 ¢ My g 1.1 km/s '“‘;l'r:” ":: ?.:r:
GCSC time. s 11357 11495 11553 11606 11791.8 11756
Vg, km/s 4.4756 4.595 3.148 11 237 n510
TR» deg -17.6221 -12.949  -7.443 -.043 -50.80 -80.3
Ag. deg 427813 49.597 53.027 54.641 55.28 120.2
Altitude above MSI., km 240.99 77.69 29.80 24.71 312 -1.23
Latitude, deg 36.476 43.258 45.791 46.758 47.638 47.647
W longitude, deg 243011 233944 229.507  227.597 225715 225.683
ag. deg -.262 =719 -.886 -728 1.32 ¢ -15.15
Br. deg 132 -121 -.059 084 -2.53 i =135.01
ag, deg -19.262  -1L.11S  -12.088  -12.98§ 91s 0: -87.34
Pressure, mb - 00069 .30 .84 4.68 7.09
Density, gm/cc - 27E-8 ISE6 AS6F-5 A4 164
Temperature, K ~ 126. 166. 179. 203, 229.
Mach no. - >20 15.1 S.1 1.08 .20
Dynamic pressure, 1b/ft2 - 65 99.3 20.3 6.3 42
Range, km 0. $78. 817, 914. 1008, 1006.8
Date: 9-22-76.

Time: 266/20:4. .

Data sources: V75CDBB, PPFVL2LA3, PREPFXB00220,

A/S phase axial force coefficient ~ 0.7% > nominal.

Parachute phase drag coefficient ~ 7% > nominal.

Hypersonic ay,, . variable, averaging -12.5 deg.

PREPR files. EDIVL2C, EDIVL2D, ED2VL2F; LTARP runs: FWHJ20, 22, 27. 28, 34
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Table 18. Viking trajectory / atmosphere reconstruction summary: VI.-1, 1 uncertainties in estimates

Variable

GCSC ume, s

b km/s

TR deg

Ag.dep

Altitude above MSL, km
Latitude, deg
Wlongitude, deg
g dey

BR. deg

agp. dey

Pressure, ¢/

Density, 7.
Temperature, 7
Mach no.,
Dynumic pressure, 7.

Range, km

kntry

1S3

L0001

031

D81
9

069
073

41
054

032

008 g

11652
0008
020
3R
44
040
043
28
042
020

22

[
~ W

ro

Table 19. ' :«ing trajectory / atmosphers reconstruction summary: VL-2, 1o uncertainties in estimates

Mavg

11707
0007
017
036
20
033
036
.20
039
017
2.3

2.6

"~

P
-

&

(]

1.1 km/s

11760
A006
m7
093
22
032
KRR
20
050
017
27
37

Mortar
fire
11943
L0002
086
.50

Vernier

ignition fouchdown
12008 12050 8
nHn? 0002
16 45

17 236

2 2

032 032
0358 (IRN]

S 14 R}

v. 113 19

9 19 19

l. 7

1.7 8

1.3 5

RN

4.

2 27

ORIGINAL PAGE IS
OF POOR QUALITY

Variable Entry 005¢  Maxg 1.1 km/s "‘tfl’::‘" .:Zﬁ?.'.‘..ﬂ Toucndown
GCSC time. « 11387 11498 11553 11606 117918 11856 1190087
VR' km/s N0t 0011 001 P 0003 L0002 L0002
Ygo deg 031 020 017 017 056 .36 4.5
Ag. deg 81 .038 036 .093 .5 1.7 23.6
Altitude above MSL, km 1. 83 6 .5 5 .5 .5
Latitude, deg 069 040 033 032 KXY 032 132
W longitude, deg 073 043 036 035 038 038 035
ag. deg 41 .28 .20 .20 41 o 1.4 38
Bp, deg 084 042 039 .080 .29 v: 13 39
ap, deg 032 .020 07 017 022 6 .19 .19
Pressure, % - 22 2.3 27 24 L. 7
Density, - - 2.3 26 7 27 1.7 .8
Temperature, % - 2.7 2.2 4. 1.8 1.3 5
Mach no., % - - 4, 4 3 EN -
Dynamic pressure, % - 2. 2. 2. 2. 4, -
Range, km 0. 07 B 12 2 .28 .27

257
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RELATIVE VELOCITY, km/s

RELATIVE FLIGHT PATH ANGLE, deg

VIKING LANDER 1 ENTRY
PROGRAM LTARP|RUN No. JTFB56| TRAJECTORY FILTERING RUN -
FRAME No. 1 |{DATE 083176 | DATA PROCESSED/RA, TOLR,
ALPHA TRIM
5 T T T T
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0 | e 1 1 i
11,600 11,700 11,800 11,900 12,000
GCSC TIME, s

Fig. 35. VL-1 relative velocity vs time

PROGRAM LTARP
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L | 1 1 |
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GCSC TIME, s

Fig. 36. VL-1 relative flight path angle vs time

RELATIVE AZIMUTH, deg (CW FROM NORTH)

AREOCENTRIC LATITUDE, deg (NORTH)
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Fig. 37. VL-1 relative azimuth vs time
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Fig. 38. VL-1 sreccentric latitude vs time
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LONGITUDF, deg (EAST)

AREOCENTRIC LATITUDE, deg

VIKING LANDER 1 ENTRY
PROGRAM LTARP|RUN No. JTFB56| TRAJECTORY FILTERING RUN -
FRAME No. 7  |DATE 083176 | DATA PROCESSED/RA, TDLR,
ALPHA TRIM
~40 T T T T Bl
-50 |~ ~
-60 - -
1 ] i ] ]
11,600 11,700 11,800 1,900 12,000
GCSC TIME, s
Fig. 39. VL-1 longitude vs time
22.24 T T T —T
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t = 12050—\
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t = 12005
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2.9 ! 1 | ]
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Fig. 40. VL-1 ground trace near touchdown
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Fig. 41. VL-1 terminal descent performance
VIKING LANDER 1 ENTRY
PROGRAM LTARP|RUN No. JTFB5¢|TRAJECTORY FILTERING RUNH
FRAME No. 10 |DATE 083176  |DATA PROCESSED/RA, TDLR,
ALPHA TRIM
B T T T
£ 100 |- _
o
v
3
-
2 o
ac
o
:
-100 ¢ -
] 1 i 1 1
1,600 1,700 11,800 11,900 12 000
GCSC TIME, s

Fig. 42, VL-1 planet relative sigma vs time
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VIKING LANDER 1 ENTRY

PROGRAM LTARP|RUN No. JTFB56|TRAJECTORY FILTERING RUN -]

FRAME No. 9 DATE 083176 DATA PROCESSED RA,
TDLR, ALPHA TRIM

10 T T T T I
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Fig. 44. VL-1 pianet relative beta vs time
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BULER PSI, deg
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Fig. 48. VL-1 Euler P8I va time
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RUN No. FWH17
FRAME No. 9
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Fig. 47. VL-1 Euler theta vs time
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Fig. 4. VL-2 sititude shove reference areoid vs time
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Fig. 49. VL-2 range from entry vs time
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Fig. 50. VL-2 altitude above reference areoid vs range
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Fig. 52. VL-2 relative velocity vs time
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Fig. 55. VL-2 latitude vs time
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Fig. 58. VL-2 longitude vs time
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Fig. 57. VL-2 iatitude vs longitude
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Fig. 68. VL-2 terminal descent performance

LA N

iR SRS, e KA b S - G
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Fig. 59. VL-2 planet reistive sigma vs time
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Fig. 60. VL-2 planet reistive beta vs time
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Fig. 61. VL-2 planet relative alpha vs time
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Fig. 63. VL-2 Euler theta vs time

excellent quality except for a short (i.e., approx 2 s} gap
following parachute deployment for both VL-1 and V1.2,

That short gap, however, gave a great deal of trouble in
both cases. It appeared in a region of great dynamic activity,
and attempts to fill it by deducing a wave-form consistent with
data on either side fell short of their mark. In effect, this
resulted in a loss of attitude reference (several degrees) as
LTARP reconstructed the trajectory through the gap such that
excessively large TDLR residuals occurred when that measure-
ment become available. Because the attitude errors were no
longer consistent with the covariance matrix being propagated
by LTARP, the Kalman filter responded to the TDLR resid-
uals by making false corrections to velocity and to the positi:
variables, which by that time were heavily correlated with
velocity. Hete another factor entered, in that the large TDLR
residuals exceeded the linear range of the filter equations.
Nevertheless, the filter was thus able to “explain” the initial
large TDLR residuals and to keep the remaining ones to
touchdown at near-respectable values. However, after process-
ing the OUDP position fix at touchdown, the smoothed (i.e.,
continuous) trajectory obtained by integrating th dynamic
data back to time of entry was not of acceptable quality.
Measurement residuals were not too bad back up to parachute
deployment, but from there on back the RA residuals became
progressively worse. To rephrase the above simply — with the

attitude error inherent in the gap-filled dynamic data. no
continuous trajectory from entry to touchdown could be
found which satisfactorily fit all the measurement data. While
efforts were made to recover the lost dynamic data, a two-
piece solution (with attitude discoutinuities and small velocity
discontinuities at the gap) was generated which fit the data
quite well. Most of the atmosphere reconstruction was based
on this two-piece trajectory. Finally, after playback of the
entry data from the lander, the gap was filled with real data
and a continuous dynamic file was generated by PREPR of a
quality needed by LTARP for a good 1-piece trajectory recon-
struction. This same story applied virtually without change to
VL-2.

For both reconstructions the initial residuals for each type
of measurement processed during the 1-piece filtering runs
using the final versions of the dynamic data files are presented
in Table 20. These were almost unbelievably small — especially
those for VL-1. In particular, the VL-1 TDLR residuals imply
that the relative velocity vector and vehicle attitude were
known quite accurately before the TDLR went on, contrary to
expectations based on premission studies. This attests to the
accuracy of knowledge of the entry state, the low drift rate of

Table 20. Inltial measurement residuais

Radar altimeter

VL-1 VL2
GCSC time, s 11600.05 11446 .45
Altitude (meas.), km 131.7 131.9
Residual, km .28 27

TDLR

VL-1 VL-2
GCSC tinie, s 11960.9 11812.8
Relative velocity magritude, m/sec 71.2 63.6
Beam | residual, m/s 1.12 -5.27
Beam 2 residual, m/s 123 -2.60
Beam 3 residual, m/s 1.18 .80
Beam 4 residual, m/s 1.54 -1.73

ODP touchdown position fix

VL-1 VL-2
Radius residual, km .29 -3.29
Latitude residual, deg .143 062
Longitude residual, deg -.0008 147
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the gyros during coast, the accuracy of the IRU and RA, and
the high yuality of the smoothed dynamic data processed. The
landed position residuals were also quite small, corroborating
the above. The radius residual of VL-2 indicated some incon-
sistency in the way the TDLR processing resuits in altitude
changes through correlation with velocity which has built up
in the covariance matrix. This effect, never observed in test
activities with simulated data, was prominent in processing all
the Viking dynamic data files (except the final one for VL-1).
and is not yet understood. At any rate, its slight effect on
position reconstruction accuracy was offset by the informa-
tion in the ODP position fix.

The final continuous 1-piece reconstructed trajectories thus
obtained for both VL1 and VL-2 appear, on the basis of
measurement residuals (see Table 21), to be highly accurate. In
fact, they were much better chan any obtained during develop-
ment tests and flight team test and training activities using
simulated telemetry data, and were excellent bases on which
to reconstruct the atmosphere.

2. Solve-for parameters. Capability existed in LTARP to
augment the state with solve-for parameters of significance,
and most of the procedures were developed on this basis.
Thanks to the precision of the IRU, RA, and TDLR, no
significant effect on results could be noted by treating their
scale factors, biases, etc., as solve-for or consider parameters.

T N R T S

Table 21. Measurement residuals, VL-1 and VL-2,
smoothed trajectories

ODP touchdown position fix

VL1 VL-2
Radius, km .05 -.18
Latitude, deg 057 02t
Longitude, deg 0041 009

TDLR readuals?

GCSC ume, s Beam 1 Beam 2 Beam 3 Beam 4
VL-1
11960.9 112 41 .69 82
11970.9 15 - 11 -.18 41
11980.9 .01 -93 -.69 18
11990.9 -69 -.26 .19 -42
12000.9 07 .20 .06 -.09
12009.9 -33 -.58 -49 -.04
12019.1 -.25 -.27 -46 -.29
12029.1 .38 .23 .66 .09
12039.1 .20 .26 69 .22
12049.1 -.36 -.15 -.21 -43
VL-2
11812.8 10 -17 -17 .24
11820.8 -.03 ~-41 -.09 .05
11826.8 .01 -.36 1.08 .09
11830.8 -4 -.54 -45 -.05
11840.8 -.14 -.51 -.78 =20
11850.8 -.35 =17 -11 47
11860.8 -.58 -.85 -.76 -.22
11870.8 -12 -.19 1.06 1.38
11880.8 -.18 -47 .70 1.03

11884.8 -16 =35 .15 91

Following is a tabulation of representative residuals in m/s
obtained by sampling those printed out in the backward passes
of the final filtering runs.

An exception, however, was terrain elevation from MSL.
Because LTARP's equations of motion involved radial position
from the center of the planet, which was observable to the RA
only through an intermediate surface of uncertain location,
inclusion of a bias to the nominal terrain height table as either
a solve-for or consider parameter was necessary. The latter
proved adequate in the Viking reconstruction due 1w the
relative accuracy of the nominal terrain profiles deduced from
the available contour maps. In spite of the above, however,
accuracy figures in this report are derived from filtering runs in
which the staie was augmented with the most significant
dynamic and measureraent parameters as solve-fors. Estimates
obtained were so near nominal that they will not be repo.ted.
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3. Local vs overall reconstruction accuracy The recon-
struction philosophy underlying the results i this report 1s
one of identifying a trajectory which best fits, in 3 mmimum
variance sense, a variety of measuremen? and other data taken
at different times during entry. As a result, the local fit was
not always as good in any given subregion as might be ob-
tained by sore less comprehenstve method. Two examples of
this are significant and will now be discussed.

a. Entry state. The estimated entry state was the final
result of a determunistic run in negative time starting at touch-
down and erding at entry. The nature of this trajectory was
such that the entry state thus obtained was quite sensitive to
small errors in the touchdown estimate, and in addition, pri-
marily because of 1RU uncertainties, the touchdown state
uncertainty was amplified as the state was propagated back up
to entry. It was thus often found that a better entry estimate
(at least for selected vanables) could be obtaned by means of
a restricted . in that was terminated in the acroshell phase
after processing early RA data. with its final state being
propagated back to entry. Though better in entry alutude and
vertical velocity, such an entry state would. in general, be
incapable of defining the other trajectory parameters to an
accuracy suitable for the subsequent atmosphere reconstruc-
tion. The estimates presented in this report were obtained for
both landers by backward integration of the touchdown state
computed in a complete forward filtering run. The VL-1 and
VL-2 entry states thus obtained are believed to be sufficiently
accurate for all foreseen purposes because of the ingh quality
of the dynamic data received from the landers.

b. Trajecrory in vicinity of touchdown. As the reconstruc-
tion proceeded through the parachute and terminal descent
phases, processing TDLR and RA data. the velocity and posi-
tion (relative to touchdown position) were determined quite
accurately. Throughout the long flight from entry, however.
position and velocity became strongly correlated, such that the
post-touchdown ODP position fix not only corrected radius,
latitude, and longitude, but applied a correction tc velocity as
well. The velocity history. though improved on an overall basis
over the entire trajectory, was thus degraded in the vicinity of
touchdown. Although this may be by an insignificant amount
for most purposes (¢.g.. only a fraction of a meter per second),
it might be unacceptable, for example, for accurately inferring
the terrain slope in the neighborhood of the landing site from
RA measurements. Similarly, the terminal velocity and posi-
tion histories may not be sufficiently accurate for deducing
physiczl properties of the scil from landing impact velocities
and the ground track leading to touchdown, or for assessing
vehicle behavior during touchdown. For such uses a limited
reconstruction fitting only selected data in the vicinity of
touchdown would be preferable. Even for this, however, a

o

better tie point with the planet 1s needed, 1.c.. through avail-
ability ot IRU data to the pomnt where the vehicle is at rest.

4. Integration step size and PREPR smoother length. The
PREPR smoothers selected were short (i.e., 7 point) during the
first few seconds encompassing entry and the pitch maneuver
following entry . long (1.¢c.. 49 pant) trom there until just
before mortar fire, and short {(1.¢., 7 point) the rest of the way
down. These lengths were chosen to provide accurate tracking
of the large amplitude changes durning penieds of great dynamic
activity and to filter out the hieh-frequency. low-amplitude
effects unwanted in a trajectory intepded for atmospherc
reconstruction. They also allowed use of 4 larger integiation
step size in LTARP down to the parachute piase. Hoshould be
pointed out, however, that the trajectory thus reconstructed 1s
uniquely mated to the smoother-antegration step size combina-
non used. Although a differen combination will, by means of
an LTARP filtening run, result in an entry state and trajectory
with apparently only msignificant ditferences, a deteimmstic
run starting with an entry state unmatched to the smoother-
integration step size combination bemg used may differ signifi-
cantly (e.g.. several hundred meters in altitude at touchdown).

For the Viking reconstruciion the fundamental choice was
smoother length. The mtegration step size schedule was then
chosen so as to mmimize computer run time without degrad.
ing accuracy of results. Step sizes thus varied tfrom 0.1 to 0.5 s,
depending on prevailing smoother length and nature of run.

D. Vehicle Subsystem Performance

1. Aerodynamics. Reconstructed dynamic pressure and
Mach number time histories are presented in Figs. 66 to 69 for
both landers. Figure 70 gives reconstructed trim angle of
attack curves, together with design curves,

2. Aecroshell phase. The a, .~ vs M curves for the two
landers are qualitatively similar to each other, hut dtfer dis-
tinctly in shape from the a piori curves o Ref. 2. Above Mach
3 the reconstructions were based on planet-relative rathcr than
air-reiative velocity, but are belicved accurate, in that un-
reasonably large winds would be required to alter them sig-
nificantly. At Mach $, where flight path angle was approxi-
mately zero, for example, the results were virtually insensitive
to horizontal wind. There, a vertical wind of about 18 m/s
would be required io explain a 1-deg ditference. Although
such a vertical wind might not be totally unreasonable con-
sidering surface slopes, it was fairly well ruled out as a factor
by the similarity of the VL-1 and VL-2 curves.

Below Mach 3, where winds were being estimated, the
accuracy of the a priori curve became quite important. Here
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LTARP tended to reconstruct a wind which, when combined
with planet-relative velocity, resulted in a reconstructed «,,,,,,
curve qualitatively similar to the a priori nominal, though
biased away from it.

Characteristics of the atmospheric computation algorithm
below Mach 3 deserve discussion. The feedback loops were
rather involved, as can be seen from Fig. 71. Mach number was
cemputed from dynamic pressure and then used in a table
lookup of aero coefficients, which were subsequently used to
compute dynamic pressure. Accuracy (and indeed stability) of
the process in some Mach regions was of concern. The same
holds to a lesser extent for angle-of-attack feedback effects. In
particular, in the neighborhood of Mach 1.2, a,,;,, was highly
sensitive to Mach number, which was reflected in the wind
estimation uncertainties given in Fig. 72. Fortunately, this
occurred at the end of the aeroshell phase, where the trajec-
tory was bending over rapidly and the atmosphere reconstruc-
tion was becoming less sensitive to wind estimates.

At higher Mach numbers the accuracy of the LTARP atmo-
spheric estimates was sensitive to real gas effects. The 5% 3¢
tolerance on axial force coefficient was assumed to adequately
cover these, but recent analyses exploiting stagnation pressure
measurement data indicated that that value was too low and
that LTARP final dynamic pressure and density above Mach 3
might be on the order of 6% too high due to real gas effects
not being modeled. LTARP, however, by processing end-of-
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phase pressure and temperature measurements, estimatad scale
factor corrections to be applied uniformly over the entire
Mach range to the nominal axial force coefficicnt table as
follows:

CA scale factor

VL-1 1.012
VL-2 1,007

3. Parachute phase. The attitude reconstructions of
Figs. 46, 47, 64, and 65 showed large-amplitude pitch and yaw
oscillations following mortar fire, for both VL-1 and VL-2,
with recognizable coning motion continuing thereafter. The
density reconstruction for VL-2 was well-behaved, with a
plausible (after smoothing out oscillations attributed to atti-
tude excursions) density vs altitude plot over the entire para-
chute phase. Pressure and temperature measurement process-
ing gave an estimated scale factor correction of 1.08 to be
applied uniformly to the nominal drag coefficient over the
entire parachute phase. Similar treatment of VL-1 data, how-
ever, seemed to indicate that for about 18 sec following de-
ployment the parachute was not fully reefed, with the product
CpS being about 15% less than nominal. At that point Cp,S
jumped rather suddenly to about 7% greater than nominal.
The interpretation here given was that the drag coefficient was
7% high over the entire phase, with the parachute being only
about 80% reefed for 18 s following mortar fire. Other inter-
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pretations involving wind and attitude situations were perhaps
equally plausible but did not lead to different atmosphere
conclusions.

Ground track plots (Figs. 40 and 57) show the manner in
which the motion of the landers was rapidly arrested after
deployment, with motion relative to the planet defining the
wind direction thereafter.

4. Terminal descent performance. Altitude-velocity plots
(Figs. 41 and 58) indicate that the terminal descent phase was
nominal for each lander, with the velocity contours being
closely followed after intersection. Figures 40 and 57 show the
ground tracks during terminal descent. VL-2 took a rather
interesting tumn just before touchdown, accompanied by an
unscheduled change in velocity (possibly the result of the
TDLR locking on a cloud of dust, as has been conjectured).

§. Inertial reference unit. Results of the trajectory recon-
struction ‘ndicate that uncertainties associated with the IRU
were well within tolerance and the least significant of all those
affecting the process. Gyro accuracy is illustrared by attitudes
at entry:

Targeted Actual A
VL1
o deg 0 6 6
B deg 0 R 1
a deg -19.5 -18.8 i
VL2
g deg 0 -3 -3
B deg 0 -1 -1
o deg ~19.5 ~-19.3 2

The a priori 10 uncertainiy for each of these was regarded
as 1 deg, primarily allowing for gyro drift during coast.
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Leg | azimuth at touchdown was another measure of gyro
accuracy:

LTARP Gyrocompassing
VL-1 deg 321.6 3216
VL-2 deg 210.t 209.2

Estimated corrections to the accelerometer scale factors
were essentially zero.

6. Radar altimeter and TDLR. Estimated corrections to the
RA and TDLR scale factors were essentially zero. RA bias was
inseparable from the terrain height estimate.

Vil. Environmental Estimates

A. Reconstructed Atmosphere/Winds

The atmosphere estimates based on VL-1 entry data are
presented in Table 16 and Figs. 73 to 77: those on VL-2 data
in Table 17 and Figs. 78 to 82. Uncertainties in these estimates
are presented in Tables 18 and 19 and Fig. 83.

Wind estimates are presented in Figs. 84 and 85 for VL1
and Figs. 86 and 87 for VL-2. Uncertainties in these estimates
were presented in Fig. 72.

Reconstructed terrain profiles are presented in Figs. 88 and
89. The wind and atmosphere reconstructions are inseparable
and will be discussed together. The figures and data presented
are a composite of results obtained from runs made addressing
individual phases, within an overall jterative procedure. The
discussion follows in a like manner.

1. Upper aeroshell phase. For both VL-1 and VL-2 the
accelerometer threshold for computation of density occurred
at about 115 km altitude above the areoid. Above that aititude
sensed axial acceleration was rather erratic, with attitude con-
trol disturbance predominating. Density at 115 km was found
to be about 5.E-11 g/cc and pressure on the order of 1.E-5 mb.
Because of the inaccuracy associated with picking a starting
value for pressure, its estimate did not become reasonably
accurate until the increase in pressure below 115 km had
excecded the starting value several fold. This was at an altitude
of about 100 k. Temperature, being computed from pressure
and density, thus had a threshold of about 100 km. VL-1 and
VL-2 altitude and velocity time histories were quite similar
during their respective aeroshell phases, with flight path angle
staying near zero over a period of about 100 sec, during which
velocity decreased from about 4 km/s to about 0.6 km/s. In
this region it was not possible to obtain a good wind estimate
(the uncertainty in the estimate would have greatly exceeded
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the estimate), so planet-relative, rather than the unknown
air-relative velocity was the basis for density computation. At
small v, an unknown in-plane wind V,, will introduce a
fractional error of =2V /V, in computed density, which
becomes significant as velocity decreases. For Viking this oc-
curred where altitude was changing only slowly. thus contrib-
uting to a physically implausible jog in each of the preliminary
density-altitude plots. The upper aeroshell phase data of
Figs. 73 to 82 retlect zero-wind assumption down to the point
where wind beconies significant in the density calculation.
Inherent are estimated scale factor corrections to the axial
force coefficient made on the basis of pressure and tempera-
ture measurement processing during lower phases and post-
touchdown.

2. Lower aeroshell phase. Wind estimation was begun for
both landers at a point where v, had dropped below about
~6 deg (M~ 3, altitude ~24 km). This process in LTARP
involved comparing a priori trim « and § with nlanet-relative
values emanating from the trajectory reconstruction process.
The difference was attributed primarily to a combination of
horizontal wind and error in the a priori tnm characteristics,
with estimates of each bemg made in accordance with their
uncertainties. The resulting wind estimates are presented in
Figs. 84 to 87. These were manually extended above the
altitude threshold defined by vy =-6 deg in such a manner as
to include cross-plane estimates not subject to vy limitation and
in-plane estimates which improve the density plots in the
vicinity of the jogs described in the previous paragraph. The
VL-1 wind profile above 25 km also includes results of a study
made to force consistency between reconstructed wind, trajec-
tory, and event times. Uncertainties in the wind estimates
presented vs altitude in Fig. 72 reflect 10 uncertainti.s of 0.4
and 0.3 deg in knowledge of «a,,,, and 8,,,,, respectively,
including both aerodynamic and CG “fset uncertainties.

Note that the wind uncertainties were of the same order of
magnitude as the estimates themselves, especially in the case of
VL-2, for which the winds appear to have been small enough
during the aeroshell phase to be ignored in the atmosphere
computations.

Atmosphere estimates of Figs. 73 to 82 were obtained for
the lower aeroshell phase by means of LTARP runs in which
the wind profiles of Figs. 84 to 87 were approximated by
tabular input. Final results incorporated the axial force coeffi-
cient scale factor estimates based on pressure and temperature
measurements processed below the aeroshell phase.

3. Parachute phase. Atmosphere reconstruction in the para-
chute phase was complicated by the large-amplitude attitude
excursions that followed parachute deployment. These are
presented in terms of the Euler angles ¢ and @ (yaw and pitch)
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in Figs. 46, 47, 64 and 65. The wind estimation algorithm for
the parachute phase assumed that, on the average, the direc-
tion defined by these angles lay on a 6 deg cone about the
air-relative velocity vector. A horizontal wind was then defined
by the difference between planet-relative and air-relative veloc-
ity vectors. Inherent in this approach was an error during most
of the parachute phase (after the initial rapid decrease in
relative velocity to around 60 m/s) of about 6 m/s in the
horizontal wind estimate. This was the main contributor to the
wind uncertainties reported for the parachute phase in Fig. 72.
Again, especially for VL-2, the uncertainties in the estimates
were of the same order of magnitude as the estimates them-
selves.

The wind profiles of Figs. 84 to 87 reflect rather drastic
manual smoothing of the original estimates to remove ques-
tionable large oscillations following parachute deployment.
Parachute phase atmosphere runs were then made, with these
profiles being approximated by tabular input. Final results
incorporated parachute drag coefficient scale factor estimates
based on pressure and temperature measurements processed
during the parachute phase and post-touchdown.

4, Terminal descent phase. Atmospheric variables were
computed by LTARP during terminal descent by propagating
the final values of the parachute phase to touchdown assuming
hydrostatic equilibrium and a constant temperature lapse rate
deduced from lower parachute phase and post-touchdown

temperature measurements. Because of the erratic nature of
the density estimate during the parachute phase. the actual
times of start of the terminal descent phase were not used.
Rather, carefully selected puints were chosen for both VL1
and VL-2 several seconds back into the parachute phase, where
computed density had a mean value between peaks of oscilla-
tion.

S. Pressure and temperature measurement processing. The
reconstructed aeroshell and parachute phase atmospheres for
both VL-1 and VL-2 were “adjusted” as a final step by
processing selected measurements:

(1) Stagnation pressurc: just before mortar fire.

(2) Pressure and temperature: just before vernier ignition.

{3) Pressure and temperature: post-touchdown.

This yielded estimates of overall scale factor corrections to be
applied 1o the aeroshell phase axial force coefficient table and
to the parachute phase drag coefficient table which. in com-
bination with the wind table based on a priori trim charac-
teristics, resulted in an atmosphere that fit the measurement
data at the ends of the aeroshell, parachute, and terminal
descent phases. It should be noted that this procedure arti-
fically explains, by means of fixed scale factor corrections of
the aerodynamic coefficients, differences due to the combined
effects of:

(1) Eirors in the reconstructed wind.

(2) Neglect of real gas effects in generation of the aero-
coefficient tables.

(3) Use of free-stream Mach number, rather than that
behind the shock wave, in table lookup.

B. Terrain Profiles

The terrain profiles of Figures 88 and 89 were obtained
by means of LTARP runs which compared altitude estimates
of the VL-1 and VL-2 reconstructed trajectories with corre-
sponding radar altimeter measurements. Nominal scale factors
were used for the latter. Also shown on the figures are the
profiles deduced from Mars topographical maps and table-
input to the program as nominal.

The 1o uncertainty associated with the VL-1 terrain height
estimates varies from about 0.2 km at touchdown to 0.9 km at
entry. For the VL-2 estimates corresponding uncertainties are
0.5 and 1 km.
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VHI. Postland Relay Link

The discussion of the VL/VO postland relay links will be
divided into two parts. The first part discusses the procedures
and requirements which were used in flight operations for the
various relay link phases. Also discussed in this section is the
process of defining the relay transmission start times n the
Initial Computer Load (ICL). The second part treats the actual
relay link performance history from Sol ! to the end of the
primary mission for both landers.

A. Procedures, Requirements, and ICL Definition

To protect against failure to achieve a command link with
the VL after touchdown. it was necessary that a prepro-
grammed mission be defined (and loaded into the VL GCSC
prior to separation) to enaole the landed VL to function and
collect science data until a link could be established. The set of
commands corresponding  this preprogrammed mission con-
stituted the ICL. A subset of the ICL was the set of prepro-
grammed VL relay link transmission start times. The proce-
dures and requirements relating to the preprogrammed trans-
mission start times were fundamentally different from those
employed during the postland primary mission. Prepro-
grammed mission relay link planning acknowledged increased
uncertainty in predicting relay link performance and timing
because of a lack of knowledge of VL landed position and
attitude and of communications subsysiem performance.
Earlier Monte Carlo studies showed that 17.1-min link dura-
tions at bit error rates less than or equal to 3 X 10~2 could be
achieved with 99% probability during this mission phase for
VL-1; 17.2-minute durations at bit error rates less than or
equal .0 5 X 10~4 for VL-2. These durations reflected disper-
sions in VL '~nded position and attitude, VO orbit uncer-
tainties, and coinmunications systems performance at the QSS
of adverse tolerances. Lower bit error rates were predicted for
VL-2 links because of the more favorable relay geometry
between VL-2 and VO-2.

Mission Planning responded to this situation by 1ecording
only 17.1 minutes of playback (two tape recorder tracks) and
by transmitting this data in the “loop mode” such that the
17.1 minutes of data would be transmitted twice to account
for start time uncertainties. This ensured that no data would be
lost in the event that the relay performance window shifted as
a result of the actual landed position and attitude. In defining
the relay transmission start times in the ICL, the LFPAT
positioned the middle of the playback data structure (end of
first loop, beginning of second loop) defined by Mission Plan-
ning at the middie of the predicted QSS adverse link. This
midpoint was based on bit error rates of 3 X 10-3 and
$X 10"% for VL-1 and VL-2, respectively. The final start
times corresponding to this positioning of the recorded data
were uplinked at SEP-39 hours.

Figure 90 shows the final VL-1 ICL update in relation to
the original onboard ICL (which assumed a landing at the Al
site on July 4) and the July 10 baseline ICL (which assumed a
landing at the AIWNW ite on July 20). The total sequenca of
events stored onboard the VL was structured so that the relay
playback sequence could be shifted by up to 40 minutes in
Lander Local Time without introducing conflicts with other
scheduled events. A station-keeping trim (SKT-Z) was assumed
in the design of the final ICL update to avoid viclating th's
+40-minute constraint. Since a communication link with VL-1
was costablished, the ICL beyond Sol 12 was not executed.
However, as is described in the Maneuver Analysis Chapter,
SKT-2 was redesigned to accomplish another purpose.

Figure 91 shows the final VL-2 ICL update in relation to
the original onboard ICL (which assumed a landing at the
original Bl site on September 4) and a preliminary ICL for the
final gi-2.

After touchdown the actual VL landed attitude and lati-
tude were extracted from the GCSC octal memory readout. In
addition, estimates of the VL latitude, longitude, and radius
were obtained from the SATOD team after a few days of VL
tracking. All this information, along with actual observed relay
link performance, was used to reduce the uncertainty in pre-
dicting relay link performance on future Sols. Because of the
long lead time (approximately 20 d:ys) in the Long Range
Planning cycle, where the relay link playback durations were
set, the reduced uncertainty in relay geometry and per-
formance was not fully utilized in the onboard VL data
acquisition and playback sequences until Sol 19 for VL-1 and
Sol 18 for VL.2.

B. Actual VL Relay Link Performance History

1. VL-1/VO-1 relay links. All VL-1 relay links were with
VO-1. The VL-1 relay links were complicated by VL-1 power
mode anomalies. Originally designed to transmit at 30 watts
during relay links, VL-1 inexplicably transmitted in the 1-watt
mode on Sols 2 and 3. This p-ecipitated a redesign of SKT-2
on Sol 12 to provide favorable geometry in case the I-watt-
mode anomaly recurred. However, this anomaly did not reap-
pear after Sol 3. Transmissions continued in the 30-watt mode
for Sols 4 through 39. The power mode was intentionally
reduced to 10 watts for the final links on Sols 40 through 43
because of observed VL transmitter power degradation on
earlier links.

Relay link start times after Sol 11 utilized the CBE of
actual VL-1 landed attitude and position. The landed position
(LAT, LONG) was tabulated eatlier in Table 9. The following
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reconstiucted VL-1 landed orientation was obtained from the
postland memory readout: a landing slope magnitude of 2.99
deg, a landing site downslope azimuth of 285.18 deg, and a leg
1 azimuth of 321.91 deg. For all VL-1/VO-1 links, VO-1 was
locked on Canopus.

The observed VL-1/VO-1 relay link performance was gen-
erally close to the predicted nominal performance. Figure 92
shows a typical preprogrammed VL-1/VO-1 (Sol 9) relay link.
The received signal power (dBm) is plotted as a function of
Earth received time (ERT). Also shown on the plot are the
threshold power levels for bit error rates of 2 X 102 and
5X 10-4. These are the bit error levels crucial to real-time
imaging (RTI) and recorded data playback (P/B). respectively.
At the bottom of the plot is shown the actual link utilization,

ie.. the relative positioning of RTI and, in this case, four
tracks of P/B in the loop mode.

Examples of typical relay link perforniance during other
phases of the VL-1 landed nussion are shown in subsequent
figures. Figure 93 shows an example of the anomalous 1-watt-
mod. transmissions that occurred on Sols 2 and 3 of the
preprogrammed mission. An example of the standard 30-watt
relay link performance during the primary mission phase is
shown in Figure 94. Finally, an example of the 10-W relay link
performance during the final 4 Sols of the primary mission is
shown in Figure 95.

Typical look vector traces through the VL-1 and VO-I
antenna patterns can be seen in Figs. 96 and 97, respectively.
In these antenna patlern traces, rise and set refer to the
predicted start and stop of the 2 X 10-2 BER links.

2. VL-2/VO-2 r lay links. The initial relay links with VL-2
were, of course, with VO-2. These links were maintained
through Sol 26, at which time the VO-2 orbit plane change
maneuver was performed. Relay link start times after Sol 11
utilized the CBE of actual VL-2 landed attitude and position.
The landed position (LAT, LONG) was tabulated earlier in
Table 9. The reconstructed VL-2 landed orientation was
obtained from the postland GCSC memory readout: a landing
stope magnitude of 8.2 deg, a landing site down slope azimuth
of 277.7 deg, and a leg 1 azimuth of 209.1 deg. Unlike certain
VL-1 relay links, VL-2 always transmitted in the 30-W power
mode. For VL-2/VO-? links, VO-2 was locked on Vega.

The observed VL-2/VO-2 relay link performance was very
close to the predicted nominal performance. Figure 98 shows a
typical VL-2/VO-2 (Sol 5) relay link. As can be seen in
Fig. 99, VO-2 passes directly cverhead so that the VL-2/VO-2
look vector traced through a good region of the VL-2 antenna
pattern. In this figure are shown the look vector traces for
Sols 1 and 26 to show how the antenna trace drifted from the
first to the last VL-2/VO-2 link. The prelanding predict of the
Sol 1 trace was about midway between the zctual Sol 1 and
Sol 26 traces. Figure 100 shows the corresponding look vecto.
traces through the VO-2 antenna nattern. In these antenna
pattern traces, rise and set refer to the predicted start and stop
of the 2 X 10~2 BER links.

Figure 101 presents a plot of a typical VL-2/VO.2 relay
link following the completion of the preprogrammed mission.
At the bottom of the plot is shown how the link was utilized
during this phase of the mission, i.e., three tracks of recorded
data transmitted in the standard mode (not the loop mode).
Note that additional RTI was scheduled at the tail end of the
link in order to take into account the unexpected beneficial
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multipath effect on link performance at the tail end of the
link.

3. VL-2/VO-1 relay links. On VL-2 Sol 20 VO-I per-
formed a maneuver to resynch it over VL-2. Test links
between VL-2 and VO-1 were conducted on Sols 21, 23, and
25 to verify that VL-2/VO-1 links were acceptable before
terminating VL-2/VO-2 links. The test links were acceptable,
although they did show significant multipath effects. From
Sol 27 to Sol 61 (end of primary mission) all VL-2 relay links

were handled by VO-1. All these links were characterized by
low elevation angles of VO-1 with respect to VL-2, which is in
direct contrast to the overhead links with VO-2 (Fig. 99). The
traces through the VO-1 antenna pattern are shown in
Fig. 100. The observed and predicted received signal power for
a typical VI-2/VO-1 relay link (Sol 45) is shown in Fig. 102.
Unlike VL-2/VO-2 relav link utilization, for VL-2/VO 1 th,
data playback was shifted earlier in time to take advantage of
the beneficial multipath effect at link rise. For all VL-2/VOQ-|
links, VO-1 was locked on Canopus.
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