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THE WIKING PLANETARY LAKDER
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Martin Marietta Aerospace
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Abstrack

This paper describes the salient features and
mique problem solutions for the Viking lander
guidance and control eystem design. Because of
the following design requiremente imposed, the
lander guidance and contrel functlon presented
stringent design challenges. These requirements
ware: (1) a completely auvtonemous operation was
required alcthough the on-board computer mamory
gize was lipited to solve the descent problem;
{2) ehe lapder deorbit maneuver had to be vary
aceurate bo achieve a satisfactory plamet ac-
maspheric entry and an accurate touchdoim at the
predicted landing sice; (3) the landers had to
descend through an unkscwm atmosphere with a
large varlation in predicted charackeristics,
and they had to land at an unknowm terraim helght;
and (4} they had to be a8 fuel-efficient as pos-
gible, particularly in the terminal descent
phase, This paper describes how a safe and
accurate landing on the surface of Mars while
meeting these dosign requirenénts was achieved
by the guidance and control systems of boch
Vikipg landers.

Introduection

The guldance and contrel system design of the
Viking Londer will be discussed in two parts.
Firsy discussed will be the basic lander guidance
and control problem and bow the puidance and con-
trel subsystem was implemented to solve it alaong
with the uaigque design features of this imple-
mentatlon. Second, the actual lander performance
as decermined from use of Flight telemetry data
is presented along with comparisons to analyi=
ically deternined predivtions. Since most of
the lander flight data are basically guidance
and control oriented, these data will comtain
the sssence of the lander's flight perfornance.

Dtn:l.m Approach _!n.d 'IJ'Eiquc Features

The Viking lander guldance and control sys-
[em auEonénouRly provides the navigation,
guldapce and centrol for che lander from sepa-
ratiop of the lander from the orbiter ta land-
ing om the surface of Mars. Figure 1 {a pic-
corlal review of the lLander descent sequence)
depiccs the guidance and control problem.

The twoe Viking epacecraft, each consiscing
of an orbicer and & lander, orbi<ted Mars to
acquire data for a preclse landing, to enable
the orbicer sclentific instrumencs to decermine
whether che sltes were sultable for landing,
and whether surface molsture and tenparature
were compatible with the search for Iife. Afver
suitable landing sices were selected, che landers
recelved an en=board Flight compucer data update
and electrical power turn on signal. Presepara-
tion checkout of critical descent equipment began
about 30 hr before separaciomn.

Following separation, the lander was oriented
for the deorblit mameuver by the reaction controil
system (RC5). The same RCS 18 then used to per=
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form the desrbit. Following desrbic, the landers
went into a relatively quiescent oparacional
phase of attitude hold {called coase) unell a
predeternined time had elapsed at which tinme
the entry point fEI'.'I-I.‘.I,I:IEIIII ft above the surface)
was reached. This point was chosen as being
mafely above the Marcian sensible acmosphere but
still ac least 7 to 10 mim away from touchdowm,
At this point, the guidance and comcrel systgem
bacans very active again, the on-board flighe
compucer came out of its low power "sleep’ mode,
and the lander was reoriented by the RCE to
properly posiclon the heae shield for Martlam
atmogphers encomter. At this eloe, the landers
were traveling abowt 4.6 kmf sec (15,200 Epﬁl:l -

Velocity navigation was agaln started from
bootstrap estimates of Inertial welociecy and
position. The navigation process, except for
attitude matrix Integraticn, was stopped at che
end of the deorbit phase to save power during
the long coast phagse. The bootstrap estimates
of position and velocity were eventually cor-
récted for any errors by subsegquent updates,
first from the radar altimeter which was turned
on &t 224 km (800,000 fr) for alticude updates,



and then [wr velocity wich resnect to rhe Sur=
face updages from the terminal descent and land-
ing welocity radar (TDLR} which wae turned on
during the parachute phase at approximately &.57
km (15,000 ftr) above the surface,

During entry, the sercshell heatshield pro-
tected the lander from atmespheric heating by
ablacion. When the landers were about 5,79
km {19,000 fc) above the surface, che parachutes
were deploved fo further slow the descent. Sevew
aae lager the aeroshell was jettisoned, and 8 sec
lacer the landing legs were deployed. The para-
chute/base cover was jettisonsed about &5 mec
later when ehe lander was 1.49% kn (4900 fc) above
the surface and descending at about 66 mpa (215
fps). Powered flight on the terminal descent
propulsicn systen lasced about 40 sec with the
three terminal descent engines being differean=-
tially throttled to centrol the lander plech and
yaw artitudes and alsc che lander welocity as a
Funceiom of altitude. The vermipal descent
erigines ware shut down whén the lander footpads
contacted ehe Martian surface at about 2.4% mps
{8 Eps). Honeycomb aluninun shock abserbers ip
the landing legs arrested the landers at touch-
down. The nomipal trajectory mequénce Ls showm
in Flguze Z.
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The above design task was copplicated be-
céuse the functions were to be carried out aute=
matically and completely autonomously. Two-way
radio link transmission delay times were approx=
Imately 40 min thereby precluding any meapingful
earth-based control ooce the inielal separaticn
slgnal was sent. Additlionally, all design re=-
quirements were to be met while descending
through any one of five postulated Martian at-
maspheres which varied in pueface pressure from
4.99 to 9.3 mbars and landing at a surface ela-
vatlon anywhere between +3.05 km (10,000 £t) and

=T.92 km (26,000 f£) wich reSpect £0 medn sgr-
face level,

The following sections will discuss the

gvidance and control functions im & task-
oriented manner.

Attitude Control

Except for the terminal descent phase whers
the landers' pitch and yaw attitude were com-
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trolled by differentially chrottling the ter-
minal descent ecines. all lander attitude con-
trol was handled by the accitwde comtrol ays-
tem {ACS). The ACS fs comprised of the acti=
tude control loglc equationg, the lnertlal ref=-
erence oadc (IRU), and che RCE to implement the
torque commands. The lander attitude ds meas-
ured with respect to an inertial frame deflned
to be identity at lander sepatation by a

flrst order integration algorithm with ortho=
normality correction terms. The Formularcion
for the second column of this attitude matrix,
[4], &=
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where the 488 are the incremental anglesef woll,
pltch and yaw obtained from the IRD rate

integrating pyro rebalance pulse counts. Er:z

and Eﬂ are the orthonermalicy correction

coglflcients necessary to malntain the A matrix
axes orthogonal and normal because of che sinple
fntegracion algorlithm. They are definad by
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The third colemn is computed similarly and the
firec ecolumn i ocbtained from the cross product
of the previpusly computed elements.

The attitude macrix integracion was carried
out throwgheut the whole of the descent which
lasted upwards of & hre The process ls never
updated with sengor meagurements S0 ANY &TTOE
agcrued in either the integration algerithm or
the LRI gyro bias accumulation remains in Che
atrditude matrix and affects Lhe accurdcy ol sub=
SRquUERt MEARBUVETS

Compurter aimularions have shown that for
this application, which had few fast manewsers
in the first part of the flight and a long
quiescent coast time, that the above formulation
was able to meet the overall accuracy objectives.
For che 24=bir computer word length and an up-
date rare of 20 meac, the & matrix drife rate
was less chan 0.1 degfhr excepr during high
rate transients which occur lace In che Eligho
primarily during the parachute phase.

Attlrude mansuwvers using the ACS are accom-
plished in che following manner. CGlwen a de-
sired acticude matrix feor che lander ©o hawve

[""d]" an actticwde error macrix, [AA], can be

Eormulated:

[ea)-[~] [

where T denotes matrix transpose. Roll, plcch,
and yvaw errors are derlwved from the off diagonal
terms of dA:

.7 05 Agg — Agy |
8,05 [Ag) — Ayg)
i.-u.s[n,? =~
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This tzchnigue giwes good roll, plech, and yaw
etrors for small angle errors and at least glives
the proper direction to tutn in for larger erTors.
Ccertain singularity awoldance problems exist
arcund 180* of error. Software logic is incorpo-
cated Lo avold these problems by commanding a
large command torque when the 180° singularicy is
sepeed. The pechnigque always commands & maneu-
ver of less than 180° and the maneover can

oceur simultanesusly about all three lander

body azes, thus minimizing maneuver time. The
lander can also be allowed to drift in an un-
controlled scate as long &F che true attitude
matrix, [A], L5 computed. The Llanger will re-
cover to Che desired orientation, ﬂd_}' when

the attitude conteel Lloop is closed.

The above actitude errors are Input ince &
standard actitude control phase plane switching
logle which contrels the operation of the elght
aft pointing pitch/yaw RCS engines and four roll
jets arranged in a butterfly configuration (see
Fig. 1).
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To save the weight of a separate high-thrust
desrbit engine, the deorbit propulsive burn was

accomplished wvich the eighe, aft=pointing RCS

englnes. These engines are nominelly low-thrust
engines of 3 pewtons (B 1bf) at & tenk pressure
of 240 newtons/em® (348 psia), The Burn time of

the deorblt phase to accomplish a &V of 156 mfsec
is about 1! minotes.

The sccuracy of this burn 18 of prime im=
portance In determining subsequent trajectory
paraneters Auch as entey wvelocity flighc path
angle and the coordinates of the touchdown point,
Flgure 4 shews the components of the landing
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Fig. 4 Com@anenty of landing elipie mmimajor axis srror.

ellipse sepinajor axis predicted errops. The
difference over the width of cthe bare depends on
whecher the deorbic is cargeted to stay In plane
(error te the lefc) or fo cross range up to a
maxlmun of 6 (error to the righet). As can be
aeen, the maximwm erroz® are caused by the de-
arblt exeécutlon. The orbit determinacion arror
18 caused mostly by impreciseness as o where
the spacecraft is in its orkic rather cham by what
that orbie fs. The entry systems statiscical
errors are the result of an unknown magnitude and
direction of atmospheric winds and uncercain aero
coefficient performance in the Marcian acmosphers
since nelicher the acroshaell or parachute could

be tested in the Martian atmesphere. Map and
pole errors are simply imprecise knswledge of

the cargected landing site on the surface of Mars
to the known pole and map location.

The nonstatiscical errors were assumad Lo
comé from the effects of the fiwe mknown atmo-
ephere oodels (discussed previgwsly). They wers
treaced as equally probable and in a nonstatis=-
tical manner. Lascly, It was known that an accal=-
eoromater blas shift could occur if 1RV heating
by the decrbit englnes occurred. Since the heae-
ing model was lmprecise, it was declded co ac=
count For the wordt-case heating. This then
meant that the wordt-case accelerometer blas
shife was assumed to ocour deterministically. As
it turned owt, lictle heating did actually ocour

but at least the ctargeting accomted for che
worst-cane,

To minimige che errors asscclated with the
dearbic bumm, 8 velocity-to-be-gained guldance
siearing techilgue was used. Velceclty-to-be-
gained 18 che difference berween che actusl ve-
hicle welocley accrued at any time and that value
required to achieve the desired cransfer tra-

jectory. In body coordinaces, these velocity-to-
be=-gained welocities are:

lIIII|:|:-.|: Ve By — Vi
Vv | ["] Ve Bz = Yy (]
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and Vo Vors 1.|'“ are accrued imercial welocicy

changes from the start of the burn without grav=
ity effects uelng che accelercmeter integrated
cutputa over one integratlon time intereal:

Vi Vi Vab
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and Jtd

attitude matrix during the deorbit burn.

11+ ®tc are eglemente of the desired body

The steering laws wing chese welocitles-
to=bg~gained in pitch and yaw ave:

L

St GV

gen
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where Em are accumulations of back value

and ¥
oo
residuals in removing previous Htl and ||,|':l and G

is the veloclty-to-be-gained gain which for best
stabllicy and error removal was found te ba 0.1.

This technlgus proved best able to accounk
for thruat misalignments and atticuede gontral
limic cyele effeces. It continuouwsly keeps trach
of where the total velocity wector ‘& being
accrued In ipertlial epace to the accuracy of
meafurement by acceleropeters and che atticuds
matrix, [A], mccuracy.

Bince the burn elme was close co % hr and
cherefore wvery much not like an impulsive manesu-
ver, effora in AV accumulation wersws time and
of curoff time itself hawe a profound affect onm
gubfequent trajectory paramecers, This was Lhe
reason for the unique welocicy-reguired function,
'FI.- This funccion was glzed o enable ehe we—

bicle to always be able to follow it even with
an engine cut and with degraded englne thrusts.
Thies technique sssured that the inertial welocity
&Y as @ funcrion of time @od then cherefore posi=-
tion wak always close to that desired to within
the thrust medulaclon technigue used, 1.e.:

L

Youn Sy

turn all engiras on

turm @8 mngends off

Vo SV L {109

d e changs

where uﬁd ia &n acceptable AV accumulation error
of 0.308 mfaec (1 fr/sec).

These denrbit guidance technlques removed Che
effects of engine thrust misalignoents, control
systen linit cycle effects, cg offset errors,
englne IFP errord, engine Cank pressure errors,

and engine thrust errors. Essentially che only
rem@ining error contributeérs wére those asso-
ciated with how well we keoew the wehicles arrpi=
tode through [A] and how well we could measure
the wehisrlan! sccelecation by the accelerometers.
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& comprehensive error analysis examining all
error Aources such as inltial allgnment O Che
gpacecraft to the assumed celestisl frame, gyro
bias, gyro g sensitive drift, gyro g® sensitive
drift, g¥ro scale factor, grro misaligament,
acceleromecer blas, accelerometer scale factor,
and accelerometer misglignment was done bo AEBERR
the impact of these errovs on the deorble burno
accuracy. These Arror AOuFCEs gach conbtribute o4
deorbit &V ercer with thres inertlal error weloc-
ity compopents that are correlated with each
ather. The root swn square of these components
form the axes of a trivaridate error elipsoid whose
99% probabdlicy surface 18 at the 1,.4-0 level (zee
Flg. 5). Searching the surface of this 3.4-o
glipsold for combinations of desrbie AV pointiag
and magnitude error produces the cesulta shown in
Figure & which are waell below the requirements.
The determinlstic error shown was doe Eo the ac=
celerometer biar Chart was not compensaced for.
The results Shown are for cthe first Viking mis-
glof. The second misslon results are wary
similar.
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Of all ehe error sources mentioned, acceler=
ometer blas along the thrust axls contrlbuted
rearly all the arror o desrblt AV magnitude and
lateral sccelerometar bilas plus the errors in
initial alignmenc of the lander to the assumed
. lestial frame causes most of the error in
deorbit &V pointing error,

COARL

A3 described in the mission descriptiom sec-
tion, coast is a relatively quieacent phase with
attitude hold being the only ACS actiwvity. The
on-board flight computer is & low power "sleep"
mode to comserve power oxcept for occasional
"awake" tines for attitude matrix integration and
attitude control and other necessary funcepions.



Encry

At & predetermined rime from separation, the
computer comands an @ntry maneuver daing the &
technigue previously described te align the asre-
ghaell for atmusphers encounter. Entry navigation
begins again starting from predetermined welocity
and position estimates. Soon after the entry
point was reached, the sensible atmosphere is
gncomntered and the attitwde hold sode of control
in pitch and yaw is released to the aesroshell
dynamic stability control when .05 g 1s semsed.
The ACS provided additional rabe damping.

Alse at the time of entry navigation start,
the atticude matrix, [A], reference frame ia
switched From the celesclal reference chtailned
by the orbiter at separacion to a reference [rams
coincident wich the an assumed touchdown frame at
the assumed touwchdown point (Ree Fig. 7). The
reasan for this Ls teefeld: (1) it Eacilirates
terminal descent navigation, and (I} enables com-
trel to be obtained in the proper frame. For
imstance, it i8 necessary to keep the aesroshell
11ft wector inm the vertical plane and to keep
the radar altiseter anteona on the bottom of tha
aeroshell leoking down, This 1s aceomplished
durimg the entry asroshsll phase by weling “1]

as a tell control steering command. Hulling -ﬁ-u

keeps ?h-udz.' perpendicular e che down direction.

LARDER
THAJECTOR'Y
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CENTER
Fig. 7 Toushdowsn amd by Tramai.

Farachute Phase

Ateitude roll concrol and pltch and yaw rate
damping are maintained during the fnitial part of
the parachute phase. Early control systen mech-
anizations chen Went to roll gyre accitude (body
rell angle) hold ar seroshell drop to maintain
the proper roll ori-ptatien on down to landing.
Boll grientation of the lander at touchdown is
important te assure the proper aum angles are
obtained for the camers imagery. Refinenents
af the parachucte dynamic simulations late Ir the
softuare test program (te incorporate a pro;ar
parachute Lift wector) rewesled a signdficant
problem with rell gyro atcitude hold. The para-
chute lift vector precessed around the wehicle

v e e s

eail sale pawduclzg 2 pfsgdacsnfoc maciae ghaot
the roll axis. Since we were holding Pody 1all
angle to zero, this roll axis coning wetion in-
duced a significant inertial roll error by the
time the lander touched down., Figure 7 shows
that the lander will land with its X axis coin—
clident with the touchdown Z axis with some un-
known roll angle, §, oriencetlon so two ordered
rotaticns about plech, &, and woll, 4, will crams-
form from one frame to the octher. Tha transfor-
patlon from the touchdown frame to the desired
frama s then

ca 0 58
Basl  Ga ) fm
e 5 CHCy

The solution to the above roll control problem,
thef, wad to command a roll anglea of

of a2

[Ty

&, = T
e ™ Yed By 12

whers d'c; = che desired roll oriencacion im the

i)
touchdown frame.

Yore that uwncil the wehicle has completed its
gravicy turnm profile to bring the wehicle X axis
vartical, the wehicle A matrix will not neces-
sarily approach (11). However, this is oot a
problen beacasse the lander always completes nearly
all of che graviey turn at & high enough aleltude
to assure that {12} will provide the proper roll
steering before touchdown.

Terminal Descent

At approximagely 1.4% km (£900 ft} above the
surface, the terminal descent enginmes are sgarted
and warmed wp. Two sec later the parachute is
released and the Eerminal descent control system
piech, yaw, and welocity control chanoels are
closed (see Fig., B). These control loops are
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Fig. 8 Terminal decent guidence and control system.

closed through the digital computer where the
steering, navigation, engine mixing, and diglical
compendation equations are implemented. The
sanpled-data stability margins for thesa digical
control loops are showm in Figure 9 alomg with
the minimun marginsg under tolerance conditilons.
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Considerable linearization of these control
loops, particularly of the gravity turn dynamics,

was required for a linear analysis. EReferences

1 ana £ pressat tha=zz Tdnesrization technlgues.
The walidity of these techoniques has bBeen checlsd
with an analog-hybrid bG-degree=of=freedom (DOF)
pnoolinear sipulation of the terminal descent
phase by breaking the loops at appropriate places
and checking phase and gain. This has shown wvery
good agreement.

It is instructiwe to review Figure B with
somé detail. The twe pltch and yaw steering
commands are

¥
B-r-lf-n;

L]
-
u

{131

oo =Gy

whara GE, Gu dré steering gains.

These are the gravity turn steering equations
used te place the thrust wector opposite the tetal
relative velocity vector Eo achiewe a gravicy
Eurn Crajectory.

The descent contour shown s alcicude-velsclity
guldance. Thers were some unique problems aAAo=
clated with this guidanee scheme that were also
uncavered in the apalytical simulation and per-
formance test work.

Bafore delving into these problems, the basic
terminal descent gulidance problem will be dis-
cussed,. Becawse of the wvariecy of Martiam ac-
mospheres, winds, and terrain heights that the
lapder st contend with, there is a large range
of infefal wvelecity conditions at the end of

the parachute. The veloclty conditions range
from

< <
40 mpm 'ﬁ"... 75 mps (14}

Qe <2 Wl <0 30 mps

where 1"..: iz the werctical weloclity and ¥V, is che

H
horizontal welocity with respeclt Co cthe aurface.
Referring to the cight hand altitude velocilcy
santour in Figure 10, the iniclal cechnigque of
altitude=welocity guldance was to design & single
H=V contour for a sec of statistically determined
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Fig. 10 Temin descent altitude—valocity cntaurs.



worst-case initial velocities from the parachute
phase. It was thought thet sy lesser velocity,
no matter whsi 1is components, wowuld be able co
follow ghis "high welocity" coptour. As it
curned gut, for some combinapions of welocity
canditions the wehicle was not able to follow
the concour and fell continwously behind ic
eventually impacting on the surface at high
welocity., The reasom for this is obvleus upom
examination of the acceleration required te fol-
low the H-V contour, a i

- mpeg | S00 01 - ram @ pan ol
'H n-uﬂ.l[ - F'-I'I:I_ e 1-;] (15}
where ¢, & aré &8 showm on Figure 11, V 18 the

total wehlele relacive welocity and

R B 10
g = S

che slope of the contour functiom, £{V) = Hd
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Fig. 17 Ahinuds and slamt rengs geometny.

For surface slope of serc, eq (15) becomas (16)
Equation {16} shows the reason for che aforeman-
tioned problem. Along che deslgn contour, & cer-
rain ¥, ¢ combination exists at any altitude.
Since pur control law only worked with ¥, the
total velacity, it was posslble to intersect the
contour with a « that was less Chan the design
which geuld reguice an accelaratien te follew che
contout greater than che maximen avallable. This
is what cawsed low . high welocity cases to con=
tinwously fall behind the contour and impact at
velocities gredater than B Ftisec. Other investi-
garors hawve Iavestigated ather guidance tech-

niques' 3% guch as range-velocity (R-V) puidance,
alticwde rage-alcicude guidance (H=H). These are
fraught with the same type problems: R-V guidance
belpg wery sensaltiwe to surface mlopes and FI-H

guidance baing sensitive to high 4.
W
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What was needed was some ocher techoigue racher
than a basic guidance law change. Alsa, it was
dedlrable to not wse technigues such as an on=
beard real-cime calculation of optimum descent
confours glwen Inleclal welocity conditions from
the parachute. The flLIght computer capabilities
for the descent program were severely limited in
cermA of both Démory and timing. This was pneces=
sary because thils computer had a multicwde af
addicional functions besldes descent co perform.
The moat imporcant landed sciemce and darca hap=
dling functions are the prine weers of the com-
PULET BEEDTY.
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able to solwe che shove problem with a minisem of
computer Impact. The right hand contour 18 still
designed to handle the maximem velocity condi-
tlons [a& before with H-V gu:l.d.-lnct] through &
gravity tugn. This gravity tuen design contour
is wery nearly fuel-opiioun for the inicial de-
sign cenditions. Thus, it is desipable not to
have a guldance technigue that depacts from this
to handle the bhignest weloclity fuel=limiting case.
How, what causes  to decrease and for a, to im-

crease is for the horizontal velecicy to decrease
g we can design a left hand contowr to the worst-
chrust limdcing case with v“ = 75 mps, 'i'[_I = 0.

Any initial welocity condiciom to the left of this
lafr contour (see Fig. 10}, comdition y 18
gicher purely wvertlcal, v = 0 {for which the left
contour was deslgned), or has some horizontal
weloodty, ¢ *» O, which is a less severe thrust-to-
welght conditien. Initial welocity conditions
between the o contours (see Fig. 10, condi-
tion ) are handled by a linearly interpolated
contour between the two contours. The assumption
hete 1 thae tha only way we can be In this reglion
i for the wertical velocity to be near the maxi=
mum value and the hordzontal velocley has in=
cPaana:d From rero. Imielal condieioms tha
right of conteur 2 {(Fig. 10, conditlon ¥ were
never meant to be designed go, but if they are
encomeered, the right hand contour is uwéed.

If they are not foo high in velocity, then the
fuel and throccle margine provided im ehe ter=
ninal descent system would endable che landar co
"cargh wp" to the right hand conpour as showm

and land seccessfully.

Performance test and simuladion work done an
a multitude of ipitial welocity condiciens has
abows chat all dpitial welocity condiclens
within the initial design velocity bounds [V, <

75 mpa, \'H = 80 q;l-_ﬁ were able to ke handled.
Touchdowm

The touchdown conditiuvns of landér velecity.
attitwde, and atcitude rate are the most impor-
tant elements of the entire descent seguence for
which all other elements of lander performance
are pr!ﬂ!c!u-ﬂﬂl.‘ﬁ. Error analyses have baen peE=
forped for these touwchdewn conditlons tﬂhildﬁ'l'il.‘l!
thae effacta of welocicy radar nofse and biases,
inertial sensor and accicude metrix misalignment
and bisgses, wind forces, and engime misalipgn-
mant and thrust nolse. Table [ presents the re-
sults of this analysis and shows the nominal
value expected plus the 99 colerance walue. The
values ghowmn on the bottom line are the systen
requirement values Imposed on the a¥atem to as-

[Ty —

sufe 4 successful landing.
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Table | Toushdown errgr predictions
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Ferformance Achlaved

The twe Viking landers each successfully
landed on the surface of Mars, The descent per=
formance of each lander was virtually neminal
with wvery little arror. The following sectcions
digcuce the descent parformance which was ob=
tained primarily fror reference 5.
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Deorbit

——

Separition, the maneuwer for decrbit and de-
orbit itealf, went veary smeothly and nominally
for both landers. The decrbit burns ended witchin
2.8 sec of the predicted time for lander 1 and
0.1 sec for lender 2. A time differecsce up to
& sec was accaptable.

Although no direct measurements of lander
welocity and posicfon are avallable, it is pos-
gible te reconstruct the trajectory by uwsing the
lander gyro and accelerometer data telemetered
back to sarth. Using these estimates, the esti-
mited desrblt execution errors wersa obtalned
{see Table IT)}. The o lewels shown relste to
che error analysls predicclons.

Tabis |1 Estimupted deorbit enmor

Fryirriveg, g fal NMugrissre = ol Tmm;u Ereor, ki dal
Viking 1 (=R [N D] o3I 3N -4 [0
Viking 2 oo 35S o im| +8.10 (i I

Entry Copditiens

The deorbit errors described abowve and che
orbit determinacion eppors translate into wveloc-
iey and position errocrs at the entry polst shown
on Table IILIL.

Table 111 Entry welocity conditions

Thezse pusbers are In excellent agreement o
toe targeted values., The on-beard navigator
performance is strongly dependént on chese ind=
tial condition errvors. All errors shown are
signiticantly less than what the guldance and
contral subeystem is capable of handling. It
resulted in subsequent small errors in parachute
deployment and engine ignition alcitude shown
in Table IV.

Tiskie Iy AiTisdy wrrars ot parachuis deploy mant

Wiking 1 1 wiking 7
| Targmr |ETI:IH|_ TEear.a| Tom Eaterain Erear, =

Irarined ! 1

‘el it o EI[EE] wsiom | @0 ST = ET AR ALk
Trertisl Flagier |

Park Amgin, ey | ~16.00O0 =N oM 17 s _ 1] [ 19
Lol Wil

ey i3EIE Lt ] LF 6504 Hita war
LR, dag B D M| .05 Wt | 320 T4 006 Wwan | 31 THY W B 1S

and isfmiral descent ignition
) Masimurm
':';Ilrrn 1, m :::'l'q 2, m | Allowable, m
Parachute £ 168
Deplayment
Engine Start | 1 2 +91

In fact, most of the parachute deployment
errors resulted from not having a radar altimeter
blas error of 46 m which wvae planned oo but non-
existent because of the very strong radar sigmal
return. The errors wers well within acceptable
tolarances.

Terminal Descent

The terminal Jescent phase was very close te
neminal, Esgine valve pasition received From
telémerry data locked much like simulation data.
Fuel usage was 68.66 kg for lander 1 and 68.70
kg for lander 2 (total was E1.91kg).

m

The last. phase ~f the contour was & constant
velocity phase which was supposed to last for
16.8 m. Hewever, Lt lasted for about 1%.7 m For
boch landers, This error was eventually craced
to & radar dlcimeter bias error on both landers
resulting from an altimeter calibration ercer
just bafore launch. However, this small error

was pot significant since 1t resulted in weing
only L kg addirfosal fuel aof the fuel margin

provided.

The ctouchdown conditione achiewed for both
landers are shown in Table V. These final couch-

down results exenplify all the other resulrs
achiewved by the guldance and control subsyscems
of both Viking landers.

The performance was
almest completely nominal and che errors ex-

perienced were well wirhin the statiscical
artors predicced.

Table V Towehdawn conditions

|Hl-'-:n|- (e B ';II.ill-ﬂ- hnﬂ,,_l-h,ln
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Wihmg 3 | 34| - a0 i | @ | 184
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Conclusions

The excellant performance achieved by both
Viking landers has provided smother milestone
in the development of planetary lander puldance
and contral syscems. This performance is a
tribute to the yearcs of design analysis, simu-
lation, and performance tescing done on the Viking
lander and partlcularly a tribute to the many
review cycles and helpful critigues by the
National Aeronauvcics and Space Administration.
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