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NAVIGATION ANALYSIS FOR VIKING 1979 - OFTION B

By Paul H. Mitchell
1.0 INTRODUCTION

A parametric study was performed for L8 trans-Mars reference missions
in support of the Viking program. The launch dates cover several months
in the year 1979, and each launch date has multiple arrival dates in 1980.
Figure 4.2-1 of section 4.2 is a plot of launch versus arrival dates
with case numbers designated for reference purposes.

The analysis consists of the computation of statistical covariance
matrices based on certain assumptions about the ground-based tracking.
systems. The error model statistics are listed in table 3-I of section 3.
Tracking systems were assumed at three sites: Goldstone, California;
Canberra, Australia; and Madrid, Spain. The tracking data consisted of
range and Doppler measurements taken during the tracking intervals starting

at E—30d and ending at E-lOd for the control data and ending at E—l8h
for the knowledge data.

The control and knowledge covariance matrices were delivered to the
Planetary Mission Analysis Branch (PMAB) for inputs into a AV dispersion
analysis. Additional results are contained in the plots and tables of
section L.

2.0 SYMBOLS AND DEFINITIONS

AD Mars arrival date
B-plane a plane perpendicular to incoming hyperbolic asymptote
B ‘'vector from center of Mars to the piercing point of the

incoming asymptote

IBI magnitude of the B-vector

CNB (or HSK) tracking station near Canberra, Australia



Control

C3
DA

deg

GDS
HOPE
g
km/sec

Knowledge

LD

MOF50
mrad
Option A
Option B

POS

RD

uncertainties in trajectory at Mars encounter considering

tracking data from E-3Od to E-lOd
energy of the approach hyperbola
vehicular declination referenced to ecliptic plane
dégrees

Mars encounter (periapsis of incoming hyperbolic tra-
jectory)

tracking station at Goldstone, California
Houston Operations Predictor/Estimator
vehicular momentum vector at Mars encounter
kilometers per second

uncertainties in trajectory at Mars encounter considering

tracking data from E-30d to E-18"
iaunch date from Earth
meters
tracking station at Madrid, Spain
mean of 1950 ephemeris reference date
milliradians
indirect landing by way of parking orbit

direct approach to entry and landing

.plane-of-sky angle between Earth-Mars line and angular

momentum vector of vehicle at encounter
range measurement from ground-based tracking station
right ascension

range rate or Doppler data from ground-based tracking
station



R.S5.7
SMA (or a)
SMIA (or D)

Subearth point
Submars point
TL

Type I

Type II
Transfer angle
VI (or Vw)

ZAE

MI

a right-handed orthogonal coordinate system with §
in direction of incoming asymptote, T 1lying along
the intersection of the B-plane, and ecliptic plane
R completing the system

semimajor axis of error ellipse in B-plane

semiminor axis of error ellipse in-B-plane

projection of center of the Earth onto Mars surface

projection of center of Mars onto Earth surface
linearized time of flight

missions with transfer angle less than 180°

missions with transfer angle greater than 180°

sun-centered angle of travel from Earth to Mars

velocity at infinity measured at Mars encounter

angle between Mars-to-Earth vector and the S-vector at
encounter

trajectory target angle measured from T-vector to
B-vector

orientation angle of error ellipse measured positive
clockwise from T to SMIA

one sigma or one standard deviation on Gaussian distri-
bution with zero mean

3.0 ASSUMPTIONS AND ERROR MODEL

Ground-based tracking stations at Goldstone, California; Canberra,
Australia; and Madrid, Spain, were assumed to be taking two-way Doppler

(RD) and range (R) measurements for navigation purposes.

The stations

were allowed to track above elevation angles of 8° measured from the

station's local horizon.

The Doppler count intervals were at 60-minute

intervals throughout the tracking arc while only one range measurement

was taken at E-30 days.

Jectory.

Two tracking arcs were assumed for each tra-

Navigation control uncertainties contain tracking data from



E—30d to E—lOd and are based on Doppler plus range. The solutions which

d h
are designated knowledge include tracking data from E-30  to E-18" both
with range and without range for each case.

A weighted least squares filtering technique was emplcyed with a
censider option; the data were weighted by the inverse of the data noise.
The values of the mathematical error model are listed in table 3-I. The
station location uncertainties that are listed were rotated into the
local latitude, longitude, and altitude of the station for incorporation

into the Houston Operations Predictor/Estimator (HOPE) (ref. 1).

Only the state vector was included in the solution vector; the <onsider
option included the effects of unsolved biases on parameters such as
gravity fields of Mars, Sun, and Jupiter, a bilas on the range measurement,
three components of station locations for each tracking station, and the
six parameters of Mars ephemeris as defined in table 3-I.



TABLE 3-I.- ERROR MODEL

1. Noise values
a. Doppler (1l/hr) 0.00181 cps

b. Range 50.0 meters

2. Station locations

a. Distance to spin axis 1.5 meters
b. Longitude 3.0 meters
c¢. Distance along spin axis 0.0 meters

3. Data bias

Range 100 meters

4. Gravitational

a. Mars ' 1.4 km3/sec?
b. Jupiter 900.0 km3/sec?
c. Sun 15 000.0 km3/sec?

5. Mars ephemeris

a. AHa = 1.BE-T

—

a

bo Ae 1.E—7

c. AMO + Ar = 1.E-T

d. Ap = 1.0E-T

f. Aq = 1.0E-T

e. elr = 1,0BE-T
Note: D, q, and r are unit vectors; p is in direction of perihe-

lion, r is normal to orbit plane, and q completes the right-handed
orthogonal system.



4.0 RESULTS DATA

4.1 Trajectory Information, Coordinate System Geometry,
and Statistical Limits for IB, and Vg

This section contains a table of trajectory information and a geo-
metric illustration of pertinent coordinate systems used to derive the
error analysis solutions. The BRST schematic was taken from reference 2.
Figures 4.1-2 and 4.1-3 show the statistical bounds on the trajectory
parameters ,B, and Yge These bounds are due to the constraints imposed

upon acceptable entry conditions and are a function of nominal trajectory
values. For instance, the entry flight-path angle YEA has an assumed

nominal value of -22,0° and a maximum uncertainty of iﬁ.0°. Therefore,
for given entry altitude and Ve, the allowable uncertainty (upper bound)
in TB| can be computed by the equation of item c(2) in the following
list. This list is presented to identify and in some cases to clarify
the data that end this section (4.1).

a. Table 4.1-I is trajectory data.

: b. Figure 4.,1-1 illustrates the geometry of the coordinate systems
(ref. 2).

(1) RST right-handed orthogonal systems
(2) B-plane

(3) Ecliptic plane

(4) Trajectory plane

(5) POS (plane of sky)

(6) ZAE |

(7) Error ellipse

c. Figures 4.1-2 and 4.1-3 show the statistical limits for [B]
and ¥y

(1) Allowable B wuncertainties versus V, assumes a nominal
entry flight-path angle Yg of -22° and oYy mex of

1.333°



(2) Entry flight-path angle versus oB assumes a nominal
Yg = -22°, 0B and g are evaluated from the following

equation (from ref. k4):

Va(ese yy)o|Bl
R T o
RE Vs + 2].1/RE

oYy =

where

o
[}

radius of Mars + 800 000 feet

=
[}

gravity constant of Mars
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Figure 4.1-1 .- Geometry of coordinate systems.
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4.2 Navigation Uncertainties in the Semimajor Axis (SMA)
and Semiminor Axis (SMIA)

This section contains the navigation uncertainties in the semimajor
axis (SMA) and semiminor axis (SMIA) of the error ellipse evaluated at

the time of the deflection maneuver at E—6h. The error ellipsé orientation

angle eMI is also included and defines the direction of SMIA with

respect to the T (see fig. 4.1-1). Figure L4.2-3 of this section contains
the minimum uncertainties in entry flight-path angle. This minimum g

results from minimizing the uncertainty in oB (see equations in sec-
tion 4.1). The following list is presented to identify the data that
end this section.

a. Launch dates from Earth and arrival dates at Mars contour plots
are shown in figure 4.2-1,

b. Case numbers are defined on figure 4.2-1.

¢. Control navigation uncertainties in SMA, SMIA with eMI are

shown in figure L4.2-2(a).

d. Knowledge navigation uncertainties in SMA, SMIA, with eMI

(assuming a range measurement at E—30d) are shown in figure L4.2-2(b).

e. Knowledge navigation uncertainties in SMA, SMIA, with ©

(assuming Doppler only) are shown in figure 4.2-2(c). MI

f. Minimum uncertainty in g (deg) is evaluated at Mars
altitude of 800 000 feet (assuming a nominal Yg = -22.0°) in
figure 4,2-3.
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4.3 Navigational Bounds on Target Angle 6

This section contains the navigational bounds on the target angle
8. These bounds are a function of the navigation statistics on SMA
and SMIA and of the allowable 0B as presented in section 4.1. They
are evaluated by the equations of this section. The following list is
presented to identify and define the data that end this section.

a. Navigation approach angle window for Mars arrival is shown for
May, June, July, August, September, October, and November, 1980 (figs. 4.3-1
through ), 3-8).

(1) Nominal entry into Mars atmosphere at 800 000-feet altitude
and vy = -22,0°.

(2) oYy = #1.333°

(3) Tracking data (R, RD) taken from E—30d to E-18".

(k) Equations to determine 6 allowable (ref. 4)

¢ = arcs1n Ballow .
allowable '

ea.llowa.ble = eMI 1-¢allowable
where
= i i B i i h,1-2
GBallow uncertainty in IBI via figure 4.1
8 = oSMA of table 4.4-II or figure L.2-2
b = oSMIA of table 4.4-II or figure 4.2-2

- e ' 4. 2-2
8. = 6y of table 4. L-II or figure
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4.4 Tables of Navigation Uncertainties SMA and
SMIA and Uncertainties in |B|, TL, DA, RA,
C3, and VI

This section contains tables of navifation uncertainties in SMA and

SMIA as presented in section 4.2 and in

B|, TL, DA, RA, C3, and VI.

These symbols are defined in section 2.0 and are direct outputs from the
HOPE computer program. Control and knowledge navigation information
items as presented in the tables are defined as follows:

a

at E—6h.

b.
at E—6h.

[

oSMA = one standard deviation in semimajor axis of error ellipse

oSMIA = one standard deviation in semiminor axis of error ellipse

=1

eMI = error ellipse orientation angle measured from SMIA to

(see fig L4.1-1).

d.

e.

f.
to Mars

g.

0B = one standard deviation in magnitude of the B-vector ,E].

oTL one standard deviation in linearized time of flight.

oDA = one standard deviation in declination of Viking with respect
(MOF50 equator).

oRA = one standard deviation in right ascension of Viking (MOF50

inertial reference).

one sténdard deviation in orbital energy at E-6h.

oC3

one standard deviation in Ve at E—6h.

Q

<

—
1}

6 = trajectory target parameter which defines B with respect

to T (see fig. k.1-1).
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TABLE 4.4 - I.- CONTROL NAVIGATION INFORMATION FOR VIKING 1979 - OPTION B~ -~

FASE|TSN, I”Sn:. anmi o8 OTL . ODa ORa ocy , OVI 8
’ CAKM) b (KM} - (DEG) - (kM) %(SEC)i(HRAD)!(HRAD) (M/Sr'i(H/S) (DEGY

1

R ———— T

8] 159466 23080 Be58. 26419 | 14500 10217 ;0062 1115+638° 4018 - g |
2 168458 33427 «26 33427 13.66. 29049 0064 1184347 +0}5 ' O
3 23)+8) 30958 5e5%5 ‘37.61 14078 20566 112 2200940 <034 @ 0
4 -218+62 49.88 6943 55432 15049 20339 129 2166149 4032 0

5 30606 72¢;7 =759 82446 2402] [+945 ¢}35 "251¢902 <034 ° Q

s mnat

6 436430 66087 =)3062 122030 34+8Q Je449 0122 339278 -0"2‘; o

i
7 311075 4110 3+06° 4416 17069 30924 76 3620605  oUSY TG T

i
B :285e47 72033 6024 78412 20027 44324 246 3554519 +058 °

0

9 1308476 142054 - *Beld |47.86 34408 40250 " 033] ‘344¢459 - +055 | @
10 {591073-149202) =19039 225093 ~55¢89-3066] 9372 3480733 4 0STT O

’ 1 1576025 136046 =20062 240072 64002:20682 035 345,323 ° +049 . 0

' 12 [473635: 92079 - =1e01- 93.22 ~7o.zs:¢.|7z 10472 5304795 4086 ; o] E

13 |384e44: 129087 - 404S-132473 -SO*00 60789 9454 -433(970- v 085 g

L 362086-172-695 “5+54- 175054 5361 -6+086 ~«452 385:568 - 4067 0 -
15 -468.28 139076§~|6026'|80.zl 59076;H-263 -94Q8 -237.488 - «041 : ©
16 372034 31982, 62 36e27 -50015-30440 - 0254 -343v|87 e QSO0 ~
I7 371023 5ReB1 - =1024 55,47 5741334925 - +326 -295.431: 2050 0O

\

18 325033 73480 "iel? 74414 48412-49067 0327 ‘237¢442 o044 - O

“1? -3)9¢96- 81099 =3029 Bueg2 "'3"'6‘\30726 v316 -[47eQ77 - v0Z8 T
20 442465 65434 =722 B5.84 ‘32058:2-410 “4385 - 894737 +0i7° 0O
21. 265462 4gegs +83 40419 23479 24003 +121 2904875 4035 @ 4

22 265010 35054 1e17- 35e9Q ‘27015 20337 v 4] -287e995 - +UI& - T
23 269471 32484 1035 33436 ‘31.3222.550 ‘0163 -229.702 +036 - © i

2% 1269488 32046, 1e13 32402 -35¢81i20662 188 195.947 +032°' 0
f

i 1 SRRt

d
SThese data are based on doppler tracking data taken from E-3Od to E-10
with one range measurement teken at E-30d.
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TABLE 4.4 -1.- CONTROL NAVIGATION INFORMATION FOR VIKING 1979 - OPTION B - Concluded

T i : ' ' !

- . ' oC P
CASE ' ogmMa i OgMIA . OMI f oB SaTLfvm }cmi W@f ovi' |8
. § —— U PR S S /A= __~__¥_;_

25 ¢ 270033T—3“a]*4 0493 39,17 394522683  +2149° 163,374 ! 028 9

26 278,40 38,72; =1+46 39,44 41,82 24623 +255 99,815 - ,048 - 0§ -

27 - 322098 37¢81! 22073 4}egQ  35¢74°20370 | +285° S6iU82 " 0|0 T

. ! .
; 28 231456 32436 075 42444 © 21004 10597 | 2099 197,469 ~ 4025 0 T

i

| 29 241687 360gbi §ei5 36432 25054 14967 | 2121 1456613 ~eQ22° 0"

30 © 24437 34933 916 34642 27044:20953 | 0133 {76513 v GIY 0
i
31 - 247457 32094 +98 33446 - 2846920083 | s44° 884303 "e0i5 = O

32; 253475 32034F  e65 32039 - 29,00 2073 ' 0156 594966 ~+0J0 ;D -

33 - 268484 3l°99§ 917 31099 2799 20046 | 917" 83171 CQUY T U

34 - 200128 47049 =004 47449 -]9.]2%[0297 e093° 144040 0018 ; O

i

_ , ‘
35 202446 43407 o44- 43409 : 21445 |1e422
! | !
36 - 199007 41021 +78 45e27 - 22046{14285 | 4111 554446 “wQUE O
i

i i i
A7 796469 70O06§'13007'196o97 I36053!2t7|l} e282° 2764480 " «04D -

¢10% 9)e%12 -4013 " O t
i
i

0
. 38 734,04 . B7046 1213052 192482  47490°20736 | 0269 - 322,445 - 4045 < @
39 - 723,08 96480:%15,23:212,92 - 56,39° 2,473 © 344297 ZNT TR0 U
40 ~~«6.7z-gzeovoi-,q.esfnea-7s 'sz.ee}z.aqe " 388 4184856 " 065 f 0
41  472¢86 185026 27410 193415 - 66434 5085]  +464 5610269 - <090 ° 0
42 : 530095:165099 - =894 18)40% “72037i50548 w485 sy?awcaﬁrvo7a‘g'o~f
| 43 249494 77.80° =5.76° 8152 69424 19283 334 300,333 4046 © O

44 30927 69907 =1e)4; 69439 54492 20657 | +306 3IH94656 4053 O

I 45 - 336090 52078 #7) 52088 - 39e77 29667 ' 0239 3584321046 TG

: 1
46 '165c20f 3Be43° 44}9 " 4gep8 ] 91+498° o752 2261 3524603 " «04S 1 0

o

: i
47 2080437 34969 3085 37498 1 37¢i% |0 R65  ¢230° 360¢87% Q50

e

48 1 237.12: 31-66§ 3002 33¢86 26448 |e79] 160 3394579 4041 O



31

TABLE 4.4 - TI.- KNOWLEDGE NAVIGATION INFORMATION FOR VIKING 1979 - OPTION B
_[Ihe tracking arc is from_§-3_0d to E-18

lase Tsua [osmia - M1 o8 (oL looa oRa | ¢y |ovi | 8
i S (kM) (KM) - (DEG) - (kM) (SEC) : (MRAD)- (MRADY (M/Sy2 |(M7S) | (DEGY
S8) 15 1e2B] 23020 —3eB| - 24e86 |~ Je?5 620 vOO2[TEOVEQO T VOZIT O
By 148491] 25¢90 1060 26+17 | 4490 4978 077 (1164377 | 4047
2 1129486 39.332 2+8p '29.78 302610233 065 |163.040 | 02} 0
2 1168¢25] 27046 3043 29410 | Se49; <958 " eQe7 344163 | $0I7]
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TABLE 4.4 -TI.- KNOWLEDGE NAVIGATION INFORMATION FOR VIKING 1979 - OPTION B - Continued
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TABLE 4.4 -II.- KNOWLEDGE NAVIGATION INFORMATION FOR VIKING 1979 - OPTION B - Concluded
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4.5 Covariance Matrices for Control
and Knowledge Tracking Arcs

The six-by-six covariance matrices for the control tracking arc and
for the knowledge tracking arc serve as a conclusion to the result data.
They were computed in double precision but were truncated for inclusion

into this report. The following list defines pertinent features in the
tables.

d
a. Control tracking arc is from E-30 to E-lOd.

b. Knowledge tracking arc is from E-30d to E—18h.
c. The coordinate system is the inertial XYZ, MOF50, Mars-centered.

d. The covariance matrices are computed at the deflection maneuver
. h
time of E-6.

e. The case numbers refer to the trajectory case numbers as defined
in figure L4.2-1.

f. Covariance matrix format (units are kilometers and seconds) is
as follows:

ox? oxy 0XZ XX oxy 0X2
oyx  oy? oyz oyx oyy oyz
ozx  ozZy oz? ozZX ozy 02z
OXX  OXy oxz ox? oXy 0xz
oyx  oyy oyz oyx oy? oyz

gzXxX gzy 022 0zZX ozy 022
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5.0 CONCLUSIONS

The purpose of this analysis is to support a AV dispersion analysis
and thus determine the feasibility of a direct approach to a Mars landing.
Therefore, the enclosed results serve as an intermediate step to the desired
goal. A final document will be published which will contain the analysis
of the complete study; firm conclusions will be drawn at that time.
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