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Tour example where the neglected effects of the disturbing
acceleration due to other planets proved significant. Errors
in final position for numerical integration of individual legs
using the caleulated initial velocity range from 1.6 km to
240,000 km with the bulk of the values in the 2-2000 km
interval.
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Analysis of Mariner VII Pre-Encounter Anomaly

H. J. Gorpon,* 8. K. Wong,T axDp V. J. ONDRASIK |
Jet Propulsion Laboratory, Pasadena, Calif.

The loss of signal at 127 hr before closest approach to Mars and the subsequent changes in
the spacecraft and in its trajectory are described. Real-time orbit determination activity as
well as postencounter analysis are discussed. Great difficulty was experienced in processing
tracking data influenced by an unknown nongravitational force that could not be properly
modeled. Results of simulations using known perturbations are presented. It is concluded
that the battery case had ruptured and vented into the interior of the spacecraft. This rup-
ture caused corona discharges, and escaping gas produced the translational forces.

Introduction

T 127 hr before Mariner VII was scheduled to encounter
Mars, its radio signal was lost abruptly. When the sig-
nal was reacquired after 7 hr and 12 min, the doppler tone
showed that the radial velocity had decreased by 1.89 em/sec.
There was no further change in velocity for 71 min, at which
time two-way lock was lost again for 60 min; when reac-
quired, it showed that the radial velocity had decreased by an
additional 0.78 em/sec. The radial velocity continued to de-
crease at an apparently exponentially decaying rate during
the next two weeks. 'This meant that the orbit had to be re-
determined in less than five days (in the presence of a non-
gravitational force that was not modeled in the orbit deter-
mination programs) so that all science instruments could be
optimally pointed during the encounter.

Orbit Determination

Orbit determination is done by an iterative, weighted,
least-squares method that assumes Gaussian random errors
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superimposed on the tracking data as well as on the initial
estimates. Reference 1 describes the basic concepts; Ref. 2
describes the single precision orbit determination program. (A
double precision orbit determination program, DPODP, was
constructed and used for the first time during the Mariner 69
operations.) The common types of data and their associated
accuracies are shown in Table 1 and more fully described in
Ref. 3.

A linearized coordinate system has been adopted to express
the terminal coordinates of an interplanetary trajectory.
This coordinate system, as deseribed by Kizner,* is illustrated
in Fig. 1. The terminal coordinates can be defined as B-R
and B-T or as B and 8, where 8 is the angle measured clock-
wise from T to B with the time of closest approach (Tc.,).

Pre-Anomaly Orbits

Figure 2 shows the results of processing different lengths of
data ares, using different data types (doppler only or doppler
plus range), and estimating different sets of parameters.
The B-R and B-T coordinates are plotted, and the tight clus-

Table 1 Data types and accuracies

Measurement
Data type accuracy (lo) Comments
Two-way doppler 0.01 Hz = 0.7 Measures radial velocity
mm/sec
Three-way doppler 0.01 Hz = 0.7 Bias is typically 0.2 Hz
mm/sec¢
Mar IA range 35 m Ground and spacecraft
delay contribute
Planetary range 15 m Ground and spacecraft

delay contribute
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ter of points indicates that the orbit determination process is
converging.

Pre-Encounter Orbits

Figure 3 shows the doppler residuals just prior to and during
the anomaly period. When convergence has been achieved,
the residual should be essentially zero, as shown to the left
side of Fig. 3. After the first Loss of Signal (LOS), residuals
appear at a mean displacement of —0.29 Hz and are steady.
After the second LOS, residuals are seen to be continuously
decreasing; this indicates that a nongravitational force was
being exerted. At the time, the form of this small force was
not understood, though the residuals suggested an exponen-
tially decaying model. (Such a model has been developed
for the double precision orbit determination program, but was
not available in August 1969.) The models that were built
into the orbit determination program are as follows: 1) Atti-
tude control jet model—solves for a constant force that may
be turned on and off at selected times.  These forces are con-
sidered to be along the spacecraft pitech, yaw, and roll axes so
that any direction can be synthesized by an appropriate com-
bination. 2) Solar pressure model—solves for a force that
varies inversely as the square of the distance from the sun.
These forces are considered to act in the radial direction from
the sun, in the tangential direction that is in the trajectory
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Table 2 Effects of perturbing accelerations®

AB, AB-R, AB'T, ATca,

Description km?® km? km? sec
A7 in r direction —13.3 3.4 —16.5 —6.0
A7 in z direction 12.6 —30.6 29.0 —-1.8
A7 in y direetion 40.6 32.3 29 .4 —0.7

¢ Perturbations start at encounter — 91 hr.
b AB = B(perturbed) — B{(nominal), etc.

plane and perpendicular to the radial direction, and in the
direction normal to the trajectory plane. 3) Motor burn
model—solves for an impulsive velocity change at a given
time. As many as three discrete burns may be modeled.

Clearly, none of these models apply properly to the ob-
served effect. Each model was used, and the results are
shown in Fig. 4. The effect of this small force, which could
not be modeled correctly, was diminishing as a function of
time. It was decided, therefore, to use very short data ares§
of approximately 48 hr prior to the last data point for both
the attitude control jet model and the solar pressure model.
Finally, the sensitivity of instrument pointing to orbit de-
termination errors was used to recommend an orbit on which
to base the scan platform pointing angles so that minimum
error would result. The actual orbit used for the final space-
craft platform update was B-R = 3650 km, B-T = 6725 km.
and Teq = 05:00:47.9

Postencounter Orbits

After the successful encounter, additional tracking data
were accumulated and used to refine the orbit. Data were
aceumulated for two days, up to the time of initiation of the
infrared spectrometer cooldown. (A sophisticated cryogenic
cooling system was used which vented N; and H, through a
balanced tee, but still resulted in unbalanced forces of the
order of several hundred dynes for a period of several hours.)
The data were processed and the results were B-R = 3764
km, B-T = 6647 km, and Tes = 05:00:50.

With an additional three days of postencounter data, the
results were B-R = 3631 km, B-T = 6713 km, and T¢s =
05:00:50.

By a careful examination of the residuals from the post-
encounter fits, it was determined that the anomalous non-
gravitational force had become negligibly small by August 13

Analysis of Range Data

Range data were analyzed so that events during the first
LOS could be evaluated. A basis for comparison was avail-
able, since the doppler measurements corresponded to range
rate, and since the range itself was measured before and after
the period of LOS. The last range measurement before the
anomaly was taken at 7/28/69, 07:20:02, and the first range
measurement after the anomaly was taken at 8/2/69,03:12:
02. The difference between the range residuals was — 9209
=+ 20 m. Therefore

tu” ARdt = — 9209 + 20 m

as measured with the planetary ranging system.

The exact shape of the doppler residuals that would have
existed is indeterminable, but some insight may be gained if
it is assumed that a step function exists at some time after
LOS, or that a ramp starts right at the LOS; Fig. 5 shows
these two assumptions.
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Fig. 2 Preanomaly orbit estimates.

§ Data arc is a period of time during which data were obtained.
Y Time of closest approach (Tc4) always refers to August 5,
1969.
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For the step function

ft " ARdt = ﬁ “ 189 em/sec di + ft ® f)dt

which yields t, = 7/31/69, 00:13:00 == 9 min, where: f =
time of last pre-anomaly range point — 7/28/69, 07:20:02;
ts = time of last good doppler point before second LOS—
7/31/69, 06:33:17; & = time of first post-anomaly range
point—8/2/69, 03:12:02; and f(f) = polynomial curve fit to
doppler residuals, (expressed in em/sec) from the second re-
acquisition, extrapolated backward to the second LOS.

Therefore, a step function would have had to oceur 121 + 9
min after the first LOS.

For the ramp,

* ARdl = ft ® _1.89 em/sec(t — b)/(ts — tdt +

ft Y 1.89 om/sec df + ft “ fdi
3 4

which yields t; = 7/31/69, 02:13:32 £+ 18 min, where ¢, =
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Fig. 4 Postanomaly erbit estimates.

time of last doppler point before first LOS—7,/30/69, 22:11:
32.

Therefore, a ramp would have had to terminate 242 = 18
min after the first LOS.

These calculations show that the velocity changed during
the early part of the time that the signal was lost, and had
stopped changing long before the reacquisition of signal at
7/31/69, 05:22:17.

Analysis of Simulated Data

During the Mariner VII operations and the postencounter
analysis, many strategies were employed to determine the
orbit of the spacecraft under the influence of the unknown
perturbation. To formulate a strategy for dealing with such
perturbations and to obtain some idea of how well the orbit
might be determined, simulated data were produced so that
the actual trajectory was a known quantity.

The first block of simulated data consisted of two-way
Doppler points and associated partial derivatives that were
produced every 10 min starting on July 31 at 22 hr and con-
tinuing to August 16 (for a nominal orbit with no perturba-
tions). To avoid simulating and fitting data for every per-
turbation to be studied, the following procedure was fol-
lowed: 1) A simple trajectory run was made and the desired
perturbation was applied, then perturbed values of the geo-
centric range were obtained. 2) Perturbed geocentric range
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Fig. 5 Observed and modeled changes in radial velocity.
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values were subtracted from the unperturbed values. 3)
Range differences were used to produce the corresponding
doppler differences with the program ION.> 4) Doppler dif-
ferences were then treated as residuals in the nominal unper-
turbed run.

The effects of three perturbations were studied; namely, an
exponential acceleration of magnitude A7 = 0.26 X 1072 exp
(—t/18 hr) km/sec? in the r, z, and y directions. (These
directions correspond to the principal spacecraft axes: roll,
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pitch, and yaw, respectively.) This exponential form was
chosen because it best approximated the actual acceleration
experienced by Mariner VII. Table 2 shows the effect these
accelerations had on the B-plane parameters.

Pre-Encounter Solutions

Figure 6 contains plots of the partial derivatives of the
doppler data with respect to the z-components of geocentric
position and velocity. (Partials with respect to y- and z-com-
ponents are similar.) It is clear that the pre-encounter solu-
tions, which could use data only up to encounter —4 hr, re-
ceived very little help from the planet-centered accelerations
in resolving uncertainties arising from the unmodeled forces.

Table 3 presents the results of orbit determination solutions
obtained with various data ares, and a priori statistics and
estimated parameters, for exponential accelerations in the 7,
z, and y directions. This table substantiates the well-known
fact that large unmodeled accelerations have disastrous effects
upon the solution, and in this case may give errors in the
encounter parameter of thousands of kilometers. An ap-
proximation to the change in the spherical coordinate state
vector may be obtained by considering a first-order temporal
expansion of the range rate given by the following equation®:

() = # + wrg cosd(sinwi + AN coswt) +
[a, + r(&? cos® + $2)]t — rswtd sind sinwt —

rswic cosd coswt (1)

where p = topocentric range rate, 7 = geocentric range rate,
8 = declination, @ = right ascension, AX = error in right
ascension, rs = distance of tracking station from spin axis of
earth, @, = gravitational acceleration, and v, = r(&?* cos? +
82)1% = velocity perpendicular to line of sight.

The orbit determination program will modify the elements
7, %, a, &, 8, and § to account for the unmodeled acceleration.
For example, consider in a very simplified manner, the effects
of a constant acceleration in the sun probe direction of mag-
nitude 0.20 X 107® km/sec?. The coefficients of the fourth
term must rearrange themselves to account for this accelera-
tion. Thus,

0.20 + 10~# km/sec? = [da,/Or + (&2 cos? + 82 ]Ar +
da,/daAa + da,/Q6A8 + 2v,Av,/r (2)

Table 3 Pre-encounter solutions for A7 = 0.26 X 1078 exp(—¢/18 hr)®

Initial Direction A priori
Start of acceleration, of Parameters standard AB-R, AB-T, AT ¢4,
data arc? km/sec? acceleration estimatede deviations km¢ km? sec
E —91hr 0.26 X 108 r S 10* km, 1 km/sec —10,111.6 682.7 93.5
E — 67hr 0.065 X 10-8 r S 104 km, 1 km/sec —1,762.5 58.1 3.6
E —67hr 0.065 X 108 r S, A in r only 100 km, 10 m/sec
1076 km/sec? 181.7 343.9 ~1.7
10712 km/sec?
E —30hr 0.008 X 10-8 r S 1000 km, 10 m/sec 114.9 73.8 —~1.3
E — 30 hr 0.008 X 10-8 r S, A, B 100 km, 1 m/sec
109 km /sec? 2.0 27.2 —-0.9
10714 km /sec?
E —30hr 0.008 X 10-® x S 1000 km, 10 m/sec —20.9 —1.1 —0.1
E — 30hr 0.008 X 10-8 z S, A, B 100 km, 1 m/sec
10-? km/sec? 39.3 27.8 —0.1
10~ km /sec?
E —-30hr 0.008 X 108 Y S 1000 km, 10 m/sec 81.4 0.1 0.2
E —30hr 0.008 X 108 Y S, A, B 100 km, 1 m/sec
10-* km/sec? —35.9 —9.4 0.2

10~ km/sec?

2 All data stops at encounter — 6 hr.
E = encounter.

€ 8 = state includes position and velocity components; acceleration is modeled: ¥ = A + B¢, where 4 is constant and B is linear acceleration.

2 AT¢q4 = T¢4 from DPODP minus nominal T'¢y, ete.
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Table 4 Fostencounter solutions for A¥ = 0.26 X 1073
exp(—1t/18 hr)?

Perturbation AB? AB-R?  AB-T} ATca,b
direction km km km sec

r —10.5 -0.1 —-1.5 —-1.1

x 4.3 10.5 —0.4 7.7

y —1.2 25.2 —14.0 6.4

@ Data were obtained between encounter — 103 hr and — 6 hr and be-
tween encounter + 9 hr and + 131 hr. Estimate state vector with a priori
standard deviations of 107* km and 1 km/sec.

b AB = B from DPODP minus nominal B, ete.

The gravitational partials are so small that it would require
changes in range of 0.2 X 10% km or changes in « or § of ap-
proximately 1° to account for the unmodeled acceleration,
gravitationally. These possibilities would be quite unreason-
able and must be eliminated. In addition, the second or
third choices are in conflict with the determination of a and
8 from the second and third terms of Eq. (1). Thus, if it is
assumed that the effects of the unmodeled accelerations will
be absorbed in the perpendicular velocity, Eq. (2) yields

Av, = 0.20 X 1078 km?/sec?/1.72 X 1077 km/sec =
0.0116 km/sec

This agrees well with the DPODP result of 0.0123 km/sec.
Unfortunately, the correlation between the various coeffi-
cients of Eq. (1) prohibits such easy prediction of the changes
in other quantities.

Table 3 also shows that the deletion of increasing amounts
of data for which the exponential acceleration is large con-
tinually improves the “state-only” solution. Finally, with
data accumulated during one day shortly before encounter,
solutions are ohtained with B-plane parameters that are
usually within 40 km of the correct result and that have asso-
ciated uncertainties of approximately 60 km. However, even
with this data arc, the errors may sometimes be as Jarge as 115
km. A comparison of the one-day data-are, state-only solu-
tions in Table 3 with perturbed minus nominal results in
Table 2, indicates that errors in the solutions are almost
always larger than actual differences in the perturbed and
nominal trajectories. Thus, the effect of the unmodeled
acceleration degrades the state-only solutions to such an ex-
tent that the use of these orbits would incur larger errors than
the use of the nominal orbit that was determined before the
acceleration is initiated.

The orbit solutions for the exponentially perturbed space-
craft are considerably improved if attitude control forces are
included in the estimate list with the state parameters. For
example, the errors in the 61-hr data-arc solutions, although
still several hundreds of kilometers are improved by approxi-
mately a factor of five over the state-only solutions. The
one-day data-arc solutions are improved to the point where
the errors in the B-plane parameters are of the same size as
the actual changes from the unperturbed trajectory.

Postencounter Solutions

Once the spacecraft has passed the planet so that both post-
encounter and pre-encounter data are available, the solution
for the encounter parameters is greatly improved. Table 4
presents the results of using this pre- and post-encounter data
for orbits produced by the exponential accelerations. It is
seen that even the deletion of the data from encounter —6 hr
to encounter -+11 hr gives B-plane parameters which exceed
15 km only once. An order of magnitude prediction of the
effect unmodeled accelerations have on the magnitude of B
may be obtained as follows. Consider the spacecraft to be in
a hyperbolic orbit about the encounter planet as shown in
Fig. 7. The simplest situation to examine is that during
which the perturbing acceleration is always directed toward
the planet. For this case, the apgular momentum per unit
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Fig. 7 Encounter hyper-
bola.

mass h = Bs is conserved so that
AB/B = — A§/$ 3)

A state-only solution for the orbit perturbed by an ex-
pornential acceleration with the use of only pre-encounter data
may give errors in the veloeity up to 102 km/sec. By using
this value for As in Eq. (3), one can predict an error of 10 km
iri B; this closely approximates the results in Table 4 which
contains errors in B from 1 to 10 km.

If the perturbation is not in the spacecraft planet direction
the situation is not so simple, but still tractable if some very
reasonable assumptions are made. Again, consider the
spacecraft to be in a hyperbolic orbit about the planet as
shown in Fig. 7. From this figure, it is easily seen that cosy
= (¢* — 1)/e which, if expanded (and if terms of the order
1/€* are neglected), becomes x = 1/e. The incoming and
outgoing asympote unit vectors, S; and So, are given by Sy =
t1/$ and Sp = fo/s and the dot product between them may be
written as

S;1°So = cos2x =1 — 2/e? 4)

Thus, an error in the eccentricity is related to errors in veloc-
ity quantities by

Ae = —e3/4[Sp- At1/s — 28;-SpAs/s + ;- Ato/s]  (5)
since
AS = Ar/s — SAS/s (6)

For a two-body orbit the incoming and outgoing speeds
must be the same so that As, Af;, and Afo must satisfy

As = S;- Af; = So- Ao
Thus, writing Eq. (5) as

Ae = —e3/4[(So — S; + Si)- Aiy +
(Sr — So 4 So)- Afo — 2S:-SoAs]
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Fig. 8 Pre-anomaly and postencounter orbit determina-
tion estimates.
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From Eq. (4), it may be seen that (1 — S;-So) = 2/¢? and
For any reasonable perturbative ac-
celerations |Af; — Afg| « 1/eAs and for convenience we will
arbitrarily assume that the constant of proportionality equals

Ae ~ —2eAs/s 8)
The eccentricity may also be written in terms of the energy

and the impact parameters according to the well-known equa-

e =

1 + (Ks*B)?] 9)

Differentiating and then expanding
Eq. (9) in powers of 1/e, one obtains to the first order Ae =
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and substituting in Eq. (6), one obtains

2¢As/s + eAB/B. Combining with Eq. (8) one obtains
AB/B ~ —4As/s. Again, by use of the value A§ = 1072
km/see, the preceding equation predicts AB = 40 km. This
is reasonably good agreement with the orbit determination
program results in Table 4 of errors in B which range from 1
to 10 km. )

An examination of the various orbit determination solutions
using simulated data suggest the following conclusions: 1) All

Ae = —e¥/4[(Spo — Si)- (At; — Atp) + data perturbed by an acceleration that the orbit determina-
2(1 — S;-Sp)As] (7) tion program cannot approximate with “solve for” accelera-
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tions should be deleted. 2) The inclusion of encounter and
postencounter data should allow the determination of the
B-plane parameters to within 10 or 15 km for perturbations of
the type experienced by Mariner VII.

Conclusions

Telemetry showed unexpected battery charger fluctuations
starting approximately four days before the anomaly. It is
assumed that a battery failure occurred and internal pressure
began building up. This caused the battery case to rupture
and vent into the spacecraft interior, causing a series of corona,
discharges across the Canopus star tracker power supply,
which appeared to be a loss of Canopus, initiating a roll search
and moving the high-gain antenna away from the Earth
direction. Subsequent venting through openings in the
thermal blanket caused small particles to break loose as well
as imparting the observed translational acceleration. The
particles near the spacecraft reflected sunlight into the
Canopus star tracker and terminated the roll search. As the
battery continued venting, the opening was cooled enough to
freeze over and seal the assumed hair-line crack. This was
the configuration of the spacecraft when low-gain antenna
transmission was commanded and the signal was reacquired.
The second LOS was caused by a similar set of circumstances
after the battery case had warmed up enough to reopen the
hair-line crack, which never froze over again as the internal
pressure and venting rate were much lower than initially.

The uncertainties in the preanomaly orbit estimates are
considerably greater than those in the postencounter esti-
mates. Figure 8 shows these estimates, with their 1 — o un-
certainties mapped to the B-plane. In order to determine
what the actual change in B-plane position was, the effective
thrust direction due to escaping gas may be considered to con-
sist of a component normal to Bay 2, which had the largest
open area, and a component along the roll axis defined by the
angle 8 in Fig. 9. A three-dimensional surface of possible
preanomaly orbits may be constructed, characterized by four

MARINE VII PRE-ENCOUNTER ANOMALY

937

parameters: roll angle R, thrust angle 8, unperturbed arrival
time T4, and velocity change V. Figure 10 shows several
contours of equal thrust angle 8. Since 8 should be a small
angle, and since the velocity change due to the venting of one
battery monoblock should be on the order of 12 cm/see, the
actual preanomaly orbit would have been in the lower right
side of the plot. This is consistent with the roll angle position
of 73° from normal cruise orientation at the time of reacquisi-
tion of signal (as determined by the time necessary to acquire
Canopus when a roll search was commanded). The actual
trajectory change was therefore quite small, but the attempt
to fit the data containing nongravitational acceleration
greatly distorted the orbit as explained by the attempt to fit
the simulated data which were generated to study this effect.

References

! Anderson, J. D., “Trajectory Determination From Observa-
tional Data,” Science and Technology, Vol. 9, American Astro-
nautical Society, 1966, pp. 133-158.

2 Warner, M. R. and Nead, M. W., “SPODP—Single Precision
Orbit Determination Program,” TM 33-204, Feb. 15, 1965, Jet
Propulsion Lab., Pasadena, Calif.

¢ Warner, M. R., Nead, M. W., and Hudson, R. H., “The Orbit
Determination Program of The Jet Propulsion Laboratory,”
’(I;l\/ll 33-168, March 18, 1964, Jet Propulsion Lab., Pasadena,

alif.

* Kizner, W. A, “A Method of Describing Miss Distances for
Lunar and Interplanetary Trajectories,” External Publication
674, Aug. 1, 1959, Jet Propulsion Lab., Pasadena, Calif.

8 Mulhall, B. D. and Wimberly, R. N., “Conversion of Iono-
spheric Measurements to Doppler Correction for Deep Space
Probe Tracking Data,” Supporiing Research and Advanced De-
velopment, Space Programs Summary 37-55, Vol. 11, Jet Propul-
sion Lab., Pasadena, Calif., Jan. 31, 1969, pp. 19-22.

6 Curkendall, D. W. and McReynolds, S. R.; “A Simplified
Approach for Determining the Information Content of Radio
Tracking Data,” Journal of Spacecraft and Rockets, Vol. 6, No. 5,
May 1969, pp. 520-525.

7 Goldstein, H., Classical Mechanics, Addison-Wesley, Redding,
Mass., 1959,



