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In-Flight Gyro Drift Rate Calibration on the
Viking Orbiters

William G. Breckenridge* and Alfred J. Tredert
Jet Propulsion Laboratory, Pasadena, Calif.

The drift rates of the attitude control gyros on the Viking Orbiters were calibrated several times in flight. The
process by which these rates were estimated as functions of time is novel for a space flight project, although
relatively standard estimation techniques were used. The process is described fully and the results obtained from
the twelve Viking single-axis gyros are amalyzed. Although the possibility was explored, no significantly
repeatable function of drift rate vs time or temperalure was discovered; the overall mean was found to predict

drift rate with acceptable accuracy.

1. Introduction

HE two Viking Orbiters (VO), still operational in orbit

around Mars, each carry two redundant Inertial
Reference Units (IRU) for attitude control purposes. Each
IRU consists of three rate-integrating floated gyros (Kearfott
C 702565007-1), with an accelerometer and associated
electronics. The gyros are used for several attitude
stabilization and control modes, especially for maneuver
turns, in which the unpredictability of drift rate is a major
attitude error source.

The drift rate of VO gyros is required to stay within 0.54
deg/h/axis (30) and to be stable within 0.15 deg/h (30) from
turn-on to turn-on over a 10-day period. It is also required to
be stable within 0.075 deg/h (30) during any continuous
period of 10 h or less. These requirements were to be met over
the first half of the manufacturers’ design goal of 6000 h
operating lifetime. Since predictability of gyro drift rate is an
important factor in inertial attitude control accuracy, several
in-flight calibrations were performed. The prime goal of this
study was to determine the form and parameter values of the
gyro drift rate function of time. The form selected to
represent this function would be at the lowest order for which
the error statistics would remain within the preceding Viking
requirements.

The method of in-flight calibration was to engage gyro
control of attitude for an otherwise undisturbed period of 6 h
or more, record the apparent positions in VO coordinates of
the sun and the roll reference star as a function of time, and
process these data in a Viking operations computer program
called GYRDFT. The analysis method developed for this
process takes advantage of continuous telemetry of both
celestial and inertial attitude sensor data in gyro-referenced
attitude control modes to characterize in-flight gyro drift rate
as a function of time from gyro turn-on. For Viking mission
purposes (maneuver turns), the calibration process was
required to have 3¢ accuracy of 0.065 deg/h in pitch and yaw
and 0.04 deg/h in roll. Typical achieved accuracy of drift rate
characterization vs time was 0.012 deg/h (30) for telemetry
resolution of +0.01 deg celestial and +£0.02 deg inertial. This
accuracy could not have been obtained from the available
telemetry without the kind of analytical smoothing process
developed for this purpose. Characterization of in-flight drift
rates showed that the best predictor of gyro drift rate for
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maneuver design purposes was the mean over the entire
calibration period and over all in-flight calibrations. Analysis
of the mean functions of drift rate vs time and of the mean
values over time show that the gyros met their specifications
at confidence levels better than 90%, based on the x2
distribution with appropriate degrees of freedom.

Analysis inputs include sets of 3-axis attitude data from
celestial and inertial sensor position telemetry selected at
discrete points in time over the period of calibration. The
analysis process can handle an arbitrary distribution in time
of such sets of data points. The other essential information
for the analysis is the inertial coordinates of the vectors from
the spacecraft to the sun and to the roll reference star at the
attitude measurement times. Spacecraft motion along its
inertial trajectory causes an apparent motion of the sun, and
the nonorthogonality of the star and sun vectors causes pitch
and yaw coupling into roll, both of which effects are ac-
counted for in the drift analysis.

The GYRDFT program used to process the data computes
drift rates over each succeeding data increment (ap-
proximately 3.6-min intervals as implemented for Viking) in
its first pass, then in the second pass smooths the calculated
rate vs time function over the entire set of data according to a
Gauss-Markov model of gyro drift. The autocorrelation
constant of the model is selected to control the degree of
smoothing.

Gyro drift itself is a slowly changing function of time. The
information from which it is calculated is quantized at the
spacecraft for telemetry, and then somewhat imperfectly
reconstructed in ground processing. The resolution of
celestial position telemetry is different from that of inertial
position telemetry, leading to different time points of
telemetry data change, though both are reporting a very
similar motion. The scale factors assumed for celestial and
inertial telemetry are independently in error. All these factors
introduce ‘‘data noise’” and inaccuracy into the calculated
gyro drift. The shorter the time period over which the drift is
calculated, the greater the noise effects. The longer the time
period used, the less information obtained on the short-term
variations of gyro drift.

Two things were done to minimize the effects of data noise.
The first was to use a relatively long time-constant in the
Gauss-Markov model of gyro drift to provide a high degree of
smoothing in the estimation process and to be consistent with
the true drift behavior of the Viking hardware. The other
action was to determine empirically a set of celestial sensor
scale factor corrections (not estimated by GYRDFT) to
correct for celestial/inertial scale factor error differences, so
as to minimize the rms error of the data fit.

The next two 'sections develop the full analytlcal process
and discuss the results for the Viking gyros.
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II. Analytical Method

Reference Frames

Data for estimation of Viking gyro drift consisted of on-
board celestial and inertial attitude measurements taken while
the spacecraft was under gyro attitude control. Reduction of
these data to net inertial motion of gyro nulls requires the use
of five coordinate systems:

1) The inertial reference frame (XYZ), in which are
defined the unit vectors # and s from the spacecraft to its
celestial reference bodies. R

2) The celestial coordinate system (ABC), defined by #
and s, which represents the nominal attitude of the spacecraft
celestial sensors when locked on their reference bodies.

3) The nominal spacecraft body coordinates (xyz),
defined with respect to ABC by the orientations on the
spacecraft of the celestial sensor nulls.

4) The actual spacecraft body-fixed axes (x’y’z’) which
deviate from nominal xyz due to attitude control limit cycling,
inertial reference drift, etc.

5) The gyro null (GN) coordinate system defined with
respect to x’y’z’ by the integrated rate outputs of the gyros.

In the XYZ inertial reference frame for Viking, 4 is the unit
vector from spacecraft to sun and s is the unit vector from
spacecraft to a reference star.

The ABC celestial reference frame is defined by the
transformation matrix 7% from XYZ to ABC:

[(Ax$)xh1T/ 1hxS] AT
TX = (Ax$1T/ lhxsl = BT |=[X Y Z)asc
[E]T C*T

Xyz (D

In the ABC system, the C axis is toward the sun, the B axis
is perpendicular to the sun/star plane, and the 4 axis com-
pletes the set. An important quantity for later use is the angle
between the sun and star vectors:

B=cos ! (h-$) )
The nominal body coordinates (xyz) are defined for Viking

as = —C, and X located 225 deg from A in rotation about C,
so that the transformation 7'} from ABC to xyz is:

cosa, sing,, 0
Ti= sina,  —cosa, 0 |wherea, =225deg
0 0 -1

3

Pitch, yaw, and roll (p, y, r) control axes nominally
correspond to x,y,z, respectively. The deviation of x’y’z’
actual body axes from their nominal orientation can be
represented by an ordered sequence of control axis rotations:
pitch by 6,, yaw by 6,, and roll by 6,. Thus, the trans-
formation 7%, fromxyztox’y’z’ is:

T =16,1; 16,1, [6,1, “@

where [6]; is a 3 x 3 transformation matrix corresponding to
arotation of angle 8 about axis /.

The deviation from nominal attitude causes nonzero angle
error signals (0,,0,,0,) to be generated by the pitch and yaw
sun sensors and roll star sensor. Calibration of the celestial
sensors may have determined null offset (&) and scale factor
(k) corrections to be applied to the telemetered angles
(8,,9,,8,) so that

0,=6,+ (I+k;)8; i=p,y,r &)
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The relationship of these @,’s to the 6,’s (i=p,y,r) is ap-
proximated (to the second order) for the Viking configuration
by

6,=0,(1—9, cotB) — (8, cosa,
+0, sina,) - (8,/2+cotf) — (8,9,/2)
where 0,=0, sina, —0, cosa,
6,=0,-0,-0,
0,=0,+6,-0, (6

Coincident with the celestial sensor signals defining x’y’z’,
the strapdown pitch, yaw, and roll gyros output the angles ,,
¥,, ¥,, indicating the attitude of the spacecraft (x'y’z") with
respect to the gyro null coordinate system (GN). The GN
coordinate system corresponds to the spacecraft axis
orientation when the y’s are all zero, assuming that it got to
its current position by a pitch, yaw, roll sequence of turns
from null, and can get back to GN by the reverse sequence.
Thus the transformation 7% from gyro null to x'y’z’ is
defined:

TN =0, 1: 4,12 ¥, ], )

The assumption regarding turn sequence for the gyros is
required because the GN coordinate system is not unique.
With single-axis gyros, any number of turn sequences can
terminate with all ’s zero, and each will give a different GN
because of the noncommutativity (NC) of turns. This am-
biguity can be removed only by a detailed analysis of the time
history of the y’s. Since provision for such analysis will not be
made in this development, the GN coordinate system just
described will drift with time according to the accumulated
NC turn errors. Although this NC drift is indistinguishable
from true gyro drift rate, it was an insignificant source of
error for Viking. As an example calculation, if each axis had
the same control deadband width d (radians) and limit cycle
period ¢ (time units), the worst case NC drift rate would be
d?/c (radians/time unit) per axis. For Viking flight data,
worst case was on the order of 0.001 deg/h, an order of
magnitude less than other drift error sources.

The transformations given in Egs. (1-7) are used to define
the inertial orientation of the gyro null coordinate system:

TE=[TEN 1 [T TATY] ®
where

TEy=transformation from inertial reference to gyro null
coordinates.

Drift Angle

Gyro drift is the change in the gyro null position with time.
Figure 1 shows a typical sample of spacecraft attitude
telemetry during a gyro drift calibration sequence.
[Specifically, these data consist of converted and corrected
telemetry selected every 3% min from a higher rate data
stream, covering the period approximately 2-4 h after gyro
turn-on for the prime inertial reference unit (IRU 1) on the
second Viking spacecraft (Viking II)]. A rough idea of at-
titude drift rates relative to celestial references can be ob-
tained by noting the long-term change in the celestial sensor
signals. Gyro drift is one part of this attitude drift.

The previous section gave the method for determining gyro
null position at any time from measurement of the celestial
sensor and gyro error signals. The drift between two times is
determined from the gyro null positions at those times':

(DY, = [Tn1,, (T 5 ©
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where [D],.,, =transformation matrix corresponding to drift
between ¢; elujlq t;. The drift may be represented as a vector,
d=dd, where d is the axis of rotation from GN(t,) to GN(¢;)
and d = angle of rotation from GN(¢;) to GN(¢;).

These are evaluated by first defining

[ Dy—Dy ‘1
d'= Dj =Dy }
| Dp-Dy |

(10)
where subscripts indicate elements of the matrix D.

Given the preceding vector d’, the following can be shown:

d=sin~'(1d’1/2),
Measurement Accuracy

The error in determining the gyro null position is deter-
mined by the errors in the sensor angle measurements. Let a
vector of pitch and yaw sun sensors, roll star sensor, and
pitch, yaw, and roll gyro measurement errors be ¢ with
covariance A,. Then, for small sensor angles, a first-order
representation of the error, €, in GN, expressed as a rotation
vector in GN coordinates is:

d=d’'/1a’\ 5

‘T 1 0 0 -1 0 0 7
é= | 0 o 0 0-10 € =Eé
| —cotf cosa, —cotf sina, 1 0 0 —1_!
(12)
cov(é)=EAET (13)

The error 6 in the drift between ¢, and ¢, is:
b=¢é;,— (D] 1; €i

Assuming that over the time period ¢; to /;: €; and ¢, are
statistically independent, implying that they are primarily
data noise errors; A(,_=A{j, the errors are stationary;
[D],i,jzl, drift angles are” small; and E;=E;, no large
change in (3,

then
cov (8) =cov(e;) +cov(e;) =2EAET (14)

These assumptions and approximations are consistent with
the Viking gyro drift calibration procedures used.

The gyro drift rate estimates are made on each axis in-
dependently, ignoring correlations between axes, and
therefore the 1o measurement accuracy of the kth axis drift is
defined as the scalar

or =V Icov(e)] (15)

Gyro Drift Rate Estimates

Gyro drift occurs simultaneously in all three single-axis
gyros and the cumulative drift angle is a function of the
behavior of all three axes. The drift angle measurement noise
is also correlated between axes. However, for small drift
angles and reasonably stable drift rates, each axis of drift may
be investigated independently with no significant degradation
of accuracy. The remainder of this section will treat only a
single axis of drift, using the kth component d, of the vector d
as the drift angle, and o, as the corresponding rms
measurement accuracy. The subscript k will be dropped for
simplicity of notation.

Three estimates are computed — two based on adjacent data
points and the third filtered and smoothed over the whole set
of data points.
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Computed Drift Rate.
The average drift rate between ¢,_; and t; may be computed
directly as
wi=d(t_ ) (=)
with a variance of

o3 =262/(t;~t,_;)°

This value of w; may be very noisy if the interval between data
points is short. '

Estimated Drift Rate

The same data points may be used in an estimate (minimum
variance) that includes any a priori information about the
drift rate. Because Viking calibrations were separated in time
much farther than the anticipated autocorrelation time, the a
priori information was the set of design parameters

wy =0.00 deg/h }a priori design values
Ty =0.18 deg/h for Viking
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Fig. 3 Effect of processing level on drift rate estimate.

The minimum variance estimate is then:

1 (t—t;_ )2 -1
Ua,.: [_ i i—1 :|
; Uﬁvo +————~202 (16)
5 2072 -1
w;= "w,-'[(t[—)z] At ) /(=)
i~ liog

vao d )/ (=t )

U‘»?vo +2[o/ (1, — 1,2 )¢

17

This estimate is less noisy than the computed drift rate and
is biased toward the a priori value. Figure 2 compares these
types of drift rate estimates, which were made from the data
of Fig. 1. Note that the weighted least squares (minimum
variance) estimates are biased toward zero with respect to the
raw average estimates.

Filtered and Smoothed Drift Rate

This estimator processes the drift angle measurements as
cumulative from the first point of the data set, so that d; will
represent d(¢;, t,). The drift angle is modeled as if drift rate
were a random process.

a;,=a;_;+w;At;=drift angle at ¢,
w,=p;w;_;+q; =driftrateat

where Ar,=1,—t;_;, p is exp(—At;/7) for Gauss-Markov
process, 7 is the time constant of the random Gauss-Markov
process, g; =random perturbation to drift rate, and Q, = (1~
p?) 0%, variance of g,. The drift rate w, is the average drift
rate over the interval i —1 to i, and the perturbations to w are
assumed to occur at data point times.

The data processing consists of two passes; first a forward
estimation consisting of prediction and minimum variance
estimation steps for each data point, then a backward pass to
perform the smoothing,? i.e., to get the best estimate at each
point based on all data in the set, not just the earlier data as in
the first pass. Figure 3 compares the results of the forward
estimation and backward smoothing passes with the weighted
least-squares estimate from Fig. 2 (note the scale difference
between the two figures). Appendix A describes a recursive
algorithm to perform this data processing.
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Selection of Autocorrelation Time Constant (1)

The typical drift rate functions of Figs. 2 and 3 illustrate the
effects of data noise and its suppression by the smoothing
process. There are two primary causes for this noise: 1) the
scale factors of the celestial and inertial telemetry channels are
independently in error, and 2) the telemetry is digital, with
different resolution for celestial and inertial sensors. The
latter characteristic alone causes +0.5 deg/h worst-case error
in the raw drift rate (Fig. 2) due to telemetry resolution of
+0.01 deg celestial vs +0.02 deg inertial, calculated over an
interval of 0.06 h. The phase walk of the digital signals forces
this worst case to occur regularly in the telemetry data stream.

Figure 3 illustrates the reduction in data noise obtained with
Gauss-Markov smoothing when the autocorrelation time
constant (7) is 1.0 h. Figure 4 shows the effect on the same
data for 7=1, 10, and 100 h (note vertical scale change). The
noise is evident, though greatly suppressed, even at 7=100.
The estimation accuracy shown in Fig. 4 for each value of 7is
the true value for the drift rate process which has that
autocorrelation constant. If the process is Gauss-Markov and
7 for smoothing is selected smaller than true 7, estimation
accuracy will be worse than shown in the figure, since not all
noise will be properly damped. If 7 is selected too large, ac-
curacy may suffer if significant components of the actual
process are suppressed. The autocorrelation time of Viking
gyros was expected to be on the order of 1000 h; this can be
calculated from the performance requirements:

2(time interval)

T=

. <1 stability variance over time interval)
" overall variance

The 10-h continuous stability requirement of 0.075 deg/h
(30), compared to the overall drift rate requirement of 0.54
deg/h (30) gives 7=1027 h.

Adjustment of Relative Scale Factor

As previously mentioned, the mismatch of scale factor
errors between celestial and inertial sensor telemetry creates
data noise. The GYRDFT program that computes gyro drift
rates for Viking has two features which help reduce the effects
of this error source:

1) An input variable, SF, which is used internally to rescale
the celestial telemetry input data for each axis according to the
formula:

(internal value) = (I + SF) - (input value)

2) An output of the mean and standard deviation of the
difference between the raw [d in Eq. (11)] and smoothed
estimates of total drift angle.

Figure 5 shows this drift angle error as a function of SF for
the first calibration of VO2 IRU 1; the minimum of the curve
is a “‘best’’ value of SF for this set of data. The upper part of
Fig. 5 shows the effect of SF on estimated drift rate; as could
be expected, the estimate is directly proportional to this
rescaling factor, with a maximum effectiveness of 1.0. (In the
example, the roll drift rate estimate changes 10% for every
0.10 change in SF.)

The minimum variance estimate of SF, by the preceding
criterion, provides correction of the celestial sensor telemetry
scale factor relative to that of the inertial sensor. Because this
minimum variance of angle error depends on the time history
of attitude deviations, different sets of data on the same
control axis will produce different minimum variance
estimates of SF, each of which is ‘“best’’ for the data set and
none of which is the correct rescaling term in the absolute
sense. In addition, any selection of SF on such a basis is
subject to the absolute error of the inertial sensor telemetry.
However, in the absence of sufficiently accurate independent
information on the absolute celestial scale factor, the
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minimum noise criterion offers the likelihood of improved
results. All final Viking results were computed with both the
best SF for each calibration sample and the average of such
SF values; the overall mean drift rate is the same with either
method within 1%.

III. In-Flight Calibration Results

In-flight calibration of Viking gyros was performed three
times on the prime IRU and once on the secondary for each
spacecraft during trans-Mars cruise, followed by one
calibration of each prime IRU in Mars orbit prior to
separation of the Lander from the Orbiter. The in-orbit
calibration for Viking I was on the roll gyro only (the dif-
ference between this and an all-axis calibration is discussed in
Appendix B). A similar roll-only calibration of IRU-2 on
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Viking II was performed after the unit became prime on that
spacecraft. All told, twelve gyros were calibrated under in-
flight zero-g conditions, one to four times per gyro, at 1-5
month intervals, during the prime Viking mission (Aug. 1975
to Nov. 1976).

Figures 6 and 7 characterize per-axis gyro drift rate as a
function of time for every calibration of IRU-1 on spacecraft
1 and on spacecraft 2, respectively. The autocorrelation time
constant 7 for the smoothing process was 1000 h, and the
celestial telemetry rescaling factor (SF) used for each axis
was the average of the minimum drift noise SFs determined
for that axis in the first three calibrations. Figure 6 also has a
plot of typical drift rate estimation error as a function of time
location within the data set. This estimation error function is
typical of the Fig. 7 plots as well.

The variation of drift rate with time that can be seen in
Figs. 6 and 7 is gyro behavior, not residual data noise. If there
were higher frequency components of drift rate variation,
which is possible, they were unavoidably suppressed by the
smoothing process. However, the smooth changes which can
be seen are significant with respect to the estimation accuracy,
and to that accuracy characterize the true behavior of gyro
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Table 1 Results of VO 75 gyro drift rate calibrations during the prime mission
Mean gyro drift rate (deg/h)
In-flight calibrations Overall
Ground in-flight
Item calibrations #1 #2 #3 #4 calibrations
VOI1,IRU1
Date 10/30/75 3/18/76 5/25/76 7/1/76
Pitch +0.074 +0.1398 +0.1209 +0.1270 N/A +0.1292
Yaw —0.009 +0.0123 +0.0085 -0.0013 N/A +0.0065
Roll —-0.021 —0.0548 -0.0275 -0.0621 —0.0294 —0.0434
VO1,IRU2 )
Date 3/22/76 N/A N/A N/A
Pitch -0.025 —-0.198 +0.198
Yaw +0.037 +0.010 +0.010
Roll -0.031 +0.022 +0.022
VO 2,IRU 1
Date 10/23/75 3/15/76 5/12/76 8/26/76
Pitch +0.050 +0.0809 —0.0148 +0.0796 +0.0779 +0.0559
Yaw -0.022 -0.0341 —0.0725 -0.0355 -0.0392 —0.0453
Roll -0.104 -0.1926 —0.1838 —-0.1778 -0.1756 -0.1824
VO2,IRU2
Date 3/26/76 9/4/76 N/A N/A
Pitch +0.027 —0.003 N/A -0.003
Yaw +0.097 +0.1405 N/A +0.1405
Roll -0.024 +0.0243 -0.033 -0.005
15 ‘ P— over all such calibrations, for the period of the Viking prime
“‘w mission. Also included for comparison are the mean ground
ok calibration results. There has been very good agreement
(within 0.07 deg/h except for one instance) among all
) PITCH measurements of any given gyro, including comparison of in-
£,05 £ == m0==H0=0r =0~ 0~ 5 o~ —0--p- - flight with ground calibration. The worst observed variation
VAW of smoothed drift rate within any calibration period of
o0 ittt L continuous operation was 0.065 deg/h peak-to-peak; most
: variations were less than half that, and thus the 0.075 deg/h
(30) short-term stability requirement was well met. Taking
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Fig. 8 Average gyro drift rate vs time.

drift during periods of continuous opgration. Turn-on-to-
turn-on variation is evidenced by the differences between
calibrations of the same gyro at the same relative time for test
start.

In order to sort out the repeatable function of gyro drift vs
time, values were averaged over all calibrations at the same
time from turn-on and plotted in Fig. 8. Also shown in this
figure is an error bar for turn-on-to-turn-on stability and
estimation accuracy for each gyro, and a typical gyro warmup
curve. In this comparison it is difficult to assert anything but
random behavior as a function of time or temperature. For
predicting future behavior of Viking gyro drift, the zeroth
order function (overall average) is clearly sufficient.

Table 1 lists the dates of occurrence and drift rate mean
values over time for each in-flight calibration and the mean

those gyros calibrated more than once as seven samples of the
class of Viking gyros, and allowing for the different number
of measurements of each gyro, the average turn-on-to-turn-on
stability of these gyros was 0.15 deg/h (30) at the 90% con-
fidence level. Taking the overall mean drift rates of all twelve
gyros as samples of overall drift deviation from design mean
value (zero), the group has 3o of 0.51 deg/h at about 96%
confidence. For the limited number of measurements, these
results give good confirmation of in-flight gyro performance
meeting its requirements.

1V. Summary

A recursive algorithm for calculating smoothed gyro drift
rate as a function of time has been derived. The use of this
algorithm for determining Viking gyro drift rates has been
discussed and the results analyzed. No repeatable function of
gyro drift rate vs time or temperature could be demonstrated
at any useful level of significance. The best predictor of drift
rate value for Viking gyros was found to be the overall mean
value. All measures of actual variation about this mean value
showed that these gyros met their a priori requirements at
high levels of confidence.

Appendix A: Recursive Estimation Algorithm
We have chosen to estimate a parameter vector p consisting
of rate w, angle a, and bias e,. The bias is included as an
estimated parameter, since the measurement error at the
initial point offsets all subsequent computed drift angles (d;).
The initial estimate value p§ and its covariance P§ are
stipulated at time ¢, of the first data point:

p§= [0, 0, 0] T
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aﬁ,o 0 0 The last (nth) value of the estimate is already based on all
data so
Py= 0 0 o0
* — e * = e
0 0 o pn=ps and P;=P°

The recursive steps for each subsequent data point are as
follows:
1) Get next data point (at #;) and compute d; =d(z;, t,).
2) Predict-extrapolate previous point to ¢;:
a) Degrade rate knowledge for the new interval

pi=exp[—(t;—t;_;) /7]

pi 0 0
pl = 0 1 0 |(pt,=Rpi,
0 0 1
g 0 0
PL,=RP_,RT+| 0 0 o0
o 0 o0

where Q;=(/-p} a3,

b) Extrapolatetot; by At, = (t;—1t;,_,)

1 0 0

pi= At; 1 0 |p/=Tp/",
o o0 1 |
pi= TiPiﬂ—ITiT

¢) Compute the backward mapping matrix tor the
current instance (¢;), to be used later for smoothing:

B;=P;{ [(T,R))"P/"’
3) Estimate p; using drift angle measurement @,
di=1[01 —1]p,-+n=Ap,»+z_1
where the measurement noise n =N (0, o).
pé=p/+P/AT(AP/AT +¢2) ! (d,' —Ap/)
Ps=P/—P/AT(AP/AT +0%) ~1AP]
4) Save for the smoothing pass: p§, P¢, p/, P/, and B,.

5) Repeat from step ! until last data point is processed.
The second (backward) processing pass is for smoothing.

These are used to start (i=n) the backward recursion that
produces the smoothed estimates.

pi_1=pi_; +B:(p;—p))
P}, =P¢ ,+B;(P!—P/)B]
j—i—1

Continue the backward recursion until i=0. Each estimate, p}
and P}, is the desired estimate based on all data.

A third pass is made forward through the data to provide a
printout of the three estimates in proper time order and to
evaluate the mean and standard deviation of the residuals,
d;— (a}—e}), from the smoothed estimate.

Appendix B: Variations for Roll Inertial

The drift of the roll gyro can be calibrated when the
spacecraft is in the roll inertial mode, i.e., the pitch and yaw
axes are controlled by the sun sensors and the roll axis
(around the sun-line) by the roll gyro. In this mode, there are
variations in the coordinate systems used and we are con-
cerned with only one drift angle — roll.

The nominal spacecraft mgtion in this mode is to rotate
about the orbital pole (OP=h x k) with zero rate component
along roll (—# for Viking). On the other hand, the celestial
coordinate {(ABC) has a rate,component along roll unless the
reference star vector, §= + OP. To account for this motion of
ABC, the roll angle measurement used is the roll angle from
the orbital pole to the gyro null defined as

RM=PA+6,—y,
PA =roll angle from OP to A
—tan -1 [ (OP-B)/(OP-A)1, for Viking
and the roll drift is:
d(t;,1;) =RM(1;) —RM(1;)
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