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Use of Calibration Maneuvers for Improved Performance
of Strapdown Attitude Reference Systems

Kenneth R. Lorell*
NASA Ames Research Center, Moffett Field, Calif.

Conventional strapdown configurations require precise knowledge of the orientation of the gyro input axes as
well as a moderately large, fast computer to provide inertial attitude. This paper presents the mechanization and
discusses the operation and performance of an omnidirectional, strapdown pointing control system called All
Sky Pointer which does not require precise gyro alignment or a sophisticated computer. Errors caused by gyro-
optical sensor misalignment, gyro-integrator bias, and scale factor error are compensated for by the use of
calibration maneuvers. Control and computation are provided by an electronics package utilizing technology
similar to that found in hand-held calculators. Simulation results indicate that sub arc-minute pointing per-
formance is possible and pointing errors are reduced by as much as an order of magnitude compared with un-

compensated systems.

Nomenclature

AAy = gyro alignment matrix and elements

A*AY = apparent alignment matrix and elements

bGj, B i = gyro and integrator biases, respectively

B, = gyro-integrator bias compensation

Kpiss =roll axis gyro output compensation terms

K23 =yaw axis gyro output compensation terms

i =g of the gyro-integrator noise
SG],Z 35
Sr123 = gyro and integrator scale factors, respectively
= gyro-integrator drift observation period

Tcm =time required to perform a 360° calibration
maneuver

Tps, =time required to pitch to and from Canopus

Y123 =angular error caused by rate noise

YR1,2.3 = angular error during roll calibration maneuver

Yyr23 =angular error during yaw calibration

‘ maneuver

(1) =Kronecker delta

€123 = drift compensation error

Orizs =angle measured at completion of roll
calibration maneuver

Oyi23 =angle measured at completion of yaw
calibration maneuver

00123 =measured body angles

0123 =body angle measured during a roll maneuver

Oy123 =body angle measured during a yaw maneuver

N =desired body angle in yaw and roll axes

o =standard deviation

OyR =standard deviation of error during yaw and
roll maneuver

W3 =body rates along principal axes

Wy 3 = commanded body rate

() = estimate

E{ } =expected value

(") =time derivative

Introduction

HE frequent and relatively inexpensive access to the
orbital environment to be provided in the near future by
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the Space Shuttle has motivated a need for reliable, moderate
performance pointing and stabilization systems. In the past,
sub arc-minute pointing accuracy (suitable for many types of
astronomical investigations!-*) could be obtained only
through the use of a combination of complex and expensive
components such as floated gyros, stable platforms, multiple,
gimbaled star trackers and usually some type of flight or
ground-based computer.>® A simplified sysem would, ideally,
depend on as few of these components as possible.

Strapdown pointing control systems are an attractive alter-
native concept because they eliminate the complicated elec-
tromechanical stable platform. Divergence of errors and the
requirement for sophisticated computer hardware and soft-
ware negates some of this advantage, however.” Improved
performance has been obtained in a number of hybrid strap-
down systems by augmenting the basic gyro information with
the outputs from horizon, star or sun sensors. SPARS (Space
Precision Attitude Reference System)® periodically updates
the estimate of the vehicle’s attitude with the signals from V-
slit star sensors. Coffman® has designed a filter which
estimates gyro bias and scale factor errors of a maneuvering
system by comparing predicted star positions with sampled
star tracker measurements. The Misalignment Estimation
Software System’ was developed to precisely estimate
misalignments between the IRU and star tracker axes on the
OAO spacecraft using a ground-based digital computer and
remotely-commanded spacecraft maneuvers. All of these con-
cepts require moderately fast general purpose digital com-
puters in addition to at least one orbit period in order to reach
steady state.

This paper reports a strapdown system in which recent ad-
vances in state-of-the-art integrated circuits of the type used in
hand-held calculators, dry, two-axis, tuned-rotor rate gyros
of near-inertial quality,'®'? and off-the-shelf sun and star
trackers are combined to provide an omnidirectional pointing
capability with sub arc minute accuracy. There are two
features of this system which make it fundamentally different
from previous designs and permit it to perform in the range of
much more complex ones. First, maneuvering is done solely
by sequential rotations through preprogramed angles about
two orthogonal control axes. This allows considerable sim-
plification of the attitude control problem. Second, sources of
pointing error inherent in all strapdown systems, i.e., biases in
the gyro and electronics outputs, misalignments and nonor-
thogonalities of the gyro input axes, and scale factor errors
are compensated for automatically. Corrections to the gyro
outputs are accomplished by the use of calibration maneuvers
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and a small, special purpose digital computer. Pointing errors
have been reduced by as much as an order of magnitude com-
pared with an uncorrected system.

System Description

A system concept employing the features described above
called All Sky Pointer (ASP) has been investigated at the
Ames Research Center. In operation, a spacecraft controlled

by ASP establishes an inertial reference by first aligning the -

vehicle roll axis with the sun. The vehicle then rolls about the
sun line to acquire the star Canopus with a two-axis star
tracker located on its yaw axis, thus completing an inertial
triad. Biases in the gyros and associated electronics, which are
manifested as drift, are observed and compensated while the
vehicle remains inertially fixed on the two optical references.

At the completion of the drift measurement mode, a
sequence of two calibration maneuvers (see Fig. 1) is initiated.
The vehicle first makes a 360° revolution about the sun line
and reacquires Canopus. The second maneuver consists of
three parts: a) a pitch to place Canopus in line with the yaw
axis (as defined by the optical axis of the star tracker), b) a
360° yaw while controlling roll and pitch by reference to the
two-axis star tracker, and c) after reacquisition of the solar
yaw signal, a pitch in the opposite direction from the initial
pitch motion in order to null the sun sensor pitch signal and
return to the original orientation. These maneuvers permit the
measurement and correction of scale factor errors in both the
gyros and electronics, and of errors arising from misalign-
ments of the gyro input axes.

The scientific instrumentation of the vehicle is aimed at
targets of interest following the calibration sequence by a
series of roll and yaw maneuvers through precomputed angles
stored in the ASP memory. The vehicle may observe any num-
ber of targets as well as return to the sun-Canopus reference
periodically in order to eliminate errors which accumulate
with multiple maneuvers and residual drift.

The ASP system incorporated two nonfloated two-axis,
tuned-rotor rate gyrost with their input axes oriented to form
a triad nominally orthogonal and aligned with the optical axes
of the sun and star trackers. The optical axis of the sun sensor
defines the vehicle roll axis, while the optical axis of the star
tracker, aligned precisely 90° to the sun sensor, defines the
vehicle yaw axis. Gyro outputs-are converted to pulses and
pseudo-integrated by an up-down counter. Digitizing these
signals provides the advantages of wide dynamic range, ease
of integration with minimal electronic drift, and the precision
afforded by digital computations. ’

The electronics package contains a master sequencer,
analog control system electronics, and the equivalent of a four
function calculator used to compute the scale factor and
misalignment terms derived from the calibration maneuvers.
Control torques may be supplied by gas jets, reaction wheels,
CMG?’s, or other appropriate means.

Discussion of Error Sources

There are four primary sources of error related to the use of
body-fixed rate gyros that affect the fundamental pointing
precision of a strapped down system such as ASP. They are as
follows.

Scale factor errors. Coffman® tested a number of rate gyros
suitable for strapped down applications and found scale fac-
tor errors from this source alone, for a single axis maneuver
of 60°, range from 50-1000 arc sec (140-3000 ppm). Ad-
ditional pointing errors would result from the integration of
scale factor errors.

Gyro input axis misalignment. Alignment of the gyro input
axis triad is crucial to the performance of strapdown systems.

TAlthough two-axis tuned-rotor gyros were used in a laboratory
model of ASP, any type of angular rate sensor, single or multi-axis,
floated or dry, is acceptable.
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2.ROLL ABOUT SUN-LINE TO
ACQUIRE CANOPUS

D

4.ROLL 360° ABOUT SUN-LINE
AND REACQUIRE CANOPUS FOR
ROLL-AXIS CAL{BRATION

3.HOLD ON OPTICAL TRIAD TO
OBSERVE GYRO DRIFT

5a. PITCH TO ALIGN CANOPUS WITH
VERICLE YAW AXIS-YAW CONTROL
VIA SUN SENSOR, PITCH AND ROLL
FROM STAR TRACKER

5b. YAW 360° ABOUT STAR TRACKER
AXIS AND REACQUIRE SOLAR YAW
SIGNAL FOR YAW-AXIS CALIBRATION

. 0,

®
6. ROLL, THEN YAW THROUGH STORED
PRECOMPUTED ANGLES IN ORDER TQ
AIM_SCIENTIFIC INSTRUMENTATION.
GONTROL IS SOLELY BY REFERENCE

5¢. PITCH T0 RETURN TO ORIGINAL
ORIENTATION

Fig. 1 All sky pointer calibration and target acquisition maneuver
sequence.

Mutual nonorthogonality in the gyro input axes (typically,
between 5 and 30 arc sec) results in a cross coupling effect that
appears as drift during a maneuver. A more serious source of
error is the misalignment between the null axis of the optical
sensors (and scientific instruments) and the gyro input axes.
While initial alignment may be as close as 10-20 arc sec, shifts
in the electronic and mechanical null caused by structural
flexing, vibration, aging, and thermal effects may increase the
original error by an order of magnitude.

Bias and noise in gyro and integrator outputs. A nonzero
output of the gyro-integrator pair for a zero input results in
pointing errors upon completion of a maneuver as well as a
continuing post-maneuver drift. Rate noise (noise in the gyro
outputs) affects pointing accuracy and degrades drift per-
formance because of the uncertainty it introduces into the in-
tegated gyro output. Feldman'' reports rate noise com-
ponents for certain gyros suitable for ASP ranging from
0.005-0.030 deg/hr.

Nonlinear effects. There are a number of higher-order ef-
fects such as inter-axis coupling in two axis gyros, nonlinear
scale factor, differing positive and negative scale factor, and
bias drift that adversely affect pointing performance. While
this analysis does not attempt to model these effects, the
system operates in a manner that minimizes errors from these
sources. For example, maneuvering is done at one rate around
one axis at a time in order to reduce the effects of scale factor
nonlinearities and inter-axis coupling.

The optical axes of the sun and star trackers form the con-
trol axis triad. There are four properties of the optical sensor
model that are critical to pointing performance: a) inter-axis
alignment between the sun and star trackers, b) stability in-
cluding mechanical, electronic, and optical shifts of the sensor
axes, c) resolution, and ¢) noise equivalent angle. Knowledge
of the location of the optical axes of the two sensors permits
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Table 1 Performance of typical sun and star trackers

Noise equivalent

Resolution Stability angle

(arc sec) (arc sec hr) (rms arc sec)
SPARCS
Fine sun 0.1 1 0.1
sensor
JPL
Canopus <10 1.2 17
tracker
ITT
Star tracker 1 0.2 0.4

them to be aligned precisely orthogonal to one another. Good
stablity assures that this alignment will be maintained. The
quality of the attitude control and the measurement of the
gyro-related errors is also obviously dependent upon the sen-
sor resolution and noise. Linearity and scale factor are not im-
portant since the controller is null-seeking and no absolute
measurements are being performed. Table 1 lists typical sun
and star tracker parameters.

Equations of Motion

Figure 2 depicts the general arrangement of the gyro input
axes in an ASP-controlled vehicle. The direction cosines
relating the orientation of each gyro input axis to the principal
axes of inertia of the vehicle are contained in the alignment
matrix A. Thus, the sensed components of the angular
velocity vector w are

lf Wy Ay Ap A Wy
L Wsr = Ay Ap Axn @7 §Y)
W3 Az Az As w3

When the biases and scale factors of the gyro and integrator
are included, the angles measured by each of the gyros are
represented by equations of the form

I .
Omj =Sy ,go [Sg) (ws+bg;) +by1dr j=1,2,3 @

As a result of combining Eqgs. (1) and (2), a set of differential
equations relating the measured angles to the vehicle body
rates are formed

0Mj=SIjSGj (Aj](.!)/ +Aj2w2 +Aj3w3) +SIJ(SGbej+blj) +‘I7/
3

Equation (3) indicates that the components of the alignment
matrix and the gyro drift terms cannot be observed in-
dependently of the scale factors S; and S,. However, ob-
taining a measure of the apparent alignment and bias terms is
all that is required to compensate for their effects. Thus A*,
the apparent-alignment matrix, has components S,SgA

The initial operation of the control system after establishing
an inertial reference is measurement of the gyro drift (bias).
The vehicle is controlled by reference to the sun and Canopus
in this mode, thereby maintaining the effective body rates at
zero. The gyro output is observed over a period 7 and the
compensating bias terms are calculated at its conclusion.

If we assume that the vehicle remains stationary during the
measurement period, then the bias term for each axis is

17, v,
Bj= 7 j‘oem/dT:SU(SGbej-*.b[j)-*_ ‘YJT (4)

The length of the measurement period T is based on several
criteria: the covariance of the gyro and integrator random
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Fig. 2 Gyro input axis orientation relative to body principal axes.

noise, the period of the controller limit cycles, and the
capacity of the device which stores the drift angle. The most
important factor in the choice of 7 is the covariance of the
gyro and integrator noise. Since the output of the integrator,
after compensation, is

i

substituting Eq. (4) into Eq. (5), the residual of the com-
pensated drift is

&=S,;(I—8y)(Sgibg+by) +n, =S, (v;/T) 6)

thus, there is.a deterministic and a stochastic component of
residual drift characteristics of this compensation technique.
The portion due to the integrator scale factor is four orders of
magnitude below the values of b, and b, for typical values of
S; and is of little consequence. If E{#?} =R?8(t), then E{~?
/T?} = (R?/T)5(%). The stochastic estimation error Syvi/ T
has a lo value of S;RT", or for a gyro/integrator with
E{7n?}=0.001 (arc sec)?/sec?, a value of T=180 sec gives an
rms error of 0.002 arc sec/sec. The other considerations may
require 7 to be as long as 500-1000 sec, thereby further
reducing the stochastic drift estimation error.

After drift compensation, and assuming, the errors men-
tioned above are negligible, Eq. (3) becomes

6rnjiSySGj(Aj1w1 +Ajpw, +Ajpw;) +; @)

Measurement of the apparent misalignments are made via the
calibration maneuvers and Eq. (7). The first maneuver is a
360° revolution about the roll axis (vehicle-sun line), with
control provided by the sun sensor error signals. The control
system, locked onto the sun in pitch and yaw, maintains w, =
w, =0 during the maneuver. Thus, Eq. (7) may be integrated
to obtain the output of each gyro-integrator pair

Tem X Tem
Ori= 5 0, d7= 50 S1S6jA jowsdT+vR; (8)

0

Three of the 9 elements in A* may now be calculated

Yrj Or,
S]jSGjAjj+ 27;_/ = ‘2—7:— (9)

The 0,72 are therefore the estimates of S;; 5,43 =A ;.

Similarly, the 3-part yaw calibration maneuver measures
the yaw axis misalignment terms by a 360° revolution of the
yaw axis. The vehicle is controlled in pitch and roll by the star
tracker outputs and w; = w; =0. The total angle measured by
a gyro integrator pair during the maneuver is the sum of the
angles measured during each segment.

Tem

TP,
eyj: go SIJSG_/ jlw1d7'+ R‘ S[jSGjAj_ywsz

+S SpSgiApwdr + (Vi) +vP +v)/2n (10)



34 K.R.LORELL

The result of Eq. (10)is that

(V) + v+ 9,
SySeAp+ —= Zvjw = 27: (an
since
TPI Tp2
SySciAi So w’d7+go w’dT]zo (12

The only net effect of the two pitch maneuvers is a small in-
crease in the error term due to {/ and v{? . The magnitude
of the error terms may be calculated by noting that the cov
(v;) =R?T so that the 1o value for v,=R;(1*. The roll
maneuver error is thus

e _ R; v
= = — (T, 13
OR o P ( cm ) ) ( )
and for the yaw maneuver
R j ! f
o,= = (Th +ThH+Th (14)

2n

For E {72} =0.001 (arc sec)®/sec?, T, =240 sec,
Tp;=Tp =10 sec, 65 =3.78x 107 and g, =5.32% 1077, This
is less than 1% of the smallest value for S;S5;4; one would
expect (i.e., for the axes which are being held fixed during a
maneuver).

Elements of the apparent alignment matrix A* obtained
from Egs. (9) and (11) may now be employed directly for
compensation when the vehicle is maneuvering solely by
reference to the gyros. For example, during a roll maneuver
we would like

(.01 0 0R1 0
Wy = 0 N BRZ = 0 (15)
w3 L Wse Ors B3

while in fact what we have, before compensation, is

O-Im 0 6 Im 0
Om |=| O . O =] 0 (16)
63m W3 03m 030

In order to make w,;, w, =0 and w; =w;. (i.e., correct the
scaling of w;) the values of the gyro outputs 6',,,,,2,3 must be
changed. From a physical point of view, the pitch and yaw
axes must be rotated at a rate equal and opposite to the rate
induced by the misaligned gyros and the control system.

The output of the roll gyro must be compensated for scale
factor error so that the resultant integrated angle will be
correct. If w;, w, =0, the output of the roll integrator during a
roll maneuver {from Eq. (8) withj=3] is

{
Or3 =S53S12A43; So (wse+13)d7 amn

thus the appropriate correction factor is (S¢3S;;4 33) ™! . This is
one of the quantities estimated in Eq. (9) so that

Ors =0r3K g3, Krz = (27/Op;) (18)
Equation (7) can be used to calculate the appropriate rate at

which the pitch and yaw axes must be rotated to compensate
for the apparent cross coupling. Setting, w;, w, =0 and w; =

J.SPACECRAFT

w3cA*33Kps
Omj=SySciAjswse+n; j=1,2 (19)
so the appropriate additive correction factors are

—KgjOrs, Kgj=(Og;/27)

from Eq. (9). Thus, during a roll maneuver, the output of the
pitch and yaw integrators is

t
0Rj = SO [S]jSGj (Aj,w, +Aj2w2 +Aj3w3c)

+0,1d7—Kgifrs, j=1,2 (20)

and the control system will automatically force w;, w, =0.
That is, from Egs. (17) and (20) it can be shown that
(assuming 5 negligible)

A7 AL w; 0
= @1
A3 AL @) 0
and since 47,45, >A,A5, for any real system, w;, w, =0.
A similar series of equations may be formulated for a gyro-
controlled yaw maneuver. In this case

0y2 = eyZKyZJ Ky2 = (27"/9y2)

and
t ~
0,,= So 15,86, (Ajw; +Apw; +Ajws) +n;1d7—K ;0,,,

0, .
Ky=Z¢ 1713

w;, w; =0 by an argument identical to the previous case.

Mechanization

Figure 3 illustrates the relationships between the ASP com-
ponents. A block diagram of the system is shown in Fig. 4.
Note that in addition to the simplification of the gyro drift
measurement discussed in Egs. (5) and (6), it has been
assumed that the control system, operating in a low-
disturbance torque environment, will maintain the vehicle rate
and position errors nearly at zero when controlling from the
optical sensors. This approximation eliminates the necessity
to correct the gyro and integrator outputs for position and
rate offsets but does introduce small errors into the
measurement of drift and into the correction terms Kp;, K+;.

PITCH PITCH PITCH
ROLL LA, AW AW YAW
ROLL || ROLL ] L] RotL
GYROS ] COMPUTER |,
.| VOLTAGE UP/DOWN [: D/A
oL | T[] COUNTERS [CONVERTER
A FREQUENGY
CONVERTERS
PITCH
YAW MASTER
ROLL SEQUENCER ‘r@
[ AND
DRIFT D/A CONTROL
SUN _*.{j
sohaoR CONVERTERS e Lo8lc
YAW .@

I CONTROL
$ STAR PITCH ST
TRACKER ROLL

Fig.3 All sky pointer control system components.
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Simulation Results

A three-axis digital computer simulation was developed to
evaluate the performance of a hypothetical vehicle controlled
by ASP and compare the results with the simulated operation
of a strapdown control system not utilizing calibration
maneuvers. Included in the model were nonlinearities
associated with the thrusters and optical sensors, and the ef-
fects of quantization errors resulting from the conversion of
the analog gyro outputs to pulses. The sun and star trackers
were assumed to be aligned with principal axes of inertia. The
pointing error, as well as the orientation of the vehicle relative
to the simulated sun and star, was calculated by computation
of the direction cosines. Two values for scale factor error, 10-
4 and 1073, were employed while the degree of misalignment
and nonorthogonality of the gvro input axes was varied from
10-600 arc sec. The sun and star are located so that the
premaneuver orientation is that shown in Fig. 2.

Figure 5 is a plot of the pointing error (defined as the angle
between the vehicle roll axis and a vector in the 2 direction of
Fig. 2) following 90° roll and yaw maneuvers vs the degree of
gyro misalignment. The results indicate that even with the
minimum scale factor error measured by Coffman and only
10 arc sec of misalignment, the uncompensated pointing error
is nearly 2-4 arc min while the error in a vehicle controlled by

STRAPDOWN SYSTEMS WITH TYPICAL

*CLOSES ONLY DURING GYRO-CONTROLLED OPERATION  + CLOSES ONLY DURING OPTICALLY-CONTROLLED OPERATION

ASP is below 1 arc min. Any increase in gyro misalignment
sharply degrades the performance of the uncalibrated system.
In contrast, only a gradual increase in the pointing error of
the ASP-controlled vehicle is experienced providing generally
acceptable pointing error with as much as 5 arc min of
misalignment.

An additional simulation of the ASP gyro drift com-
pensation loop was performed utilizing a Teledyne Systems
Co. SDG-2 two-axis tuned rotor gyro. Sinkiewicz, et al.!!
measured a similar unit to have an average uncorrected drift
of approximately 1 arc sec/sec with an rms drift noise (R) of
0.02 arc sec/sec. Utilizing the drift compensation scheme
described earlier, it was possible to obtain residual drift rates
of less than 0.006 arc sec/sec for periods as long as 20 min
when the measurements were made during quiescent con-
ditions. The measurement period [T in Eq. (4)] was only 40
sec because of limitations in the hardware. Equation (6) in-
dicates that a larger value of T could lead to improved per-
formance.

Conclusions

Pointing errors in a maneuvering strapped-down attitude
reference system arising from gyro-optical sensor misalign-
ments, gyro input axis nonorthogonality, gyro-integrator
scale factor errors, and biases in the gyros and integrators will
be unacceptably large even with the use of the most advanced
(and expensive) components and precise alignment
techniques, unless compensated for in some way. A straight-
forward method of measuring these sources of error and com-
pensating for them has been described in this paper. The at-
titude control system is mechanized utilizing relatively inex-
pensive off-the-shelf components and employs calibration
maneuvers and sequential single-axis rotations to obtain as
much of a factor of 10 reduction in pointing error when com-
pared with an uncompensated system. Sub arc minute ab-
solute pointing errors were achieved for operation in the for-
ward hemisphere.
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