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GYRO MISALIGNMENT DECOMPOSITION
APPLIED TO MESSENGER CALIBRATION*

Mark E. Pittelkau'
Daniel J. O’'Shaughnessy?*

In attitude sensor misalignment estimation, a rotationiahfignment vector, or a
linear combination of rotational misalignments, must bestined to zero for full
observability. For this reason, one attitude sensor is gdlgedesignated the body
reference sensor. Alternatively, the Inertial Measuremémit (IMU) can be the
body reference sensor. A method for removal of a rotatioriahlignment from a
Redundant IMU (RIMU), which has more than three sense axas,developed re-
cently. We demonstrate the method using telemetry from tBESSENGER space-
craft. Results are compared with earlier results where taretmcker is the body
reference sensor.

INTRODUCTION

The MErcury Surface, Space ENvironment, GEochemistry, and Ra(gIE§ SENGER) space-
craft was launched on 3 August 2004 to enter an orbit around Meimcwarch 2011. The MES-
SENGER spacecratft carries two Galileo Avionica Autonomous Star Trac#tesignated STA and
STB, and a Northrop Grumman Space Inertial Reference Unit (SIRtUatfiiude determination.
Each star tracker provides attitude measurements at a sample rate of 106HZ, @rcular field of
view, and has a specified end-of-life accuracy at 0.5 deg/sec of ésB@iw cross-boresight and
41 arcsed o around its boresight. The present cross-boresight accuracy stiathgackers appears
to be about 3.2 arcsec (cross-boresight) and 29 arcsec (bordsight)acked stars. The SIRU com-
prises four hemispherical resonator gyroscopes (HRGs) and poivitegrated rate measurements
from the four sense axes at a sample rate of 100 Hz.

In attitude sensor misalignment estimation, one rotational (absolute) misalignewat,\or a
linear combination of rotational misalignments of the attitude sensors, has tosteained to zero
so that the rotational misalignment vectors are fully observable. For trgsmeane attitude sensor
is generally designated the body reference sensor, or “master” acidid sensor, which is not
parameterized with a rotational misalignmef}. [ This method was used to produce calibration
results using telemetry from MESSENGEHR,[where one of the star trackers was selected to be
the body reference sensor.

Alternatively, the Inertial Measurement Unit (IMU) can be made the bedgrence sensor by
removing the rotational misalignment from the gyro axis misalignments. Eliminatingtaganal
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misalignment from a nominally orthogonal three-axis IMU is easy to3jloHor a Redundant IMU
(RIMU), which has more than three sense axes, elimination of the rotationalignisient is not
trivial. An algorithm to separate rotational and non-orthogonal misalignmeassdeveloped]
for a RIMU and for an IMU with three non-orthogonal sense axes. ddantages of making
the IMU the body reference sensor are that it does not become ocasltegn happen with star
trackers, and the alignment between the IMU and payload may be more stablbdtween the
star trackers and payload. (The star trackers on MESSENGER shewdd be occulted due to
operational constraints, but the point stands.)

A general definition of relative misalignment was recently introduced, agdneral formula
for eliminating the unobservable absolute misalignment was devel&pedliis general formula
imposes a constraint on the misalignments of the attitude sensors and the IEIWeighting co-
efficients in the constraint matrix can be chosen such that the relative miseligs are “centered”
about the average misalignment, or the coefficients can be chosen sodtudttbe attitude sensors
or the IMU is the body reference sensor. This approach will be invdéetiga a sequel paper.

In this paper, we present star tracker alignment and IMU calibration essrmate the Redundant
IMU Attitude Determination/Calibration (RADICAIM) filter and telemetry from MESSENGER,
and we compare the results with those reported2]n |n these results, the IMU (the SIRU) is
the body reference sensor and the star tracker misalignments are riddtieclMU. The relative
misalignment between the two star trackers is computed from the misalignmenerétetie IMU
and compared to previous resul.[

The results in this paper are intended to illustrate the efficacy of the RADIEAbration filter
and recent advances in calibration, and to provigeocsbono independent analysis of the attitude
sensor and gyro calibration on MESSENGER.

RADICAL ATTITUDE DETERMINATION/CALIBRATION FILTER

The RADICAL filter [6] estimates a full set of calibration parameters/or 3 gyro axes and
m attitude sensors. The filter state vector includes 3 attitude perturbation stajgsy biasesn
symmetric scale factor errors,asymmetric scale factor erro2s; gyro axis misalignmentgm at-
titude sensor misalignments, and optionaillguantization states. The RADICAL software, which
is written in C, comprises core filter functions; a command interpreter; preegsing; data ingest,
synchronization, and buffering functions; and Matlab support soéifiea sensor simulation and for
plotting and tabulating results. The core filter functions include Extended Keifigr functions, a
command interface, telemetry interface, initialization for cold and warm staxtepsing of disjoint
telemetry streams, default and active parameter tables, advanced messuseror models, parity
residual (null space measurement) update for full observability of the gplibration parameters,
fault detection and performance monitoring functions, diagnostic outpat demetry output in a
choice of three different size but customizable packets, and sewbelfeatures. The covariance
matrix in a calibration filter can become ill conditioned during its initial convergeanad in other
situations. Therefore UD-factorized covariance algorithms are useAD®&AL to ensure numer-
ical stability and accuracy. The covariance matrix is never computedpetked certain elements of
the covariance matrix are computed only for output and for converganeshold tests. RADICAL
is suitable for real-time on-board calibration, automated ground-basedgsiaog of telemetry, and
desktop analysis and design. The RADICAL filter has been used to BUBBSA, military, and
commercial spacecraft. The RADICAL filter was instrumental in anomalyiuésa, performance
verification, and provisional ground-based processing of attitude télgifioe GeoEye-1.



For ground-based processing and desktop analysis, the Commarmmuldteéeprovides a powerful
and flexible command-line user interface. The Command Interpreter reads enore script files
that tell the interpreter how to execute the RADICAL filter. Commands may alggploé manually
or from another program, which can include commands to read script Titesscript files can be
nested. The Command Interpreter gives the user considerable flexibiligrftrm various opera-
tions during processing of telemetry data without having to modify code. Giigtisg commands
are fairly simple in function and format. The commands define telemetry, panasuedeoutput file
names and locations, control execution of the filter, and interaction with thedilspecified times
during processing. Wildcards are defined to simplify the specification afiditees.

One feature of the RADICAL calibration filter is that it can process disjaiimrrupted teleme-
try streams and telemetry in multiple files. This capability was demonstrated in a yseyvaper
[2]. The attitude estimate, attitude covariance, and attitude cross-covari@eseat when there is
a break in the gyro data. The parameter covariance remains intact (indiizad form). This
is called a “warm-start” of the calibration filter. In addition, a covariancemiptican be applied
to model uncertainty due to a change in parameters since the epoch of Wimugle processed
telemetry stream. (A covariance bump can be applied at any time during pireg@sRADICAL.)
A bump can also be applied to the attitude covariance. The covariance buimpig a specified
increase in the covariance of any estimated parameter or attitude, and islajgaiea warm-start
or at any time upon command. The bump is applied directly to the UD factors obtleiance
matrix to ensure numerical accuracy and stability and for computationakeffic The importance
of being able to process disjoint telemetry streams and applying the covatana is that the
filter does not have to be reinitialized, and the filter is nearly converged Wieeprior converged
estimates and their covariance are used to warm-start the filter. This cébdoeedit in autonomous
on-board calibration. Convergence problems are avoided when aptiorate and a small prior co-
variance are used to warm-start the filter, and a shorter calibration mameay then be sufficient
to maintain convergence of the calibration parameters and their covariinisecan be of benefit
during mission operations to reduce risk (for example, in the hot solaroemaint at Mercury),
to reduce interruption of science operations, and to reduce the volum&ofetey dedicated to
calibration. The warm-start feature permits a calibration maneuver to be segimender certain
operational constraints.

RIMU MISALIGNMENT VECTOR DECOMPOSITION

Let w; be the nominal sense axis direction vectors for the gyros in a RIMU, atfieleectorau;
andwv; form an orthogonal triad withw; as shown in Figuré. To measure three-axis angular rate,
we have to assume that the do not lie in a plane. The nonunique orthonormal vectgrandwv;
can be computed easily in a number of wa¥s7]. The gyro axis misalignments are small-angle
rotationsd,,, aboutv; andd,,, aboutu;, and the true sense axis direction vectorsare modeled by
small-angle rotations of the nominal; about the vectora,; andv; so thatw; = w; — 4 v; — ;.
Define the2n x 1 vector of misalignments

5= |3 &)

whered, = [0u1, 6wz, -- -, Oun]’ aNddy = [0u1, G2, -- -, Oun]’. The general misalignment
vector 44 can be decomposed into a rotational misalignment common to all the gyro axes and
nonorthogonal misalignments of the gyro axes. The rotational misalignmegrses 3 parame-

ters, and the non-orthogonal misalignments comgise- 3 parameters. Although the conceptual
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Figure 1 Gyro Axis Misalignment

meaning of the term “non-orthogonal” is a bit blurry with regardito> 3 non-orthogonal sense
axes, the term is retained due to analogy with a decomposition for 3 orthcspnse axes].

The algorithm to separate rotational and non-orthogonal misalignments is sinedna@ere. The
geometry of a RIMU can be defined by tBe< n matricesU, V', andW, where

U =[uus - uy V =[vyvy - vy W = [w; wy - wy) (2)

Define the2n x 3 matrixY = [U —V]%. An orthogonal basi§); for Y can be obtained from the
QR factorization ofY” such that

Y =QR=[Q: Q] m — QiR &)

whereQ@ is a2n x 2n orthogonal matrix partitioned intoZn x 3 matrix @, and a2n x (2n — 3)
matrix Q2. The3 x 3 upper triangular matrix; is nonsingular because the do not lie in a plane.

The2n x 1 vector of misalignment§y can be expressed as a linear combinationka vector
of rotational misalignmentg, and a(2n — 3) x 1 vector of non-orthogonal misalignmeris,

)
0y =[Y Q2] H (4)
n
The rotational and nonorthogonal misalignments can be computed fromrkeagjenisalignment
vector by
Or 1 yf
=Y dg = ) 5
H ¥ Qi g |1y o ®

whereY" = R 'QT is the pseudoinverse af .

The RADICAL calibration filter estimates the full misalignment veadgr If we want to make
the RIMU the body-reference sensor, we have to eliminate the rotationdignis&nt fromégy. The
rotational misalignmend, of the RIMU can be explicitly eliminated from the calibration model by
using Eqg. §). However, this leads to a computationally less efficient filter. We can implicitly elim-
inated; from the model by setting the initial covariancedfto a small value such as 0.001 arcsec
(ideally zero but for numerical problems that would occur in the covaearmate in a Kalman
filter) and by setting the initial estimate éf to zero. (Estimates of a quantity are denoted by a



caret.) Then a linear combination &{,, namely3r = YT{Sg, will remain close to zero during the
estimation process. The covariance of the initial estimate of the general misahgparameter
vector, in terms of the covariance of the rotational and nonorthogonaligmseents, is

cov(dg) = Py =[Y Qo] ﬁ? ](D)J Y Q2"

=YRY" +Q,PQ5 (6)

where P, and P, are the covariance of error in the initial estimate of the rotational and nagpsrth
onal misalignment parameter vect@sandd,. For lack of better information, we have assumed
that errors in the initial estimate of these vectors are uncorrelated, aRdesw P, are generally
diagonal matrices.

Given a covariance matriky of dg, we can compute the covariance and cross covarianég of

and P, by
5, P Pm] [YT} [YT}T
N —= g P 7
C°"< H> [Pm BT °QF @
RELATIVE MISALIGNMENTS

The misalignment of STB relative to STA was estimated in a previous analysiE8S#ENGER
telemetry P], where STA was the body reference sensor. Here, we make the I&hbtty reference
sensor and we estimate the misalignment of STA and STB relative to the IMUnadignment
of STB relative to STA, in the STB frame, is given by

1
Sgn = 0 — TSIA0A + 558 x TS{AOA (8)

whereéd, anddg are the misalignments of STA and STB relative to the IMU and are expressed in
the frames of STA and STB, respectively; frame notation is only partiallwstio Eqg. 8). Define

o= [:ZA} and  P; = cov(d) (9)
B

The covariance of the relative misalignment is given by
cov(dpia) = [~TSTA 1] Ps [-TER 1" (10)

whereT2I8 is the transformation from the STA frame to the STB frame. Equa®ris(only a
second-order approximation, which is sufficient for computing the ¢awvee, but is not sufficiently
accurate for computing the relative misalignment vector when the misalignmeritsge.

It should be noted that the nominal IMU geometry matrix, which is from the IMddor’s cali-
bration, contains a small rotational misalignment. Ths misalignment is not includee @stimated
d, andég, although variations in the rotational misalignment of the IMU will appeaijranddg.
The rotational misalignment in the nominal IMU geometry matrix is inconsequentgarirputing
the relative misalignment of the star trackers.



CALIBRATION MANEUVER

The calibration maneuver is designed so that the calibration parameterstanguishable in
the measurements. The maneuvers are quite restricted because of tieguiralnents. Inside of
0.85 AU they-axis of the spacecraft must be within 12 degrees of the direction to the Bum
actual calibration maneuver from 2006216 (year 2006 and dayaf3&6), where the spacecraft
is within 0.85 AU, is shown in Figur@a. Calibration maneuvers on 2005300 and 2005301 are
nearly the same and so are not shown. These maneuver sequen¢d$ aley about the:-axis,
+10 deg about the-axis, and+360 deg about the-axis. The+360 deg rotation about the-axis
makes the calibration maneuver excessively long. It will be seen in théésrdisat the calibration
parameters have mostly converged in 60 min, just aftenthg&is angular rate changes sign. A
shorter calibration maneuver, shown in Figdtbe was performed on 2007262. As will be seen, this
maneuver is almost as effective as the longer maneuver in terms of parastatetion accuracy.
Both of these maneuvers step and settlettb3 deg/sec. For sinusoidal maneuvers, it can be
shown that doubling the angle of rotation decreases the parameter estinatidsye /+/2 whereas
doubling the angular rate decreases the parameter estimation error byoWved, the period of
the maneuver is important also. A similar result should hold for piecewisst@onmaneuvers.
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Figure 2 (a) Calibration maneuvers on 2005300, 2005301, 28®16, and (b) 2007262.

CALIBRATION RESULTS

The initial misalignment estimates are zero and are assumed to be uncorrdlagedtandard
deviation of error in the initial estimate of the star tracker misalignment is 18@@afer axis for
each star tracker. The standard deviation of error in the initial estidpaté the nonorthogonality
misalignment is 360 arcsec for each of its components. The standard dewggioor in the initial
estimated; of the rotational misalignment is 0.001 arcsec per axis. The covariance g¥th axis
misalignment vector is initialized according t6)(whereP; = cov(d,) and P, = cov(d,). Thus,
no rotational misalignment is estimated at the IMU so that the rotational misalignnstinisieed at
the two star trackers are distinguishable in the measurements. The staedatitbd of the process



noise for the IMU misalignments was set to 0.0001 arcsédIper axis. The standard deviation of
the process noise for the star tracker misalignments was set to 0.12 art/Squ#hn axis to permit
tracking of the thermally-varying misalignments. Other filter parameters aceilded in a previous
paper P].

Star tracker and IMU telemetry from four calibration events (calibration nnegrs) were pro-
cessed by the RADICAL attitude determination/calibration filter. These eveantsed on 2005300,
2005301, 2006216, and 2007262. The IMU contains two power sigppllRSMA and PPSMB. The
IMU was switched to PPSMB during the calibration event on 2005300, ardlibck to PPSMA
prior to the next calibration event on 2005301. The IMU has remained®8MA since that time.
Changing power supplies can significantly change the actual calibratiampgers.

Although the Galileo star trackers output a measurement variance, it iizpchtoo much to be
useful in the filter. The RADICAL filter can model the measurement erra famction of angular
rate with a polynomial model, but insufficient information is available to determppeapriate
coefficients of the model. Therefore a constant variance is used in theMBasurement residuals
and parity residuals from processing the telemetry on 2007262 are shdvigure 3. Also shown
on the graphs are thé& 1o bounds computed from the residual covariance matrix. It is seen in
Figure3a, as in previous resultg]} that the measurement residuals are larger where the angular rate
reaches 0.3 deg/sec during the calibration maneuver. This is due prindgédiktortion error and
centroiding error. The centroiding error is aliased to a low spatial fregyueecause the angular rate
of the maneuver causes the star image to move at nearly 1 pixel per sampléjgtan unfortunate
choice of angular rate for the calibration maneuver.

The parity residual is the component of the IMU measurements that lies in irepaae of\W.
The measurement update in the RADICAL filter includes the parity residualieisas the star
tracker measurements, so that the calibration parameters are fully diledi/e8]. (The parity
residual is also called a null-space measurement.) The parity residual ire Blgghows that it
is zero mean and consistent with the o bounds, although quantization error is evident. The
measurement residuals and parity residuals show that the filter is perfonraihg
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Star Tracker Misalignment Estimation

The final estimates of the star tracker misalignments from each calibratioh aeeshown in
Tablel. Since the IMU is the body reference sensor, the misalignment estimatesstédittieackers
produced by the filter are relative to the IMU. Plots of the misalignments relgtittee IMU from
2006216 are shown in Figure The variation in the misalignment is due to increasing baseplate
temperatures of STA and STB, since the thermal control system is dedarsiagle-tracker opera-
tion. The baseplate temperatures were shown previoglit js seen in Figuréic that the variation
of the relative misalignment is due to changes in the alignment of STB relative tMth, whereas
STA appears to be stable in Figutae. We can assume that the alignment of the IMU is stable since
its baseplate temperature is constant.

The misalignment of STB relative to STA is computed by B), &nd its covariance is computed
by Eqg. (L0). These are shown in FiguBg and are very close to previous results where STA was the
body reference sensdt]|

STB was not turned on during the calibration maneuver that occured@28Q. Therefore the
relative misalignment between the star trackers cannot be estimated frontetietty collected
on 2007262. Plots of the misalignment of STA relative to the IMU from 20@Q72& shown in
Figure6. This misalignment converges to a nearly constant value in each axis. @rloalijration
maneuver, or one with larger angular rates or rotation angles, is neadghter convergence.

Table 1 Estimated star tracker misalignments and standard deviatia, arcsec

r-axis y-axis z-axis
Telemetry
oy 05, 0y 05, O3 054
STA alignment relative to IMU
2005300 812.85 0.31 357.70 | 0.72 —12.22 0.32
2005301 808.86 0.31 431.84 | 0.70 —18.11 0.31
2006216 814.40 | 0.31 436.80 | 0.69 —15.59 | 0.31
2007262 797.07 | 0.55 395.89 | 1.20 —11.33 | 0.49

STB alignment relative to IMU

2005300 966.02 | 0.72 176.15 | 0.32 —440.40 | 0.34
2005301 893.53 | 0.70 173.09 | 0.32 —444.43 | 0.33
2006216 894.72 | 0.69 179.32 | 0.32 —444.86 | 0.33
2007262 0.00 0.00 0.00

STB alignment relative to STA

2005300 1323.07 | 0.06 —637.00 | 0.06 —428.96 | 0.18
2005301 1324.72 | 0.06 —636.13 | 0.06 —426.96 | 0.18
2006216 1330.87 | 0.06 —635.43 | 0.06 —429.90 | 0.18
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Gyro Axis Misalignment Estimation

The final estimated gyro axis misalignmemts and 8., from each calibration event are given
in Tables2 and3. Because the rotational misalignment of the IMU is not estima%@dand 31,
contain only the nonorthogonal misalignment of the gyro axes, which areatiypmuch smaller
than rotational misalignments. The non-orthogonal misalignment estimates arabtlaiance are
computed fromd,, andd,, by Egs. 6) and €). The non-orthogonal misalignment estimates and
their standard deviations are plotted in Figuresnd the final estimates are given in TableThe
estimates converge to nearly constant values. However, the non-onthldy estimates obtained
from the four sets of telemetry show that the non-orthogonality changagiowe. These estimates
are not influenced by the rotational misalignment of the star trackers.

Table 2 Estimated gyro misalignments),, and standard deviation, arcsec

Telemetry Gyro A Gyro B Gyro C Gyro D
Oy T50 Oy T, Oy T, Oy Oy
2005300 —2.60 0.58 —46.58 0.71 13.01 0.58 36.11 0.71
2005301 4.96 0.56 6.64 0.69 4.21 0.56 —15.79 0.67
2006216 2.90 0.56 10.16 0.69 9.36 0.57 —22.40 0.68
2007262 —26.04 1.10 —4.57 1.13 27.36 1.10 3.27 1.13

Table 3 Estimated gyro misalignmentsj,, and standard deviation, arcsec

Telemetry Gyro A Gyro B Gyro C Gyro D
5u1 060 1 6u2 06 2 5”3 050 a3 5u4 06 4
2005300 —0.11 0.57 25.19 0.50 —2.83 0.56 —34.34 0.51
2005301 8.17 0.56 —0.08 0.49 —11.85 0.55 —6.76 0.50
2006216 6.07 0.55 —3.18 0.49 —11.38 0.54 —5.59 0.50
2007262 4.11 0.84 26.99 0.82 —10.08 0.84 —22.53 0.83

Table 4 Estimated gyro nonorthogonal misalignments,, and standard deviation, arcsec

Telemetry | 4, Ts,,. 0 Ts,.. O Tss Oy Ts,.. Ons T,

2005300 24.30 | 0.60 | —17.35 | 0.71 41.68 | 0.60 13.67 | 1.10 | —51.53 | 0.62
2005301 | —14.44 | 0.59 8.88 | 0.70 —-3.99 | 058 | —15.77 | 1.06 —6.06 | 0.62
2006216 | —16.35 | 0.59 6.32 | 0.69 | —12.32 | 0.58 | —20.51 | 1.06 —5.36 | 0.61
2007262 27.98 | 1.06 —5.07 | 1.06 6.11 | 0.99 | =30.95 | 1.86 | —31.76 | 1.04

CONCLUSION

The RADICAL filter was used to estimate calibration parameters using staretracid IMU
telemetry from the MESSENGER spacecraft. The IMU was made the boeherefe sensor by ap-
propriately initializing the filter's covariance matrix to virtually eliminate a rotationalaiggmment
vector from the eight misalignments of the four gyro axes. The misalignmetits ofar trackers are
then relative to the IMU. The nonorthogonality misalignments of the gyro aveeexdracted from
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Figure 7 Gyro axis nonorthogonality misalignment estimateand standard deviation from 2007262.

the gyro axis misalignments by a linear mapping. Results show that the estimated nnisaitg
of the star trackers relative to the IMU are accurate to about 0.2 to 0.€cdres Furthermore the
estimated relative misalignment between the star trackers, computed frorartraigalignments
relative to the IMU, is the same as the relative misalignment estimated when a skar fisathe
body reference sensor and are accurate to about 0.1 dresec

Although the rotational misalignment could be explicitly eliminated from the filter, gauam-
eterizing the gyro axis misalignments with nonorthogonal misalignments and malkimiglththe
body reference sensor, this approach seems to complicate the calibtgtigthen. An alternative
approach] involving a constraint on the absolute misalignments may offer greater utility wtitho
greatly increasing the complexity of the calibration filter.

The results in this paper show that star tracker Bon MESSENGER is stibfeermal deflection,
and that star tracker A is stable with respect to the IMU. The thermo-mechatesign of the
star tracker mountings should be reviewed to explain this finding. The radsattesigned for
operation with only one star tracker on, so the baseplate temperaturesho$tho trackers rise
when both star trackers are on. It should be emphasized that the attitirdates performance
on MESSENGER is adequate. This work serves to gain a greater unakngstaof the design
and potential performance of the system and at the same time to demonstrapdbditees and
performance of the RADICAL attitude determination/calibration filter.
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