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1.0 SUMMARY

This paper presents the results of a study to determine the source of
computational error in the IMU onorbit alignment software as specified by the
Level C IMU SOP FSSR. Simulation runs were made on the IBM 360/70 computer
with the IMU onorbit alignment software coded in HAL/S. The results indicate
that for small IMU misalignment angles (less than 600 arc seconds), single
precision computations in combination with the arc cosine method of eigen
rotation angle extraction introduces an additional misalignment error of up
to 230 arc seconds per axis. Use of the arc sine method, however, produced
negligible misalignment error. As a result of this study, the arc sine
method has been recommended by means of a software change request (CR) for
use in the IMU onorbit alignment software. This CR has been approved for
STS-1 and beyond.
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2.0 INTRODUCTION

During IBM's Level 2 IMY onorbit alignment testing, it was first suspected
that the largest source of software produced alignment error for small
torquing angle misalignments might be the flight control utility routine
MAT_TO_QUAT. After review of these initial test results, it was decided

by JSC, IBM and MDTSCO that detailed studies of this problem be made at

MDTSCO to confirm the initial conclusion. The proposed studies were aimed

at determining whether the additional computational error was in fact

caused by MAT_TO QUAT or by the IMU alignment software design. The questionable
design centered around the use of single precision computations in combination
with the arc cosine method for extracting the eigen rotation angle from

the error quaternion, from which torquing angles were computed. The results
from these studies indicated that ti. iatter was the cause of the error.

Based on this conclusion, change reques® 1S120A wzs submitted and approved

to change the eigenaxis rotation anyle cxtraciion method from the arc

cosine method to the arc sine method for STS :aissions number 1 and beyond.

Section 3.7 contains a discussion of the equations which define the IMU
onorbit alignment software and a description of the simulation runs actually
made. Section 4.0 contains a discussion of the results, and Section 5.0
presents the conclusions and recommendations.
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3.0 DISCUSSION

The IBM 360/70 computer was used in simulating the HAL/S version of the

IMU onorbit alignment torquing angle software for this study. This computer
was used for the following reasons: (1) the IBM 360/70 computer implements

a HAL/S compiler which enables the simulation software to be coded in

HAL/S, (2) this computer emulates the word size of the AP101 flight computer.
Although the word size is equivalent for both computers, AP101 double
precision computations are not as accurate as the 1BM 360/70 computer;
therefore, the double precision results presented in this study are not
representative of AP101 double precision accuracy.

The following sections describe the simulation software and test runs
for determining the source of computational error in the onorbit alignment
software design,

3.1 DETERMINATION OF THE MEASURED PRESEMT-CLUSTER-TO-M5Q-MATRIX

In order to determine the measured transformation matrix from present

cluster to M50 coordinates, the onorbit alignment software obtains measurements
of two star LOS (Line of Sight) unit vectors in present cluster coordinates

by means of the STAR_TRACK or the COAS_SIGHT mode, that is i

Sm = Sxmipc * Symipc * SzmKpc (1)

™m = Txmipc * Tymipc * Tzmrpc (2)

In addition, the computer has stored in memory the exact LOS unit vectors
in M50 coordinates of these two stars as follows:

"

Se

Te = TxelMso * Tyedmso * Tzekmso (4)

SxeiM50 * SyedMso * Szekmso (3)

These two sets of unit vectors, measured and exact, are used to compute
the desired transformation matrix.

First, the exact LOS unit vectors given in M50 coordinates are used to
form three unit vectors defining a star coordinate system expressed in
the M50 coordinate system as follows:

Uxe = Se (5)

Uye = UNIT (Sg « To) (6)

Uy = UNIT (Uye x Tyg) (7)
3
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Next, the three unit vectors are used to form the columns of the transformation
matrix from star to M50 coordinates:

- - Uxe(1) Uye(1) Uge(l)
M50
‘-rs J = |Uxel2) Uye(2) Upe(2) : (8)

Uxe(3) Uye(3) Uze(3}
In a similar manner, the measured LOS unit vectors (givon in present cluster

coordinates) are used to form this same star coordinate system expressed
in the present cluster coordinate system as follows:

Uym = Sm (9)
Uy = UNIT (Sp x Tp) (10)
Uy = UNIT (Uy x TUy) 11)

These unit vectors are then used to form the rows of the measured” transformation
matrix from present cluster to star coordinates:
Uxnl1) Ugn(2) Uyn(3)
)
TPC:} = Uym(l) Uym(Z) U_ym(3) (12)
L_Uzm(l) Uzm(2) Uzm(3)

Finally, the measured transformation matrix from present cluster to M50 coordinates
is formed by the following matrix multiplication:

mso] | M50l s
TPC_J= Ts |{Trc (13)

3.2 COMPUTATION OF THE MISALIGNMENT MATRIX AND ASSOCIATED ERROR QUATERNION

The misalignment matrix is computed as a function of the stored transformation
matrix from M50 coordinates to desired cluster coordinates (desired REFSMMAT)

and the measured transformation matrix from present cluster to M50 coordinates,
that is

l’wocJ l:oc'J |RM50]
Tpc] = [TmMso) (Trc (14)

* The tilde over the matrix indicates that the matrix is derived using onboard

measured quantities and is to be distinguished from matrices without the
tilde which are considered exact.

e ga
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The error quaternion AQ is defined by the followiny convention

-AQS 3 cos m/é-
aQ =  ts (15)
aQv - u sin /2
where AQS is the scalar part of the quaternion, AQV the vector part, w

the eigen rotation angle about the eigenaxis, and u the eigenaxis unit
vector. In order to compute the error quaternion associated with the
misalignment matrix (14), the utility routine MAT_TO_QUAT is called, that is

~0C
CALL MAT_TO_QUAT (Tpc)
ASSIGN (AQ)

This error quaternion is the basis for determining the torquing angles

for platform realignment. The eigenaxis direction is obtained by extracting
a unit vector* from the vector part of 4Q. The eigen rotation angle can
theoretically be obtained either from the scalar part of 4Q or the magnitude
of the vector part of 4Q. The methods of extracting the eigenaxis rotation
angie are described in more detail in the next section. At the time this
study was performed, the eigen rotation angle was extracted by use of

the scalar of the error quaternion.

3.3 DESCRIPTION OF EIGEN ROTATION ANGLE EXTRACTION METHODS

There exist two methous for extracting the eigenaxis rotation angle:
(1) Arc cosine method (using the error quaternion scalar) and (2? Arc
sine method (using the error quaternion vector). The equations for both
methods are now presented.

3.3.1 Arc Cosine Method

The first method initially used by the IMU alignment software design is
the arc cosine method. This method uses the scalar part of the error
quaternion AQS from equation (15), that is

cos w/2 e AQS (16)

* Although this paper does not discuss problems associated with this extraction
process, it should be mentioned that for values of misalignment eigen
rotation angles less than 10 arc seconds, the unit vector associated
with the eigenaxis direction can be in error as much as 10U degrees.

However, for such small eigenaxis rotation angles the direction of rotation
is irrelevant.




After taking arc cosine of both sides of this equation and multiplying
by two, the eigenaxis rotation angle is given by

w = 2 cos! (AQS) (17) 1

3.3.2 Arc Sine Method

The second method for extracting the eigenaxis rotation angle » is the
arc sine method. This method uses the magnitude of the vector part of
the quaternion BQV from equation (15), that is

sin w/2 = |BQv| (18)

After taking arc sine of both sides of the equation and multiplying by
two, the eic~naxis rotation angle is given by

© =2 sin~l |Bqv] (19)

3.4 DESCRIFTION OF TEST SETUP AND RUNS ;

For simulation purposes, the exact LOS unit vectors are arbitrarily defined
as follows: Sg is defined by sn azimuth angle of 60 degrees and an elevation
angle of 30 degrees, T, is derined by an azimuth angle of -60 degrees and

an elevation angie of 30 degrees. The measured LOS unit vectors are derived
by rotating thc¢ exact LOS unit vectors (Se, Te) from the M50 frame to

actual platform coordinates. that is

— |.oc T I msC(MeASURED)[ ~
Sm:T-] ( ‘)lse' (20)
'mso ! | 'mso(acTuaL) |7
4
- __TDC i _TMSO(MEASURED-)- 5 o)
m _MSOJ | MS0(ACTUAL) i €. ~

The input misalignment eigenaxis direction is defined by an azimuth angle

of 45 degrees, and an elevation angle of 30 degrees. The eigenaxis rotation
or input misalignment for each specific test case is given in Table 1.

For each case, an input misalignment quaternion is formed from these two

input quantities and then a call to QUAT_TO MAT results in the input misalign-
ment matrix. Also, for each case, the measured and exact LOS unit vectors are ;
unitized to IBM 360/70 single and double precision since they were generated :
using HP9825A precision. The stored REFSMMAT is defined by a quaternion which
has an eigenaxis direction and eigenaxis rotation angle. The eigenaxis direction
is arbitrarily defined by an azimuth angle of 45 degrees and an elevation angle
of -3U degrees. The eigenaxis rotation angle between the M50 frame and desired

rage
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cluster coordinates is taken to be 90 deg-ees. A call to QUAT_TO_MAT results
in the stored transformation matrix from M50 to desired cluster coordinates.
For each case, this REFSMMAT is orthogonalizes in IBM 360/70 double precision
before being used in ths onorbit alignment flight software.

Each test run used the onorbit alignment software design as described

in sections 3.1 and 3.2. For each input misalignment angle case, both

single and double precision versions of the HAL/S code were exercised

(Appendix A and Appendix B, respectively) and an error computed by taking

the difference between the input misalignment angle and the o:tput misalignment
angle for both eigenaxis rotation angle extraction methods. This error

became the standard of measure for determining the best method.
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4.0 RESULTS

A summary of the IMU onorbit aligrment HAL/S simulation results is presented
in Table 1. The output misalignment angle wo and the misalignment error

Sw are given as functions of the input misalignment angle w, for both
precision versions (single, double) and both angle extractidn methods

(arc cosine, arc sine). The range of wy is from O to 648000 arc seconds
(180 degrees). As incicated in the last column of the ‘able, both extraction
methods result in zero misalignment software error over the entire range

of input rotations when double precision is used. The single precision
error column of Sw indicates that the arc cosine method has a sizeable

errcr for small misalignment angles. In order to visually show the amount
of misalignment error for both methods when code. in single precision,

a graph of misalignment error 8w versus input misalignment wy for the

arc cosine and arc sine rotation angle extraction methods is presented in
Figure 1. For the arc cosine method, Figure 1 shows approximately 400

arc seconds of misalignment error for input misalignmen* angles near 0

arc seconds. This 400 arc seconds of misalignment error would result

in approximately 230 arc seconds per axis of additional misalignment error
to the current IMU alignment error budget. For increasing input misalignment
angles, a gradual decrease in misalignment error can be seen. For the

arc sine method, Figure 1 shows that for input misalignment angles near

C arc seconds, the misalignment error is negligible (i.e., .03 arc seconds).
For large input misaliginment angles (near 648000 aic seconds), the maximum
misalignment error is 340 arc seconds. This amount of misalignment error
would result in approximately 196 arc seconds (per axis) of additional
misalignment error to the IMU alignment error budget.
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5.0 CONCLUSIONS AND RECOMMENUATIONS

For small IMU misalignment angles (less than 600 arc seconds), single
precision computations in combination with the arc cosine method introduces
additional misalignment error of up to 230 arc seconds per axis. The

arc sine methcd, on the other hand, produces results equivalent to double
precision accuracy. The misalignment error &w, obtained during this study,
is clearly a function of the eigenaxis rotation angle extraction method

and the precision used in the HAL/S code. The presence of MAT_TO_QUAT

did not significantly influence the amount of misalignment error.

It is therefore recommended that the arc sine method of eigen rotation
angle extraction be implemented into the onorbit alignment software at
the earliest possible date. This software change would eliminate a known
computationally-induced bias error.
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TABLE 1.0 - SUMMARY OF IMU ONORB11 ALIGNMENT HAL/S SIMULATION RESULIS

INPUT MISALIGN-  OUTPUT MISALIGNMENT ANGLE, w, MISAL1GNMENT ERROR, 8w
MENT ANGLE, w {(arc seconds (arc seconds)

(arc seconds)I Single Precision Double Precision Single Precision Double Precision
0 Tos T A0/ T T 0.0 T TCos Y R07.86 0.0
B _u_s{n°1= o003 0.0 sint -1- 70,03 0.0 .
5 cos s A28 TT 7 5.0 7 T cos 1= 397.86 0.0
o sintle 500 50 sin-l= 0,00 0.0 _
15 cos 1z 307.86 150 cos‘1= 387 .86 0.0
sin-ls 15.01 15.0 sin-l= 0.0l 0.0
25 Teostle ATEE T 50 cos~1= 377.86 0.0 -
sin-1s 25.02 25.0 sin~l= 0,02 0.0
50 cos-1: 402.86 TR0 T T eostE3RIBE T 0.0 T T ’
sin~ls 50.02 50.0 sin~l= 0.02 0.0 |
75 cosli aorse TTOYRLY "“T&ﬂ?ﬂTm*“"“mvﬂ*“”“‘
sinls 74.99 75.0 sin- 0.0l 0.0
100 cos-1- 402.86 100.0 cos“1- 302.86° 0.0
sin-ls 99.99 100.0 sini= 0.0l 0.0
175 cos-1 02.86 175.0 CCosele 27786 T T D0 T T T
sin-l- 24.01 125.0 sin-l=0.01 0.0
150 cos~1: "TA0P .86 150.0 cos~l= 252,86 0.0
sin-l= 150.07 150.0 sincle 002 00
200 cos— 1= 407 .86 200.0 " cos 1= 202.86 0.0
sin“ls  200.00 200.0 sin-l= 0.00 0.0
300 cos-1- 569.73 - 300.0 N c'os*l* 269,73 0.0 T
. sin~ls 0 300.00 300.0 sin~l= 0,0z 0.0
600 cos-le 697.77 600.0 cos” -1y 9777 T 0.0 T
sinsle 600.0] 600.0 sinl= 001 0.0
900 cos-1-  986.80 ©900.0 Tcos~ls 8680 T OO0 T
sin~!'~ 4900.00 900.0 sm1= 0.00 0.0
18007 7 costl- 1346.14 1800.0 ©oceste AR 14 0.0
sinls 1800.01 1800.0 sin"l= 0,01 0.0
2700 777 costYe P73y T U 200 7 costE 30033 0.0
sinls 2700.01 2700.0 Csintls Soor 00
TUI00 0 costle 3625075 TAG00.D " cos” 5.7% 0.0
o sinle o 3600.01 ~3600.0 Csine 1L b‘o>01 00
640800 ‘cos~+= 640799.75 640800.0 “cos- 1= .25 0.0
sin-ls 640790.43 640800.0 sin-l: 9N37 00
“6RAA00 T T cos—T: 624399 5% 644300.0 “costl: 0,33 0.0 .
) B sin-l= 644376.81 644400.0 Csintle 23,19 0.0 ~
645300 cos~1: 645299.75  645300.0 cos” -1 0.25 0.0
sin~ls 64526750 645300.0 sinl- 32,50 0.0
646200 cos-T: 54619987 646200.0 cos~i- 013 T 00 )
, sin"l= 646153.50 646200.0 sin~l: 46.50 0.0
647100 ©cos = hA7099.62 647100.0 cos” -1, 0.38 0.0
, sintl 647003031 64/100.0 cin-le 76,69 0.0
647400 “cos~1= 647399.75 647400.0 Tcostis 0005 0.0 T
sin-l= 64724606 647400.0 sin-ls 153094 0.9
BATIV0 T cos-Y< 647699.68 pA7T00.0 cos-13 70,32 0.0 7
sinl= 647527.31  647700.0  sin7s 172,69 0.0

|
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TABLE 1.0 - SUMMARY OF IMU ONORBIT ALIGNMENT HAL/S SIMULATION RESULTS - Concluded

INPUT MISALIGN-  OUTPUT MISALIGNMENT ANGLE, w, MISAL IGNMENT ERROR, &uw
MENT ANGLE, W (arc seconds) (arc seconds)
(arc seconds)’ SingTe Precision Double Precision Single Precision Double Precision
; 647800 cos- 1= 64779993 647800.0 cos-t= 0.07 0.0 _
. sin~1= 647549.37 647800.0 sin-l= 250.63 0.0 .
i | E47850 cos=1= 647839 .81 6478500 cosI= 0.19 0.0
S sin-l= 647549.37 647850.0 sin-1= 300.63 0.0 _
! 47870 cos- 1= 647869.56 647870.0 cos~i=  0.44 0.0
sin"l= 647549.37 647870.0 sin-1= 320.63 0.0 .
. 647890 cos-1=647889.68 647890.0 cos-i=  0.32 0.0
sin-1= 647549.37 647890.0 sin-1= 340.63 0.0 .
647915 cos-1=647914.75 647915.0 cos-I=  0.25 0.0
) sin-1= 647715.00 647915.0 sin-l= 200.00 0.0 _
647965 cos-1= 647964.62 647965.0 cos~1=  0.38 0.0
sin-1= 647715.00 647965.0 sin-1= 250.00 0.0 .
648000 cos-1= 647999.81 648000.0 cos~I= 0.19 0.0
sin-1= 647753.18 648000.0 sin-1= 246.82 0.0

o e e
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APPENDIX A
(HAL/S CODE IN SINGLE PRECISION)
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