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I. INTRODUCTION

An All Weather Short Range Air Defense System (A/W SHORADS) concept, which
utilizes data from an on-board strapdown Inertial Measurement Unit (IMU) and
target state updates from the ground to provide a midpursje guidance phase. is
currently being studied. The missile rates and accelerations are measured by
two low-cost multisensors contained in the IMU., In order to reduce the naviga-
tion errors which accumulate from ultisensor error sources during flight, a
pro-launch multisensor calibration is desirable.

Rockwell International [1] performed a study to develop a calibration scheme
for use with multisensors on a fiber optics guidance missile (FOG-M) concept.
This scheme, however, was developed for a vertical missile orientation at
calibration and was not directly applicable to the A/W SHORADS case. The recom-
mended calibration procedure from Reference 1 was, therefore, modified to perform
for a level, instead of a vertical, missile calibration orientation and to be in
accordance with the A/W SHORADS axis definitions.' The resulting proposed
calibration scheme is described in this report. It relies heavily on Reference 1
for nomenclature and for the framework within which this procedure was developed.

Section II presents the multisensor configuration for navigation and the
calibration reference axes, along with the parametqrs to be calibrated.
Section III presents the accelerometer calibration measurement equations
and the iterative procedure used to calibrate the accelerometer parameters.
Section IV presents the gyro calibration equations.

The proposed calibration procedure was programed into an alignment
subroutine in the six degree-of-freedom (6-DOF) A/W SHORADS digital simulation
in order to examine its performance. The Appendix contains a description of the
sequencing of operations for .the calibration along with a listing of the
calibration section and data outputs for several check cases.

II. SYSTEM CONFIGURATION

For the A/W SHORADS case, as in Reference 1, each multisensor is mounted
with a calibration rotation axis Ri nominally perpendicular to the ultisensor
spin axis Ti. For the A/W SHORADS case, however, the multisensors are mounted
into the missile in the orientation shown in Figure 1. This is the assumed
navigation orientation, with 6R1 - -90* and eR2 - 00 and provides a redundant
pitch axis instead of a redundant yaw axis as is the case for FOG-H.

In order to perform the calibration, measurements are made by each multi-
sensor at three positions: OIj - 0, -90, -180. In addition, measurements
are made by each multisensor as it is rotated between the 0* and -180*
positions. The measurements made at the stationary orientations are used in
calibrating the accelerometers and for some of the gyro calibrations. The
data measured during the 180* rotation is used in the gyro calibration process.
The parmeters which are to be calibrated are shown in Table 1 (see Reference 1).
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TABLE 1. PARAMETERS TO BE CALIBRATED

PARAMETER DEFINITION

K Al' KA2  ACCELEROMETER SCALE FACTOR

8 Al' SA2 ACCELEROMETER MISALIGNMENT ABOUT

THE SPIN AXIS

BAV BEl, BA2, BE 2  ACCELEROMETER BIASES

E1 , E 2  ANGLE BETWEEN RAND S9 IS (irf2-E)

RADIANS

K0 1 , KG2  GYRO SCALE FACTOR

G6 a8G GYRO MISALIGNMENT ABOUT SPIN AXIS

D Al' D Bl. DA2 DB2  GYRO DRIFT BIASES

D~iS ON-AXIS C-SENSITIVE DRIFT

D~iS CROSS-AXIS G-SENSITIVE DRIFT
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III. ACCELEROMTER CALIBRATlOW

A. Introduction

This section develops the equations used in the accelerometer
calibration process for the A/ SHORADS concept. The prientation of the
multisensor axes at each of the stationary measurement positions will be shown
relative to a reference axis set defined as follows. Let multisensor 2 be
at its navigation orientation, 8 R2 - 00. The reference roll, pitch and yaw
axes for multisensor 2 are then given as

ROLL2  -2 (1)

PITH 2  B2 S2 xA 2  (2)

YAW2 A R2 x S (3)

and are shown in Figure 2. Let multisensor 1 be at its navigation orientation,
ORl - -900. The reference roll, pitch and yaw axes for multisensor 1 are then
given as

ROLL"B 1  S1 x A1  (4)

PITCH1  A1  R1 x S1  (5)

YAWl - -S1  , (6)

and are shown in Figure 3.

ROLL2 - 2

22

PITCH2  B2G

SYAW2 A A2

Figure 2. Reference axis set and multisensor 2
axes at OR. "- 00.
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RI

ROLL 1  B1

PITCH1 - G 2 2

1  GIL ,

YAW1 - -S1

Figure 3. Reference axis set and multisensor 1
axes at eRI - -900.

For multisensor 2, the OR2 - 00 orientation is taken to be a perfect
orientation. Due to mechanical imperfections, the multisensor is not rotated
by exactly 90 ° from one calibration position to another. This effect is
modeled by OR2 - -90* + B4'4-90* and eR2 - -180* + 022f-180*. Another
mechanical imperfection which is considered is the non-orthogonality of the
calibration rotation and the spin axes. The actual angle between the two
axes is taken to be (w/2 - E2 ) radians. For multisensor 1, the 6R1 - -90°
orientation is taken to be the reference point and rotation to eR1 - 8II 00
and to 6RI - -180 ° + 0.12w-180 define the error angles B11 and 812. The
angle between il and j1 is (w/2 - El) radians. These misalignment angles thus
define the orientation of the actual sensor axes with respect to the reference
axis set.

B. Multisensor 2 Accelerometer Calibration

Multisensor 2 is a pitch/yaw sensor. Its orientation during navigation
is with eR2 - 00 and an ideal (reference) axis set for use in calibration is
defined at this orientation as shown in Figure 2. Since the accelerometer axes
are assumed to be misaligned about the spin axis by an angle 6A2, the actual
multisensor axes are located with respect to the reference axes as shown in
Figure 4, where 6A2 is positive for a positive rotation about T2.

B2

PITCH A

24

!A2

Figure 4. Accelerometer misalignment with respect
to spin axis, OR2 - 00.
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If one writes the equations for measurements along Z2 and Y2, and
applies the mall angle approximation, the results are:

A2l-KA2 Cl o0,6A2 + G2s9I2 + BA2 wK KAGl + SA G2 + A2 (7)

B'2l - Y(A2 02 C6A2 - G1SI1SA2 + B22 K&2 G2 - 6A52 GI + %g2. (8)

When aultLsensor 2 is rotated to 02 --90% the axes are oriented
as shown in Figure 5. The final orlientation of the actual axes with respect
to ihe reference axes can be obtained with a sequence of four rotations. These
are as follows:

1. Perform a positive rotation of E2 about the YAw2 axis to form an
intermediate axis set X2 , Y2, Z2 2

2. Perform a positive rotation of E2 about the X2 axis to form a
second intermediate axis set X3, Y3 , Z3"

3. Perform a positive rotation of 024 about the Y3 axis to form
a third Intermediate axis set X4, Y4, Z4 -

4. Perform a negative rotation by SA2 about the Z4 axis (this
corresponds to a positive rotation about the sultisensor spin
axis) to form the final orieutation of the multlsensor axes for
012 - -900.

S2

212 
ROLL 2

' 2
.5*2

B2 PITCO2 2'2
YAW2

Figure 5. iltisensor 2 axes at 0R2 - -90*.

If one next forms the coordinate transformation matrices for each of
these rotations, using the smll angle approximation, the measurement equations
for this orientatirn can 1 written as

A24 - -CA2 G3 - Z202 + 6A2G2 + 0240I + BA2 (9)

324 - 1202 + 8A23 - 203 + 221 + 332- (10)
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When multisensor 2 is rotated to OR2 - -180, the axes are oriented

as shown in Figure 6. The final orientation of the actual axes with respect

to the reference axis set can be obtained in this case with a sequence of

thtie rotations. These are as follows:

1. Perform a positive rotation of 2E2 about the yAWj2 axis to form an
intermediate axis set X2, Y2, Z2.

2. Perform a positive rotation of 6A2 about the X axis to form a

second intermediate axis set X3, Y3, Z3 " 2

3. Perform a positive rotation of 8A2 about the X3 axis (corresponding
to a positive rotation of 8A2 about 12) to form the final
orientation of the mltisensor axes for 0 - -1800.

A2

f22 2ROLL

PITCH

YAW

Figure 6. Multisensor 2 axes at eR2 - -1800.

If one next forms the coordinate transformation matrices for each of

these rotations, using the small angle approximation, the measurement

equations for the OR2 - -1800 orientation can be written as

A22 - -KA2Gl + 6A2G2 - 022G3 + BA2 (11)

B22 - KA2G2 - 2E2G3 + 6A2G1 + BB2. (12)

The calibration equations for multisenmor 2 are then developed by

using the measurements at Oe2 - 0° and -180' and the results are:

0.5 (A2 1 - A22 - 62 2 G3 ) KA2G1 (13)

0.5 (B22 - B21) + E203 6A2GI (14)

0.5 (A21 + A22 + 022G3) - dA2G2 - BA2 (15)

0.5 (121 + B22) + E23 - KA2G2 " BB2 " (16)

.'9



C. Wltisenaor 1 Accelerometer Calibration

Mltisensor I is a roll/pitch sensor with the pitch axis a redundant
axis. The sensor orientation during navigation is with OR, - -90* as shown
in Figure 1 and a reference axis set for use in calibration is as shown in
Figure 3. Since the two multisensors are calibrated with respect to different
reference axis sets, a transformation matrix relating the two reference sets is
necessary. This transformation can be developed from a sequence of three
small angle rotations as follows:

1. Perform a negative rotation of Yy about the YAW1 axis to form an

intermediate axis set X2 , Y2 1 Z2 "

2. Perform a negative rotation of 'p about the Y 2 axis to form a
second intermediate axis set X3 , Y 3 , Z3 "

3. Perform a negative rotation of TR about the Xq axis to form the

final configuration, which is the ROLL2 , PITCH2 , and YAW2 axis
set. The angles TY, Tp, TR represent small misalignment angles
between the two reference axis sets and the transformation
developed from the above sequence is represented by:

ROLL 2  1 -Ty YpPITCF.2  Y 1 -¥R CH1(17)

YAW2 P R 1 YAW)

This transformation is used to relate measurements made in one frame to the

other frame during the calibration process.

Also, in accordance with the notation used in Reference 1, the gravita-1 1 1
tional components along the multisensor 1 reference axes are denoted by 1, G2 G3 .

The accelerometer axes are assumed to be misaligned by 6A, about the
spin axis I, so the actual multisensor axes for OR - -90 are located with
respect to the reference axes as shown in Figure 7. The measurement equations
for X and 71, for this orientation, can be written as:

A1 KAI G1 - 8A1 G1 + B (18)
14 2 3 +BAl1 1

B14 - KA G3  + 6A1 G2 + BBl (19)

~ ROLL 1

8A

Al PITCI 1

Figure 7. Accelerometer misalignment about the

spin axis T1 , OR, - -90".
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When aultisensor I is rotated to eRI - 0, the axes are oriented as
shown in Figure 8. The final orientation of the actual axes with respect to
the reference axes can be obtained with a sequence of four small angle
rotations as follows:

1. Perform a positive rotation of El, about the PITCHI axis to form
an intermediate axis set X2, Y2, Z2.

2. -Perform a negative rotation of El about the Z2 axis to form a
second intermediate axis set X3 , Y3 , Z3 "

3. Perform a positive rotation of Ii1 about the X3 axis to form a
third intermediate axis set X4, Y4 1 Z4 "

4. Perform a positive rotation of 6Al about the Y4 axis to form a
final orientation of the multisensor axes for eR1 - 00.

E ROLL1

PITCH1

AW1  Al

Figure 8. Multisensor 1 axes at OR, - 0° .

If one now forms the coordinate transformation matrix representing this
rotation sequence, the measurement equations for eR1 - 0* may be expressed as:

All - K G 1 + 6 G + El G 1 Oil G 1 + B (20)
1 3 1 1 A

B1 1 - KA G3 - E1 -ElG 1  6 G1+BB (21)

When multisensor 1 is rotated to OR, - -180", the axes are oriented
as shown in Figure 9. The final orientation of the actual axes with respect
to the reference axis set can be obtained in this case with a sequence of four
small angle rotations as follows:

1. Perform a positive rotation of E1 about the PITCH1 axis to form
an intermediate axis set X2 , '2. Z2"

11



2. Perform a positive rotation of El about the Z2 axis to form asecond intermediate axis set X3, Y3, Z3 '

3. Perform a positive rotation of 012 about the X3 axis to form a
third intermediate axis setX 4 YZ.

4. Perform a negative rotation of 6A, about the Y4 axis to obtain
the final configuration for OR1 -180*.

Al

Si

YAW 1

Figure ~ ~ ~ ~ ~ E 9. Mltsnsr1 xs t - 1

If ne ow orm th cordiatetrasfomaton atrx rpreentng hi

Figur 9. MutieGo +EG+8 1 axe at eC + -180

Th e calibortieorequatotnsformaution mari areteseng elpdiyssn
roainqecthe measurements ataton fo 0 and0 may and theprsultsare

1 1 G 1 1 1~ (20. A1 2 - AI + Gi + S12)G3 - Eh1 G + 0 1 23 ~K1~~+ 1 G) (

B12 G 1+ El G + a G12EG1+B,(3



0.5 (B12- BI) l 1 a S G, (25)

0.5 (Al + A1 2 + (011 - 012 )G, - 8 G - A (26)

0.5 (Bll + B12) + El G j -KA. G -B (271 1 (27)

tD. Iterative Calibration Procedure

An In Reference 1, the accelerometer parameters will be solved for by
use of an iterative algorithm. The data necessary for this procedure are the
accelerometer measureents taken at the stationary positions and the gravity
components G1 G2 G ,C from a separate IMU. The iterative procedure for
dotermining e accelerometer parameters for the A/ SHORADS case is shown in

Table 2. Ten iterations are allowed in order that all cases have sufficient
time to reach a steady-state solution.

TABLE 2. A/W SHORADS ACCELEROMETER ITERATIVE CALIBRATION PROCEDURE

PARAMETER EQUATION

KA2 13

4A2 14

BB2  16

KA1 24

25

BBI 27

02 8

G31 21

S2 - G3 + G2 + YRGI

G3 G3 = G3 -YyG 2 + pGl

BA2 15

BA1 26

G G1 2 2
1 l 2 - G3

1  1 - 1 2 7

IV. GRO CALIBRATION

A. introduction

This section develops the equations used in the gyro calibration
process for the A/N SUORMA cnacept * The gyro calibration process utilizes

13



measurements made at the stationary positions to calibrate the gyro drift

parameters. The gyro scale factor KG and the gyro misalignment about the spin
axis, 6G, are calibrated using integrated angular rate measurements made as
the multisensors are rotated. The reference axes defined for each multisensor
in Section III. A. are used in the gyro calibration. The error angles and
misalignments considered are as defined in the accelerometer sections.

B. Multisensor 2 Gyro Calibration from Stationary Measurements

The multisensor 2 gyro static measurements as presented in this
section will correspond to the same orientation sequence, and the appropriate
fixures. presented in Section III. Bb for the accelerometer static measurements.
The first orientation is for eR2 - 0 as shown in Figure 2. The components of

earth rate, represented by S1, k" 0Y are measured along the YAW2 , PITCH2,
and ROLL2 reference axes, respectively. The values for 1' n2' and 93 are

input from an independent IMU as are the gravity components.

The measurement equations for the eR2 - 00 orientation are as follows:

WA2 1 - - 01 + DA2 + G2 DA2GSB + G1 DA2GSA (28)

WB21 - 02 + DB2 - G1 DA2GSB + G2 DA2GSA - (29)

The sign convention for the cross-axis sensitivity term, DA2GSB, can be
visualized by assuming a fictitious mass unbalance along the negative F2 axis
as shown in Figure 10. From Figure 10 it can be seen that the drift about
X2 due to a positive acceleration along B2 will be given by

AWA21 - G2 DA2GSB , (30)

i.e., a positive acceleration along B2 along with a positive cross axis G-
sensitive drift term, DA2G_ 9 will result in a positive drift about I The
drift about T2 due to a positive acceleration along X2 is seen from Fgure 10
to be

AWB21 " -C DA2GSB. (31)

For the multisensor 2 orientation of eR2 - -90, the gyro measurement
equations are

WA24 - -113 + DA2 + G2 DA2GSB - G3 DA2GSA (32)

WB2 4 - f12 + DB2 + G3 DA2GSB - G2 DA2GSA . (33)

S2

G2,, C1
B2

A2
Figure 10. Multisensor 2 fictitious mass unbalance.

14



For the multisensor orientation of 6R2 -180* the gyro measurement equations
are

WA22 - (11 + DA2 + G2 DA2GSB - G1 DA2GSA (34)

WB2 2 - n2 + DB2 + G1 DA2GSB + G2 DA2GSA (35)

The G-sensitive drift terms for multisensor 2 are calibrated by using
the measurements at eR2 - 0* and eR2 - -180*. The equations are as follows:

DA2GSA - 0.5 (WA21 - WA22 + 2f1l)/G 1  (36)

DA2sB - 0.5 (WU2 2 - WB2l)/Gl (37)

The gyro bias terms, DA2 and DB2 are calibrated from the measurements at
OR2 - 00. The equations are as follows:

DA - 0.5 (WA2l + WA22) - DA2GSBG2 (38)

D - 0.5 (WB2 2 + WB21) - n2 - DA2SAG2 39)

C. Multisensor 1 Gyro Calibration from Stationary Measurements

The multisensor 1 gyro static measurements as presented in this section
will correspond to the same orientation sequence, and the appropriate figures,
presented in Cection III. C. for the accelerometer static measurements. The first
orientation is for ORl -- 9?0 ai shown in Figure 3. The components of earth
rate, represented by P1, 2, n, are measured along the YAW1, PITCH1 and ROLL1
axes, respectively. These earh rate components are related to those along the
multisensor 2 reference axes by the transformation matrix given in equation 17.

The measurement equations for the eR1 -900 orientation are:
~11 1
1 + DAI + G3 DAl B + G2 DAlSA (40)WA1 4 - '12  DlB 2DGS
1 1 1WB1 4 - 93 + DBI - G2DAIGSB + G3DAIGSA . (41)

For the multisensor 1 orientation of eRl - 00, the gyro measurement equations
are

~1 1 1
WAll - -l1 + DA, + G3 DA1GSB + G1DA1GSA (42)

1 .1 1
WBlI - n + DBI - G1DAGSB + G3DA1GA * (43)

For the multisensor 1 orientation of eRl - -1800, the gyro measurement equations
are

1 +Dl+G1 1 (4WAl 2 - + DAl + G3DA1 B - GiDAlGSA (44)

15



The G-sensitive drift terms for multisensor 1 are calibrated by using
the measurements at eRil - 0' and -180*. The equations are:

11cA 0.5(W~ 1 - + 20 1)/G1  (46)

DAGSB 0.5(WB12 - WB1 1)/G1  . (47)

The gyro bias terms, DAj and DB, are calibrated from the measurements at
0R1 - -90*. The equations are:

DAI - 0.5(WAII + WA12) -G3D GSB (48)

Dii - 0.5(WBll + WBl2) - n 1 1 G1DAlGSA 1 (49)

D. Multisensor 2 Gyro Scale Factor and Misalignment about Spin Axis
Calibration

The calibration of KG2 and 
6 G2 utilizes angular rate measurements that

art integrated into angular displacement measurements as the multisensor is
rotated from eR2 - 00 to 6 .'2 - -180 ° + 022. The angular rate measurement
equations during rotation are:

WA2 m KG2A2 + 602 (R2 + 02) + DA2 + DA2GSAA2 + DA2GsBB2 (50)

WB2 = KG2 (6R2 + V - 6G2"A2 + DB2 - DA2GSBA2 + DA2GSAB2 (51)

where gA2 - -9 1COSeO2 + Q3SINOR2 . (52)

The measured angular rates are then integrated over the rotation
interval tF2 - t0 2 - tR2 to arrive at the following angular displacement
measurements:

tF2

9A2 =/WA2dt - KG2 eO + 6G2 (eR2 + 2tR2) + DA2tR2 + DA2GSA AVA2 + DA2SBAVB2
02

(53)

eB2 u r B2dt - KG2 (AeR2 + fl2tR2) 6G2efA2 + DB2tR2 + DA2GSAAVB2  DA2GSBAVA2
tO2

(54)

where
tF2eOWA a f02 CA2d t  (55)

to 2

Ae6 " - tF
(1t8R2dt " S0 + 022) (56)

" 02



.r tF2 (57)AVA 2

t0 2

AVB2 f tF2dt (58)

t02 d2

In order to integrate A2 and W2 general equations for the accelerometer
measurements must be developed that will satisfy the three stationary
orientations and the dynamic orientations that occur during rotation. The
general equations for multisensor 2 are

A2 - KA2 (G1 COS(bR2 t) + G3SIN (OR2 t)) + 6A2G2 + BA2 + E2 (G2SIN(iR 2t))

(59)

B2 - KA2G2 - 6A2 (GCOS(6R2t) + G3SIN(R2t)) + BB2 - E2 (G1SIN(6R2t))

-E2G3 (1 -COS(R2t)(60)

These correspond to measurements along the A2 and B2 multisensor measurement
axes, respectively.

After the six second rotation and simultaneous integration occur, all
the terms in equations (53) and (54) are known from measurements or calculation
except for 6G2 and KG2. The gyro drift parameters were calibrated from
stationary measurements. The error angle 822 is available from laboratory
calibration. The earth rates are computed inputs from the IMU module. Thus,
equations (53) and (54) can be used to calibrate SG2 and KG2.

Matrix inversion is chosen as the most effective method to solve
for 6 G2 and KG2 . Equations (53) and (54) are rewritten as

eA -=eA - DA2tR - DA2sAAVA2 DA2GSBAVB2 - KG2egA2 + 6G2 (AeR + n2tR2)

(61)

B .e B2 - DB2tR2 + DA2GSBAVA2 - DA2GSAVB2 - KG2 (AeR2 + n2tR2) - SCOW

(62)

17



and can be expressed in matrix form as

8k) LOGA2 AOR2 + -02tR2 G2 (63)

eB 1DR2 'fl2tR2 enA 6G2

After the matrix inversion is performed, one obtains

KC21-eG2 -(AepR2 + Q 2tR,2) '.)(64)

SG2 DETERNINANT -(AeR2 + n 2 tR2) 8OA2

where
2 2Determinant - -((egA2) + (Aee2 + f 2 t2) 2 ). (65)

One can now solve for KG2 and 6G2 as follows:

KG2 - ((A 2 - DAt - DA2SAAVA2 - D2GSBAVB2) eQA2 + (eB2 - DB2tR2 + DA2GSB VA2

_DA2GSAVB2) (Ae2 +ng2tP2))/((eA)2 + ( 0R2 + 2tp2 )
2) (66)

G2 ".((0,2 - DA2tR2 - DA2GSAAVA, - DA2GSBAVB2) (AeR2 + Q2 tR,) - (OB2 - DB2t,2

+DA2GSBPA2 - DA2GSA"VB2) OQA2)/((eQA2)
2 + (AOR2 + 112 tR2)

2 ) . (67)

B. ultisensor 1 Gyro Scale Factor and 7AIsalignment about Spin Axis
Calibration

The calibration of KGl and 6G1 utilizes angular rate measurements that
are Integrated into angular displacement measurements as the multisensor is
rotated from on - O1l to eOl - -180* + 012. The angular rate measurement
equations during rotation are:

WA1 - LGJl9kl + 8GI (6R + 1 + DAM + DA.+;SA A1 + DAGSB Bl (68)

U31 - K 1 (dR + 03) _GsA1 + DB1 - DIGSB A1 + DA1GSA B1 * (69)

Where - -01 R1 - SIN . (7o)
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The measured angular rates are then integrated over the rotation
interval tF1 - to 1 - tR, to arrive at the following angular displacement
mesasuremnts:

tF 1

eAl -f WAldt - K~len, + '5G1 (Ae~u + n(1t~ + Dlt + DAIGSBAVVl
to 1

(71)

tFl
e8l -f W1 tdt - Kr, (,e + fltu) - G1 eA1 + Djt + D sAAv, - DA VAl

to1 (72)

where
tFl

ejjA1 " f g&dt (73)

tol

to1

tFlAOR1 tj~ 6p'Idt "( 1 8 0 ° " l1 + 0 12 )  (74)

tF1

AVAl f Aldt (75)

to'

&VB1 tl(6

to1

In order to integrate Al and B1, Reneral equations for the accelerometer
ueasuremants muet be developed that will satisfy conditions at the three
stationary orientations as well as providing data during the -1800 rotation.
The general equations for multisensor l2>re

A,- KG, ( -G CO1~t i I R0 + 6A1 1j(1 +2 SIM dl)

+ B l + 21 (3 coB (6 t)) (7)
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1 KA1 - 6A (GCos 0c ( t) + Gl SIN (R 1 t)) + B - El (Gl COS (a)

-E 1 (1 + SIN.O(1 0t) (78)

These correspond to measurements along the Al and Bl multisensor measurement
axes, respectively.

After the six second rotation and simultaneous integration occur
all the terms in equations (71) and (72) are known from measurements or
calculation except for 8G1 and KG1. The gyro drift parameters were
calibrated from stationary measurements.* The error angles Oll and 012 are
available from laboratory calibration. The earth rates are computed inputs
from the IN!) module. Thus, equations (71) and (72) can be used to calibrate
6G1 and KGl.

As in Section IV. D., matrix inversion is used to solve for 6G1 and KG1.
Equations (71) and (72) are rewritten as:

GA OK DA t1Q - DAGSAAVAl -D~lGBAVB1 KG1l8DA + 8Gl (Al+ 3 t~)

(79)

- 01 -D 31 t1Q + DlG3 AV~ - DAlGSAAVBl -KG1 (Ae, 1 + Q tRl) -G~~

which, in matrix form, is expressible as: 80

6 A) ( A6 j + nt R : ) ( 1 G 1 ) ( 8 1 )

63 (A~ ~ 3 t) 0enAl J
Alter the matrix inversion is performed, one obtains:

( xGG ) 1 [a1tA) (AA1 ,~ e A( 2
DETE~RIAT (hSRl + A) (82)
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where

I ltRl) )2 (83)

Oiie can thus solve for K(U and 6G as follws:

K - ((On - D~l t~l - DAGAV - DISAVBI) OPA + (eO - DBI t~i + DA1GSBAVA1

~D~AAn1 (A~ it~))/((Or.W)2 + (A8 * tR3 1 2) (84)

6G1 - ((IAV- DAl t~l - DMlGAAVAl - DAM(;B&VB1) (Ae8l + 1 Oi D 1 t

-DI;SAA DAGSAAVB,) On,/((OQA,)2 + (A8R, + $11 t 2 )(5
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APPENDIX. CALIBRATION PROCEDURE

The calibration procedure described in this report was programmed into
an alignment subroutine in the A/W SHORADS 6-DOF digital simulation. The
nomenclature used in the subroutine is equated to the nomenclature used in
this report in the program dictionary given in Table A-1, a listing of the
calibration algorithm is given in Table A-2. The results of several check
runs are presented in Table A-3.

The procedure for calibrating the gyro and accelerometer parameters was
simulated in the following sequence:

(1) Known parameters are set (laboratory calibrations permit knowledge
of error angles and misalignment angles and literature from the manufacrurer of
the multisensor provides additional information necessary).

(2) The IfU provides measurements of earth and gravity rates.

(3) Static measurements are made at 0 O, -90 -180*.

(4) Angular rate measurements are made as the multisensor rotates
from 0* to -180, and these measurements are integrated into angular displacements
(the total time necessary for the rotation is six seconds; the rate of rotation is
-30* per second).

(5) Ten iterations of the accelerometer calibration equation set are
made in order to provide sufficient time for any extreme errors to settle out
to good solutions. From this iterative procedure all the accelerometer
parameters are calibrated.

(6) The gyro drift parameters are calibrated from static measurements
made by the multisensor and the estimated gravity terms from step 5.

(7) All terms in equations (53) and (54) for multisensor 2 and
equations (71) and (72) for multisensor 1 are known from measurements or

-.calculation except for 8G1 and KGI. Thus, these equations are used to calibrate
8(; and K-G.

(8) Calibrated error terms for both accelerometer and gy ro models are
computed.
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TABLE A-1. CALIBRATION PROGRAM DICTIONARY

FORTRAN NAME VARIABLE DEFINITION

Aij (i-1,2; J-1,2,4) Measured AI axis acceleration

measurement at orientation j
(J-l for eRi - 0, J2 for eRi = -180,

J-4 for 8R1 - -90 °)

#0 Go  Magnitude of earth gravity at present
position.

AB1, AB2, AB3 G1, G2, G3  Components of gravity (nominally along
roll, pitch, and yaw) corresponding to
the ideal coordinate frame defined for

multisensor 2.

1 1 1IPRM, AB2PRM GI1 G2 G3  Components of gravity corresponding toAB3PRM the ideal coordinate frame defined for

multisensor 1.

ABIASX Accelerometer bias along ACS X-axis
IASY Accelerometer bias along ACS Y-axis

ABIASZ Accelerometer bias along ACS Z-axis

AC1 Pitch-yaw cross G-sensitivity
AC2 Roll-pitch cross G-sensitivity
1 Pitch-yaw inline G-sensitivity

AL2 Roll-pitch inline G-sensitivity

ALNFLG Align control flag

AMU, AML2 6A11 6A2 Accelerometer misalignments about the
spin axes.

ASFl, ASF2 KA1, KA2 Accelerometer scale factor

FX Accelerometer scale factor error along
ACS X-axis.

AFY Accelerometer scale factor error along
ACS Y-axis.

SFZ Accelerometer scale factor error along
ACS Z-axis.

Bij(i-l,2;J-l,2,4) Measured Bi axis acceleration measure-
ment at orientation J.

BAll-BA33 Elements of BCS to ACS transformation
matrix.
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TABLE A-1. CALIBRATION PROGRAM DICTIONARY (CONTINUED)

FORTRAN NAME VARIABLE DEFINITION

BA1, BA2 BAI, BA2 Accelerometer biases for axes Ai .
BBi, BB2 BBl, BB2 Accelerometer biases for axes Bi.

.IGl-BG33 Elements of BCS to GCS transformation
matrix.

BTAll, BTA12 BI, 812 Rotation angle errors for multisensor
1.

BTA21, BTA22 821. 022 Rotation angle errors for multisensor
2.

CTHRI, CTHR2 heRl, AeR2 Total mechanical rotation angle.

DAl, DA2 DAI, DA2 Gyro drift bias for axes Al and A2.

DB1, DB2 DBI- DB2 Gyro drift bias for axes Bl and B2 .

DAISA, DA2GSA DA1GSA, DA2GSA Gyro G-sensitive drift sensitivity to
acceleration along the angular rate
axis.

DAIGSB, DA2GSB DAIGSB, DA2GSB Gyro G-sensitive drift cross-axis.

DCMPPT yp Misalignment angle in pitch.

DCHPRL TR Misalignment angle in roll.

DCMPYA y Misalignment angle in yaw.

DGSA1, DGSA2 A1, A2  Multisensor measurements along the Ai
axis.

DBSBI, DGSB2 B1 , B2  Multisensor measurements along the Bi
axis.

DOMIE, DOHE2 SlA., SIA2 Projection of earti rate onto the Ai
axes.

El, E2 El, E2 Non-orthogonality of rotation axis to
spin axis.

EAA iA isalignment of the pitch-yaw multi-
sensor due to temperature variations.

EAAP E&,Misalignment of the roll-pitch multi-
sensor due to temperature variations.
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TABLE A-1. CALIBRATION PROGRAM DICTIONARY (CONTINUED)

FORTRAN NAME VARIABLE DEFINITION

EAW1 Separation of ACS and GCS Y-axis due
to temperature variations.

EAW2 Separation of ACS and GCS Y-axis due
to temperature variations.

EAW3 Separation of ACS and GCS Z-axis due
to temperature variations.

EBl £Bl Misalignment in azimuth between pitch-
yaw multisensor spin axis and BCS X-
axis.

EB2 cB2 Misalignment in elevation between
pitch-yaw multisensor spin axis and
BCS Y-axis.

EOA CoA Orthogonality error in the pitch-yaw
multisensor normal to the spin axis.

EOAP £oA Orthogonality error in the roll-pitch
multisensor normal to the spin axis.

ETAXAC nxBCS Component of gravity along BCS X-axis.
ETAYAC nyBCS Component of gravity along BCS Y-axis.

ETAZAC n-CS Component of gravity along BCS Z-axis.

GBIASP Gyro roll rate bias.
GBIASQ Gyro pitch rate bias.
GBIASR Gyro yaw rate bias.

GL1 Accelerometer roll rate sensitivity.
GL2 Accelerometer pitch rate sensitivity.

GHL1, CNL 6G19 6G2 Gyro misalignments about the spin
axis.

GSAI, GSA2 AVAI, AVA2 Value of integrated acceleration over
interval tRi.

GSBI, GSB2 AVB1, AVB 2  Value of integrated acceleration over
interval tRi.

GSFPl, GSF2 KGI, KG2 Gyro scale factor.
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TAILE A-1. CALIBRATIOCN PROGRAM DICTIONARY (CONTINUED)

FORTRAN NAM VARIABLE DEFINITION

05FF Gyro roll rate scale factor error.
GSFQ Gyro pitch rate scale factor error.
GSFR Gyro yaw rate scale factor error.

LAST Flag that controls six second
integration.

LST Flag that controls parameter
initialization.

OE1, OME2 efa. e Value of integral of Oki obtained

A2 over interval tpj.

P P Missile roll rate.

PHII fi Misalignment in attitude between
multisensor and BCS frame.

vS112, PS113, PSI21 Elements of BCS to GCS transformation
PS123, PS131, PS132 matrix (compensate for non-orthog-

onality and misalignment errors).

PSII Ti Misalignment in azimuth between
multisensor and BCS frame.

Q Q Missile pitch rate.

QDT Quantization time rate.

R R Missile yaw rate.

RATE ;Ri Mechanical rotation rate.

R, R2. R3 il1, 02. 03 Components of earth rate (nominally
along roll, pitch, yaw) corresponding
to the ideal coordinate frame defined
for mltisensor 2.

R1PRM, R2P*M, 2 1 a 1' 31 Components of earth rate corresponding
3PRM 1 2 3 to the ideal coordinate frame definedfor mltisensor 1.

RD Oft Angular orientation of rotation
mechanisms.

RollP , Ya Ideal coordinate frame defined for
sultisensor 2.
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TABLE A-I. CALIBRATION PROGRAM DICTIONARY (CONTINUED)

FORTRAN NAM VARIABLE DEFlNITION

Roll-- * pic, Ideal coordinate frame defined for
Yawl multisensor 1.

SDVX Gravity component along the ACS X-
axis.

SDVY Gravity component along the ACS Y-
axis.

SDVZ Gravity component along the ACS Z-
axis.

TAI, TA2 0A19 OA2 Value of integrated angular rates
over intervals tRi.

TB1, T2 01- 02 Value of integrated angular rates
over intervals tRi.

TALIGN t0 1 , t0 2  Lower limit of integration during
rotation.

TFl, TF2 tF1, tF2 Upper limit of integration during
rotation.

THTI2,TT13,TRT21 Elments of BCS to ACS transformation
THT23,THT311,THT32 matrix (compensate for non-orthogo-

nality and misalignment errors).

THTAI Bi Misalignment in elevation between
multisensor and BCS frame.

TIME Simulation time.

TRl, TR2 tel, tR2 Times to rotate from 0* to -180"
orientation.

WAjj(i-,2;j-l,2.4] Measured Ai axis angular rates at
orientation J.

ij (1-l,2;J-l,2,4) Measured Bi axis angular rates at
orientation J.
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TABLE A-2. CAL IBRATION ALGORITHM

PROGRAM LISTING
IFCLST. EQ. 1)00 TO 77
IF(SNGU(TI'E.LT.TALIGN-DT4.0OOII 0O TO 5050
IFIALFLO. GE. 0. 5)00 TO 5045
WRITE(6,99) SNGL(TIM~E)

~9FORMAT(2X, 'ROCKWELL-COLINS CAL. CALLED AT ',Fl1. 4.' SEC. ')

C**..* SET PARAMETERS VIA "CARLO VALUES

ASFI - ASFY + 1.0
ASF2 -ASFZ + 1. 0
BAI - ABIASY
331 - ABIASX
3A2 - ABIABZ
382 - ADIA13Y
ML1 - EAAP
ML2 - EAA
GSFI - QSFQ
OSF2 - GSFR

Dl- GBJAIPI DAl - GBIASO
DB2 - ODIASO
0A2 - 091 ASR

*1 ML - E
QML2 - EAW2

DA20S8 - ACI
DAIOSA w AL2
DA108D a AC2

C THE ACTUAL GRAVITY AND EARTH RATE COMPONENTS
CACTING, RESPECTIVELY. ALONG AND ABOUT THE MULTISENSOR

A2 AI21.ETAX00 + 3AI22ETAYGO + 3A123*ETAZGO

ADO -SGRT(ADI.AUI.A92%A2.A33*A33)
AU1PRM - .DCMPPT.A33 - DCI'IRLA2 + All
AIIPRM - -DCMPYA.AB3 + AD2 + DCMPRL*ABI
A53PRM - A83 + DCMPYA*AUR - DCPIPPT*A31
R3 a DAIIIOOMOXI + 3A112*OMEOY8 + 3A113MMQEZB
R2 a §A121*OftGX9 + BA12*MEQY3 + 3A123*OMEGZB
RI -m BA131*OMEGX2 + X3I200MEYN + DA133.OMEOZD
RIPRM a +DCNPPT.R3 -DCMPRL.R2 + RI
R2PRM a -DCMPYA*R3 + R2 +DCNPRL.RI
R2PRM a R3 + DCIPYA*R2 - DCMPPT4R I
LOT - LET + I

C
C ACCELEROMETER MODEL
C OUTPUTS MEASURED VALUES (INPUTS TO CALIRA' EGWS)
C

A2l1 AOF2*A314ANL2*AB2S3A2
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A22 - -AS2*ABIl+Al4L2*A2-3TA22*AB3+3A2
A24 - -AS2.AB3-E2*AB2AML2*AB2BTA24*AB1I+3A2
B21 - ASP2*A32-AML2*A31,132
922 - ABF2*AB2-2. O*E2*AB3.ANL2.AD 1.332
324 - ASF2*AB2.ANL2*A3-E2*AB33E2*AB1.332
All - ASPI*A~iPRM.AMLl.A33PRM.+EI*AU3PRM-DTA1 l*AD2PRM+DAl
A12 - -ASI*ABlPRM+AML1*AB3PRN-El*A33PRM.3TA12.AD2PRM+DA1
Al14 - ABFi *AD2PRM-APILI*AB3PR*'3A1
311 - ASFl*A33PRM-EI*AD2PRM-ElADIPR-AML1*ABlPRM+DBl
312 - AUFl*AB3PRM.El*A32PRM4AML*ABIPR-E1*AI1PRM.331
314 - AW 1 *AB3PRM+AML 1*AB2PRt4+B 1

C***** GYRO MODEL

WA21 - -RIlDA2+DA2GSB*A2+DA209A*AB 1
B321 = R2+D32-DA2QSB*ADIDA20SA*A32

WA22 - RI*DA2+DA2GSB*A32-DA2GSA*ABI
11322 - R2+D32+DA20SB*AB1+DA2OSA*AB2
W424 -- R3,DA2+DA2QS3*A32-DA20BA.A3
WB324 - R2+D32+DA2093B*3,DA20SA*A32
WA14 = R2PRM.DAIeDA1OS3*AD3PRMDAlOSA*A32PRM
WI 14 - RSPRN.D3 1-DA 1 083A32PRMDAlOSA*AB3PRN
WAll Ia -RlPRM.DA1+DAlOSB.AB3PRM+bA1IOSAADPRM
Will - R3PRM4D3 1-DA 1 S3*A3 IPRMi.DA1IOSAB3PRM
WA 12 - RlPRK4+DA I DA I 083.3PRM-DAlGSA*AU IPRM
WdB12 a R3PRN4DUl+DAI 093.AUlPRMeDAlOSA*AB3PRM

77 CONTINUE
IF(TIME.GT.7.OOO)00 TO 73
RATE -W-3. /DEORAD
CT~l -1-IS. /DEGRAD - UTAll. +DTA12
CTNR2 -- 150. /DERAD + BTA22

C
c GENRAL EGuATNSm FOR INTEGRATION DURING ROTATION

TR2 -TIME
ARD RATE *TR2

DOMEI - -RIPRN * COS(RD) - R2PRM * SIN(RD)
DaME2 - -RIl * COS(RD) + R3 * SIN(RD)
MISAI - MFIO(AIPR.CO(RD,-A32PRM4*SIN(RD))
.AHLI*A33PRN*( ..2. 6INCRD) ).Il*(AB3PRPI*COS(RD) ).3A1
DOSII - AUFI.AUUPRN-AML1*C A3IPRN.COS (RD ) AU2PRN.SIN (RD))
*2B3I-EIl(A2PN.CO@(RPD) ) -El oAIPRN* ( 1. +BIN(RD))
DQSA2 - AUF2*( AhI.C(RD ).A033IN (RD ) .AML2*A3243A2
+2(A22*61N(RD)1
DOISI - AU2.AI-AIL2*1 ASI *CDR(RD) +AB3.UIN (RD) ).32
* -E2(A16N(ND) )-52.M3*(I. -COSCRD))
00 TO 74

73 CONTINUE
TA2-01F2.GME2.0L2*(CTIU2.2TRR )4DA2OTh2+D2AG2
+DA263.02-
Th2-OOCThRD.*2.T32) -Ut200E2.D.Th2-DA293009A2

TAl-OUI.OP*lIONL1e(CTHR 14R2PRI*TR2) .DAIeTR2.DA1GSA*OSAI
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TB 1-OSi*(CCTHR 14R3PRM*TR2) -0f4*OMI.DglTR2-DAOSD.QSA
*DA oSA*QSD

C THIS SECTION SIMULATES THE ROCKWELL-COLLINS
C PRE-fLIGHT SENSOR CALIBRATIONS. IT 1S ASSUMED*
C THAT ALL SPIN-UP. WAIT# AND ROTATIONAL TIMES
C HAVE BEEN SATISFIED AND ACCELEROMETER MEASUREMENTS
C ARE AVAILABLE. 10 ITERATIONS OF THE EQUATION
C SET WILL BE USED TO NAKE SURE THAT EXTREME
C ERRORS SETTLE OUT TO 0000 SOLUTIONS.
C
C
C THE GRAVITY AND EARTH RATE COMPONENTS, AS MEASURED DY
C AN4 EXTERNALLY LOCATED IMU. FOR USE IN THE CALIBRATION
C COMPUrATTONS'AME AS FOLLOWS:

All - GZEO
A92 - 9YEO
A83 - GXED
A91PRM - +DCMPPT*A33 - DCMPRL*AB2 + All
A82PRM - -DCMPYA.AB3+ A32 + DCMPRL*ADI
A23PRM - AB3 +DCMPYAoAB2 - DCMPPT.ADI
RI - OMEGZE
R2 - OMEGYE
R3 - OMEOXE
RIPRM - +DCMPPT.R3 -DCMPRL.R2 + RI
R2PRM - -DCMPYA*R3 R2 +DCMPRL*R I
R3PRM - R3 +DCMPYA.R2 - DCMPPT*Rl
DO 110 I-I; 10
ASF2 - (A21-A22-1BTA22.AB3) 1(2. 0.AII)
AML2 - CO.5S.C 22-321 )eE2*A3) /ABI
332 - . 5*(9214322)'E2*AB3-ABF2*AB2
ASFI - (All-A12.(BTA11eDTA12).AB2PRM)/(2.0OCAIPRM.El*AD3PRM))
AMLI - CO. 5*CB12-311)-El*A32PRM)/ABIPRM
331 - . 5*(Bll+12)EI1AIIPR-ASFlAB3PRM
A92 - (321+ANL2*AD-332)/A9F2
AD3PRPI a (31 I.EI.AD2PRM4EI*ADIPRM4AMLI.ADIPRM-D3 ) /ASFI
A02PRM - -DCMPYA.A3uA2+DCNPRL*AD1
A83 - AU3PRM-DCMPYA*AD2PRM.DCMPPT*AD IPRM
3A2 - .C A21+A22+3TA22*A3)-NHL2*A32
SA1 - . S.CAII.Al2.CDTAII-DTA12)*AU2PRM)-AML£.AS3PRM
All - SQRTCA3O*ABO - A22*AB2 - A23A33)
ABIPRM - SGRT(AB0.AUO - AUUPRM.AB2PRM* - ASUPRM.AB3PRM)

110 CONTINUPE
DA29SA a (WA2I-WA22+2. RI )(2.4A~l)
DA20 a (1d22-4321) / (2. *AD3I
DA2 - 0. S.CWA21+WA22)-DA20SS.A2
032 a 0. .(W3224W321 )-R2-DA2USA*Al2
DA10MA - C(dAl-WAI2+2. *RlPRI'O/C2. *ABIPRM)
DAlGID - CWDI2-WUII)/C2. *A21PRM)
DMI -0. 5SIWAIZ.NA12)-DASOUSAB3PftM
D0 I1 0. 5. W31 14W312) -R3PRM-A33PRM*DAIOSA
QI'L2in C(CTHR24R2*TR2) 0 CTA2-DA2.TR2-D)A20SA0o3A2-DA20B3.M2 )
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(-01152.(Th2-D32*TR24 -)A2O93*OSA2-DA2G9A*OS32))
<(( CTHR24R2*TR2) .2eOHE2*-.2)

QSF2- ( Ou2.( TA2-DA2*TR2-DA2OSA.QSA2-DA2OSD*062) +( CTHR2
C'R2*Th2 )* (T32-D32*TR24DA2OSD.09A2-DA2GBA.0S32))
</ ((CTHR24R2*TR2 )*2.OtE2..2)
OSFl-( (TA1-DA1*TR2-OA1OBA* (Sg1-DAlOS3*OS31)*OPE1+(TU1

<-DO31#TR2DAZOS3.SA1 -DA1OSA.O83 I)* .(CYNRI +R3PRM.TR2))
</ ( (CTHRI4R3PRtM.TRU) *.2+OIE1..a)

* ONLlm( (TA1 -DA1*TR2-DA10SAGQSA1 -DAZGS3*OS3) )*( CTHR1
<.R3PRM.7R2 )-01451* CTU1-031 *TR2.DAIOSBAI-DA IOSAOGSDI))
C/(C(CTHRI4R3PRM*TR2)**2+OE1..2)
PRINT. CALIDRATED TERMS FROM ROTATION'
PRINT*, ********..****.*..*
PRINT*, 'ONL2s GMLl. GSFI, 09F2m'1. 014L2. QUIl. WI,1 09F2
PR INT. * .*..*..**a.....
SDVX - A03
BDVY - A02
SDVZ - A91

C*...** COMPUTE CALIBRATED ERROR TERMS*FOR ACCEL. MODEL EQNS

WIE6137)
WIE6134) ASFX, ASFY. ASFZ

WRITE(6I 136) EAAEAAP
ASFY - ASFY-ASFI+1. 0
ASFZ - ASFZ-ASF2+1. 0
ASFX - ASPY
ADIASX - ABIASX-D31
ADIASY m ADIASY-(BA1.332)/2.0
ABZASZ - AIIASZ-DA2
EMAP -EAAP-AMt.1
EM - EAA-AML2
WRITECA, 138)
WRITEC&. 134) AUFX. ASFY, A9FZ
WRITE(6. 135) AIASX, ANIASY, ADIASZ
IRITE(6.136) EAAEAAP
THT13 a EAAP + EOAP
THT31 a EAA +EOA
THT21 = EAA
BAll - 1.0
3A12 - P9!! THT13
UA13 - -THTAI-THT12
BA21 a -POII-THT23
3A22 - 1.0
BA23 - Pt4II+TNT21
3A31 - THTAI+THT32
DA32 - -PHII-THT31
DA33 - 1.0

134 FOR'AT42X. 'AUFX, ASFY. AUZ a'. 3F12.64)
135 FORHAT(2X. 'A3IASX.ABRASY.A9IASZ -',.3F12.64)
136 FORMAT(2X 'EM. EAAP -', 2Fl12. 4)
137 PONHATINH s '"CARLO INPUT VAL.UES')
136 FOAMATE IH # 'CALIBRATED OUTPUT ERRORS')
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C...... COMPUTE CAL IBRATED ERROR R0W FOR GYRO MODEL
C...

GSPO - OSPO - GSFl + 1. 0
QSFR - GSPR - 06F2 + 1. 0
QSFP - OSPO
O3IASP a 921ASP - DI
G1A8S m BIAS - (DA1+D32)/2.0
GIAS an OIAUR - DA2

ALl - AL I - DA299A

302 - PSI! -eP8X13
3013 - -THT - P81129
3021 -A~ -Pi -P812
302 2 -
P3 PHI! + P1

3013 - THTAI -P9132

3032 -- PHII P9131
3033 -1. 0
STOP
END
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TABLE A-3. EXAMPLE RIMS1

EXAMPLE RUN 0 1

INPUT VALUES
ASO All A92 AB3

32. 122547 30. 664097 -0. 057760 -9. 569119
ADIPRM AB2PRM A83PRM

30. 663145 -0. 053737 -9. 572191
RI R2 R3

222114E-04 0. 353543E-04 0. 597847E-04
RlPRM R2PRM R3PRM

* 2220902-04 0. 353461E-04 0. 59790 5E-04
El E2

0. 1740002-02 0. 1740001-02
BTAll DTA12 BTA22 3TA24

0. 1740002-02 0. 1740002-02 0. 1740001-02 0. 1740001-02
DCMPRL DCMPPT DCMPYA

0. 1000002-03 0. 1000009-03 0. 100000-03
INPUT VALUES TO BE CALIBRATED

ABF2 ASF1 AML2 AMLI
0.1l00000E+01 0. IOOOOOE.Ol 0. 9000001-03 0. 9000002-03

BA2 DAI 332 331
0. 4690002-01 0. 4990002-01 0. 46S0002-01 0. 480002-01

All AB2 A3
0. 306641E.02 -. 577605E-01 -. 956912E+01

ABlPRH MB2PRM A23PRM
0. 306631E.02 -. 537372E-01 -. 957219E.01

.DA2GSA DA208D DA10SA DAIGBI
0. 1450002-02 0. 1450002-02 0. 1450001-02.0. 1450002-02

DA2 032 DAI DDI
0. 9700002-05 0.9700002-05 0. 9700002-05 0. 970000E-05.
CALIBRATION ITERATION OUTPUT

AUF2 ASFI AML2 AMLl
0. 1000002+01 0. 100000E+0 1 0.9000002-03 0. 899990E-03

01000002401 0. 1000001.01 0. 9000002-03 0.99990E-03

0. 4660041-01 0.14079691-01 0. 4000O-01 0.8490E-03
0.10000E01 0.1467900E-01 0. 460001-01 0. 480 141-01IOOOE0 0.100000E+01 0.9000001-03 0.8"99E-3

4660041-E01 0.1407939E-01 0. 460001-01 0.849990E-03

0.1460041-E01 0.14679391-01 0. 460001-01 0. 4660141-01
0.1000410020 -. 577051-01 -. 9569121.01 .999E0

0.4604E0 0 .47909E-01 0. 9569123.01 0490E0

0.4804E-1.0 .4576051-0 .4969123E-010.481EO
0.4004E10. 5760E-01 -. 9569123401 0481E0

0.4204-1 0 .47905E-01 -. 9569123.01 0491E0

0. 40ME-0 0. 079M01 340OE-1.404-1

0.40004 -: 0.699-0 >S.46OE0 0...04



0. 306641E+02 -. 577605E-01 -. 95d912E+01
0. 304641E+02 -. 577605E-01 -. 956912E+01
0. 306441E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01

A9IPRM AB2PRM AB3PRM
0. 306631E+02 -. 537372E-01 -. 957219E+01
0. 306631E+02 -. 537372E-01 -. 957219E+01
0. 306631E+02 -. 537372E-01 -. 957219E+01
0. 306631E+02 -. 537372E-01 -. 957219E+01
0. 306631E02 -. 537372E-01 -. 957219E+01
0. 30631E+02 -. 537372E-01 -. 957219E+01
0. 306631E.02 -. 537372E-01 -. 957219E+01
0.306631E+02 -. 537372E-01 -. 957219E+01
0. 306631E+02 -. 537372E-01 -. 957219E+01
0. 306631E.02 -. 537372E-01 -. 957219E+01
OUTPUT FROM GYRO STATIONARY MEASUREMENTS

DA208o DA20M DAIOSA DAlQSB
0. 145000E-02 0. 145000E-02 0. 145000E-02 0. 145000E-02

DA2 D92 DA1 DE1
0. 969954E-05 0. 970007E-05 0.970159E-05 0. 970066E-05

GML2 GMlL.I *SF2 GSF1
INPUT VALUES OF GYRO PARAMETERS
0. 6000000E-06 . 60OOOE-06 0. 6000OOE-02 0. 600000E-02
CALIBRATED TERMS FROM ROTATION

GML2 OML1 GSF2 GSFi
0. 592792E-06 0. 601671E-06 0. 600001E-02 0 600000E-02

ADO All A32 AB3
32. 122547 30. 664097 -0. 057760 -9. 569119

ABIPRM AB2PRM AB3PRM
30. 661243 -0. 045691 -9. 578336

R1 R2 R3
. 222114E-04 0. 353543E-04 0. 597847E-04

RIPRM R2PRM R3PRM
.222041E-04 0. 353297E-04 0. 599020E-04

El E2
0. 174000E-02 0. 174000E-02

BTA11 BTA12 TA22 BTA24
0. 174000E-02 0. 174000E-02 0. 174000E-02 0. 174000E-02

DCMPRL DCMPPT DCMPYA
0. 300000E-03 0. 300000E-03 0. 300000E-03
INPUT VALUES TO BE CALIBRATED

ASF2 ASPI AML2 AML 1
0. 100000E+01 0. 100000E+01 0. 9000OOE-03 0. 9000002-03

BA2 BA B32 BB1
0. 488000E-01 0. 4660002-01 0. 49000-01 0. 496000E-01

Anl A2 A23
0. 306641E+02 -. 577605E-01 -. 956912E01

AlIPRM AIIPRM AB3PRM
0. 306612E+02 -. 456905E-01 -. "7034E+01

DA209A DA208 DAIGBA DAIGSB
0. 1450002-02 0. 145000E02 O. 145000E-02 0. 145000E-02

OA2 Di DAI DBI
0. 70000E-05 0. 870000E-05 0. 700OOE-05 0 870000E-05
CALIBRATION ITERATION OUTPUT

ASF2 ASFI AML2 AMLI
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0. 100000E+01 0. 100000E+01 0. 900000E-03 0. 900024E-03
0. 100000E+01 0. 100000E40 1 0. 9000002-03 0. 900025E-03
0.100000E01 0. 100000E401 0. 9000002-03 0. 900025E-03
0. 100000E+01 0. 1000002.01 0. 900000E-03 0. 900025E-03
0. 100000E+01 0. 100000E.01 0. 9000002-03 0. 900025E-03
0. 100000E+01 0. 100000E+01 0. 9000002-03 0. 900025E-03
0. 100000E+01 0. 100000E.01 0. 900000E-03 0. 900025E-03
0. 100000E.01 0. 100000E.01 0. 9000002-03 0. 900025E-03
0. 100000E+01 0. 100000E+0 1 0. 900000E-03 0. 900025E-03
0. lo0oOOE+01 0. 100000E.01 0. 9000002-03 0. 900025E-03

BA2 IAi 332 BB1
0. 489004E-01 0. 487990E-01 0. 49000E-01 0. 499052-01
0. 489004E-01 0. 467990E-01 0. 460002E-01 0. 4990242-01
0. 489004E-01 0. 4679902-01 0. 4630002-01 0. 488024E-01
0.468004E-01 0. 4679902-01 0. 468000E-01 0. 488024E-01
0. 408004E-01 0. 4979902-01 0. 49000E-01 0. 488024E-01
0. 46004E-01 0. 4679902-01 0. 410000E-01 0. 489024E-01
0. 488004E-01 0. 487990E-01 0. 468000E-01 0. 488024E-01
0. 49004E-01 0. 487990E-01 0. 48000E-01 0 4990242-01
0. 480004E-01 0. 407990E-01 0. 498000E-01 0. 488024E-01
0. 488004E-01 0. 497990E-01 0. 49000-01 0. 488024E-01

0.064202- AB2 A93
0.30641E02 -577605E-01 -. 956912E.01

0. 3066412.02 -. 577605E-01 -. 9569 12E+01
0.306641E+02 -. 577605E-01 -. 956912E+01
0.30664 1E.02 -. 577605E-01 -. 956912E.01
0. 306641E+02 -. 577605E-01 -. 9569 12E+01
0.306641E+02 -. 577605E-01 -. 956912E+01
0. 30664 1202 -. 577605E-01 -. 956912E+01
0. 306641E.02 -. 577605E-01 -. 9569 12E401.
0. 306641E02 -. 577605E-01 -. 956912E+01

0. 30661202 -. 5605E-01 -. 95793201

0. 306612E02 -. 456905E-01 -. 957634E.01
0. 306612E+02 -. 456905E-01 -. 957934E+01
0.306612E.02 -. 456905E-01 -. 957834E+01
0.306612E+02 -. 456905E-01 -. 9579342+01
0.306612E.02 -. 456905E-01 -. 957S334E+01
0. 3066122.02 -. 456905E-01 -. 9578342.01
0.306612E+02 -. 456905E-01 -. 957824E+01
0. 30612E+02 -. 456906E-01 -. 957934E.01
0. 3066122.02 -. 456906E-01 -. 957834E+01

OUTPUT FROM 9YRO STATIONARY MEASUREMENTS
DA296A DA2OSS DA1OSA DAIGSD

0. 1450002-02 0. 1450002-02 0. 1450002-02 0. 1450002-02
DA2 032 DAI D91

0.0670122E-O5 0.6701752-05 0. S7321E-05 0.97022SE-05
OML2 amlZ 09F2 owl

INPUT VALUES OF GYRO PARAMETERS
0. 4000002-06 0. 4000002-06 0.4000002-02 0. 4000002-02
CALIBRATED TERM FROM ROTATION

#ML2 0964 @1P2 QIFI
0.395551E-06 0. 404099E-06 0.400001E-02 0. 4000002-02

ADO All A32 A3
32. 122547 30. 664097 -0. 057760 -9. 569119
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ABPRM AB2PRM AB3PRM
30. 661243 -0. 045691 -9. 578336

RI R2 R3
.222114E-04 0. 353543E-04 0. 597847E-04

RIPRM R2PRM R3PRM
.222041E-04 0. 353297E-04 0. 59O920E-04

El E2
0. 174000E-02 0. 174000E-02

BTAII BTA12 BTA22 BTA24
0. 174000E-02 0. 174000E-02 0. 174000E-02 0. 174000E-02

DCMPRL DCMPPT DCMPYA
0. 300000E-03 0. 300000E-03 0. 300000E-03
INPUT VALUES TO BE CALIBRATED

ASF2 ASF1 ANL2 ANLI
0. I00000E 01 0. 1000008+01 0. 4000001-04 0. 400000E-04

BA2 BAI BB2 BBI
0. 322000E-01 0. 322000E-01 0. 3220001-01 0. 322000E-01

AB1 AB2 AB3
0. 306641E+02 -. 577605E-01 -. 956912E+01

ABIPR' AB2PRM AB3PRM
0.306612E+-,a -.456905E-01 -.957834E+01

DA2QSA DA2GSB DA1OBA DAISB
0. 145000E-02 0. 145000E-02 0. 145000E-02 0. 1450OE-02

DA2 DB2 DA1 DB1
0. 970000E-05 0. 970000E-05 0. 970000E-05 0. 970000E-05
CALIBRATION ITERATION OUTPUT

ASF2 ASFI AML2 AML1
0. 100000E+01 0. 100000E+01 0. 4000001-04 0. 400105E-04
0. 100000E+01 0. 100000E+01 0. 309997E-04 0. 400105E-04
0. 100000E 01 0. 100000E+01 0. 399997E-04 0. 400105E-04
0. 100000E+01 0. 100000E+01 0. 399997E-04 0. 400105E-04
0. 1000008+01 0. 1000008-01 0. 399997E-04 0. 400105 -04
0. 100000E+01 0. 100000E+01 0. 399 97E-04 0. 400105E-04
0. 100000E+01 0. 100000E401 0. 399997E-04 0. 400105E-04
0. 100000E+01 0. 100000E+01 0. 399997E-04 0. 400105E-04
0. 100000E+01 0. 100000E+01 0. 399997E-04 0. 400105E-04
0. 1000008+01 0. 100000E+01 0. 399997E-04 0. 400105E-04

A2 BAI BB2 BB
0. 322007E-01 0. 321997E-01 0. 322000E-01 0. 321999E-01
0. 322007E-01 0. 321997E-01 0. 3220OOE-01 0. 32201BE-01
0. 322007E-01 0. 321997E-01 .03 OOE-01 0. 322019E-01
0. 322007E-01 0. 321997E-01 0. 3220OOE-01 0. 322018E-01
0. 322007E-01 0. 32197E-01 0. 322000E-01 0. 322016E-01
0. 322007E-01 0. 321997E-01 0. 3220OOE-01 0. 322018E-01
0. 322007E-01 0. 321997E-01 0. 3220OOE-01 0. 322018E-01
0. 322007E-01 0. 321997E-01 0. 3220000E-o1 . 322019E-01
0. 322007E-01 0. 321997E-01 0. 322000E-01 0. 322018E-01
0. 322007E-01 0. 321997E-01 0. 322000E-01 0. 322018E-01

ABI A32 A23
0. 306641E+02 -. 377605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 9569129+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 3066418+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01
0. 306641E+02 -. 577605E-01 -. 956912E+01

ADlPRM AB2PRt AB3PRM
0. 306612E 02.-. 456905--01 -. 957834E+01
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0. 306612E+02 -. 456905E-01 -. 957834E+o1
0. 306612E+02 -. 456905E-01 -. 957834E+01
0. 30"12E+02 -. 456905E-01 -. 957834E+01
0. 306612E+02 -. 456905E-01 -. 957834E+01
0. 306612E+02 -. 456905E-01 -. 957834E+01
0.306612E+02 -. 456905E-01 -. 957834E+01
0. 306612E+02 -. 4564?06E-O1 -. 957834E+01
0. 306612E+02 -. 456906E-01 -. 957834E+01
0. 306612E+02 -. 456906E-01 -. 957834E+01
OUTPUT FROM GYRO STATIONARY MEASUREMENTS

DA20SA DA208B DAIOSA DAlGSS
0. 145000E-02 0. 145000E-02 0. 145000E-02 0. 145000E-02

DA2 D32 DAI DBI
0. 969959E-05 0. 970013E-05 0. 970252E-05 0. 970438E-05

QML2 QMLI GSF2 OSF1
INPUT VALUES OF GYRO PARAMETERS
0. 500000E-06 0.5300OOE-06 0.500OO00E-02 0. 500000E-02
CALIBRATED TERMS FROM ROTATION

GML2 emil QSF2 GSF1
0. 488745E-06 0. 500521E-06 0.500001IE-02 0. 500000E-02
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