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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 midcourse 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 multisensor érror sources during flight, a
pre-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 migsile 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 definitioms.‘ The resulting proposed
calibration scheme is deascribed 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 parameters to be calibrated.
Section 1II 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 programmed 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.

I1. SYSTEM CONFIGURATION

For the A/W SHORADS case, as_in Reference 1, each multisensor is mounted
with a calibration rotation axis Ry nominally perpendicular to the multisensor
spin axis S4y. 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 6py = -90° and 6p9 = 0° and provides a redundant
pitch axis instead of a redundant yaw axis as is the case for FOG-M.

In order to perform the calibration, measurements are made by each multi-
sensor at three positions: 6gy = 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
dats measured during the 180° rotation is used in the gyro calibration process.
The parameters 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
KAI’ KAZ ACCELEROMETER SCALE FACTOR
§ Al’ 8 A2 ACCELEROMETER MISALIGNMENT ABOUT

By1» Byy» Baa» By

El, E2

Ke1® Koz

Se10 Sz
D12 Dg1s Dazs Dy

Datcsa

Dyics

THE SPIN AXIS
ACCELEROMETER BIASES

ANGLE BETWEEN R AND S IS (w/2-E)
RADIANS

GYRO SCALE FACTOR

GYRO MISALIGNMENT ABOUT SPIN AXIS
GYRO DRIFT BIASES

ON-AXIS G-SENSITIVE DRIFT

CROSS-AXIS G-SENSITIVE DRIFT
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Figure i, Multisensor orientation for navigation.
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III. ACCELEROMETER CALIBRATION

A. TIatroduction

This section develops the equations used in the accelerometer
calibration process for the A/W SHORADS concept. The orientation 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, 6gy = 0°. The reference roll, pitch and yaw
axes for multisensor 2 are then given as

ROLL; = -5, (1
PITCHZ = iz = §-2 X xz (2)
YAW; =K, =Ry xS, , (3)

and are shown in Figure 2. Let multisensor 1 be at its navigation orientationm,
6p1 = -90°. The reference roll, pitch and yaw axes for multisensor 1 are then

given as
ROLL; = By = 57 x A (4)
PITCH; = &) = R} x S, (5)
YAW] = 4§i . (6)

and are shown in Figure 3.

«—
o PATCT Y S-TH

Py

Figure 2. Reference axis set and multisensor 2
axes at 6p2 = 0°.
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Figure 3. Reference axis set and multisensor 1
axes at 6., = ~90°,

For multigensor 2, the 85, = 0° 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 8gy = -90° + B,,~ -90° and 6p, = -180° + Bgp=-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 (n/2 - Ep) radians. For multisensor 1, the 8p; = -90°
orientation is taken to be the reference point and rotation to 6p; = B11= 0°
and to 6p; = -180° + Bj2% -180° define the error angles B3) and 875. The
angle between K; and B; is (n/2 - Ej) 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 6py = 0° 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 §,9, the actual
multigensor axes are located with respect to the reference axes as shown in
Figure 4, where 8§57 is positive for a positive rotation about Ty.

2

YAW
2
Ié

Figure 4. Accelerometer unlign-ént with respect
to spin axis, 6g2 = 0°.
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If one writes the equations for messurements along A2 and B2, and
spplies the small angle approximation, the results are:

A21 = K2 Gy COS8,0 + GoSINSs2 + Bp2 m Kyg G1 + 852 G2 + Bp2 (V)

B3 = Kp2 G2 COS5a2 - G1SINS,, + Bpoy & Kp2 G2 - 642 G1 + Bp2. (8)

When multisensor 2 is rotated to 6py; = -90°, the axes are oriented
as shown in Figure 5. The final orientation of the actual axes with respect
to che reference axes can be obtained with a ‘sequence of four rotations. These
are as follows:

1. Perform a positive rotation of E2 about the YAW, axis to form an U
intermediate axis set Xj, Y,, Z3. 2

2. Perform a positive rotation of Ep about the Xy axis to form a
second intermediate axis set X3, Y3, 23.

3. Perform a positive rotation of B,4 about the Y3 axis to form
a third intermediate axis set X4, Y4, Z;.

4. Perform a negative rotation by §42 about the Z4 axis (this
corresponds to a positive rotation about the multisensor spin
axis) to form the final oriemtation of the multisensor axes for
eRz - -90‘.

B  prTCH, | | D
YA"z 3

Figure 5. Multisensor 2 axes at 6p) = -90°.

If one nexﬁ forms the coordinate transformation matrices for each of
these rotations, using the small angle approximation, the measurement equations

for this orientatinn can >~ written as

Byg = Kp202 + 8,763 - E2G3 + E2G; + By, . (10)
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When multisensor 2 is rotated to Ogy = -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
thtee rotations. These are as follows:

1. Perform a positive rotation of 2E, about the YAy axis to form an
intermediate axis set X,, Y,, Z2. 2

2. Perform a positive rotation of §,, about the X, axis to form a
second intermediate axis set X3, Y3, Z3. 2

3. Perform a positive rotation of 6,5 about the X3 axis (corresponding
to a positive rotation of §,, about §3) to form the final
orientation of the multisensor axes for eni = -180°.

Saz f22

A,

Figure 6. Multisensor 2 axes at 8p> = _180°,
1f one next forms the coordinate transformation matrices for each of

these rotations, using the small angle approximation, the measurement
equations for the 6py = -180° orientation can be written as

App = Kp9G1 + 54262 - $22G3 + By (11)
By2 = Kp2Gy - 2E2G3 + 6,261 + Bp2, (12)

The calibration equations for multisensor 2 are then developed by
using the measurements at g2 = 0° and -180° and the results are:

0.5 (Ag) - A22 - B2263) = Kp261 (13)
0.5 (B22 - B21) + E2G3 = 6§,206) (14)
0.5 (Ag1 + A2 + B2263) - SA262 = BA2 (15)
0.5 (Byy + Byy) + EzG3 - KazG2 = Bpy - (16)

i ek




C. ﬁnltilcnlor 1 Accelerometer Calibration

Multisensor 1 is a roll/pitch sensor with the pitch axis a redundant
axis. The sensor orientation during navigation is with 61 = -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:

E 1. Perform a negative rotation of ¥y about the YAW; axis to form an
; intermediate axis set Xp, Y,, Z,.

2. Perform a negative rotation of Yp about the Y, axis to form a
second intermediate axis set X3, Y3, Z3.

3. Perform a negative rotation of ¥g about the X, axis to form the
final configuration, which is the ROLLy, PITCH,, and YAW, axis
set. The angles Yy, Yp, Yg represent small misalignment angles
between the two reference axis sets and the transformation
developed from the above sequence is represented by:

ROLL, 1 -y ¥p
PITCE; |=| ¥y 1 -¥g (17)
YAW -¥p YR 1

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-

a2 o M T S kbR et K R L et AT 1§ s e B

tional components along the multisensor 1 reference axes are denoted by Gi, G;, G;.
The accelerometer axes are assumed to be misaligned by §,; about the
spin axic §), so the actual multisensor axes for 6y = -90° are located with
respect to the reference axes as shown in Figure 7. The measurement equations
for Xy and By, for this orientation, can be written as:
1 1
1 1
Biy = Ky Gy + 841 G, + Bpy | (19)
By
i
6‘1 3
b
- P
AL PITCH, { !

Figure 7. Accelerometer misalignment about the
spin axis B1, 6p1 = -90°.
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When multisensor 1 is rotated to 6p3 = 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 Ej, about the PITCH] axis to form
an intermediate axis set X3, Y5, Z2.

2. .Perform a negative rotation of E; about the Z, axis to form a
second intermediate axis set X3, Y3, Z3.

3. Perform a positive rotation of 831 about the X3 axis to form a
third intermediate axis set X4, Y,, Z4.

4. Perform a positive rotation of 6,7 about the Y; axis to form a
final orientation of the multisensor axes for 6gr1 = 0°.

Figure 8. Multisensor 1 axes at gy = 0°.

If one now forms the coordinate transformation matrix representing this
rotation sequence, the measurement equations for 6r) = 0° may be expressed as:

1
Ay = Kay 6] + 84 G5 + By G; - Byy Gy + By (20)
Byy = Ky G3 - Ey G - By Gb = 85y Gy + By (21)

When multisensor 1 is rotated to 6py = -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 E} about the PITCH; axis to form
an intermediate axis set X3, Y2, Z2.




2. Perform a positive rotation of E; about the Z, axis to form a
second intermediate axis set X3, Y3, 23.

3. Perform a positive rotation of By, about the X4 axis to form a
third intermediate axis set X4o Y4, Z4.

4. Perform a negative rotation of 841 about the Y; axis to obtain
the final configuration for 6p; = -180°.

Figure 9. Multisensor 1 axes at 6p; = -180°.

1f one now forms the coordinate transformation matrix representing this
rotation sequence, the measurement equations for Og1; = -180° may be expressed
as:

A1z = -Ky1 G + 843 €3 = Ey G + Byy Gy + By (22)
BIZ-KMG;'Q'EIG;'FGAIG%-Elci+snl . (23)

The calibration equations for multisensor 1 are then developed by using
the measurements at 6p; = 0° and -180° and the results are:

0.5 (Ayy - Ajp + (B1 + B12)G;) = Kyy L + By G & Ky (C] + By GO)  (24) 4
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0.5 (B35 - B11) - By G = sa1 ) (25)

0.5 (Ayy + Ayp + (B11 - B1p)G;) - 65y Ga = By (26)
0.5 (Byy + Byp) + By 61 - Kyy 3 = Byy (21

D. Iterative Calibration Procedure

As in Reference 1, the accelerometer parameters will be solved for by
uge of an iterative algorithm. The data necessary for this procedure are the
accelerometer measurements taken at the stationary positfons and the gravity
components G, , GZ' G, from a separate IMU. The iterative procedure for
determining %he accelerometer parameters for the A/W SHORADS case is shown in
Table 2. Ten iterations are allowed in order that all cases have sufficient
time to reach a steady-state solutionm,

TABLE 2. A/W SHORADS ACCELEROMETER ITERATIVE CALIBRATION PROCEDURE

PARAMETER EQUATION
"KAZ 13
§a2 14
Bp2 16
Ka 24
Sa1 25
Gz 8
cg 21
1 1
G, Gy = Gy - ¥yGy + ¥p6)
Ba2 15
Bal 26
3 2 2
1 G = ‘{éo -6, -G
1 1_ o2 . cehn? . (ohy?
% ¢t = yé2 - (ep? - (op

IV. GYRO CALIBRATION

A. Introduction

This section dcvcloﬁi the equations used in the gyro calibratiom
process for the A/W SHORADS concept. The gyro calibration process utilizes

13
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measurements made at the stationary positions to calibrate the gyro drift
parameters. The gyro scale factor K; and the gyro misalignment about the spin
axis, §,, are calibrated using integrated angular rate measurements made as
the multisensors are rotated. The reference axes defined for each multigensor
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
figures. presented in Section III. B, for the accelerometer static measurements.
The first orientation 1s for exz = 0 as shown in Figure 2, ' The components of
earth rate, represented by Oy, Q5> Q> &re measured along the YAWZ, PITCHZ,
and ROLL2 reference axes, respectively., The values for Q;° Q> and Q4 are
input from an independent IMU as are the gravity components.

The measurement equations for the 6p, = 0° orientation are as follows:
Wppp = - 91 + D2 + G2 Da2gsB + G Da2GsA (28)

W21 = 92 + Dy - G Da2gsB + G2 Da2gsa - (29)

The sign convention for the cross-axis sensitivity term, Dp,gsp, can be
visualized by assuming a fictitious mass unbalance along the negative Eé axis
as shown in Figure 10. From Figure 10 it can be seen that the drift about

Xy due to a positive acceleration along ié will be given by

AWp21 = G2 Dp2GsB » (30)

i.e., a positive acceleration along'f along with a positive cross axis G-
sensitive drift term, Dj,ccn, Will reSult in a positive drift about Z?. The
F

drift about By due to a positive acceleration along Iﬁ is seen from Figure 10
to be

AWp21 = =51 Dpggss, (31)

For the multisensor 2 orientation of 6p, = -90°, the gyro measurement
equations are

Wa2q = -3 + D + G2 Dpogsp - G3 Dazgsa (32)
Wgos = 92 + Dp2 + 63 Dyyncp = G2 DA2GSA . (33)
-8—2(—
G2 I
G1
B
Xé
Figure 10. Multisensor 2 fictitious mass unbalance.
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For the multigsensor orientation of 6py = -180° the gyro measurement equatiouns
are

Wa22 = @) + Dpp + G2 Dpogsp - G1 Dazgsa (34)
Wp22 = Q2 + Dy + G} Dpogsp + G2 Dpzgsa (35)

The G-sensitive drift terms for multisensor 2 are calibrated by using
the measurements at 6p, = 0° and °R2 = -180°. The equations are as follows:

g Dpagss = 0-5 (Wpp2 - Wp21)/6Gy €Y))

The gyro bias terms, Dpy and Dp2 are calibrated from the measurements at
Og2 = 0°. The equations are as follows:

D‘Bz = (0.5 ("Bzz + WBZI) - 92 - DAZGSAGZ . (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 6p; -~99 a shown in Figure 3. The components of earth
rate, represented by 91 Q » are measured along the YAW,, PITCH; and ROLL}
axes, respectively. Tnese eargh rate components are relate& to those along the
multisensor 2 reference axes by the transformation matrix given in equation 17,

18 AR S ADERP N AT ML e TATA S TSR

; The measurement equations for the 6p; = -90° orientation are:
: 1 1 1

¥ Wal4 = 8y + D1 + G3Dypy658 + CpPalcsa (40)
2
1 1 1
Wp14 = 93 + Dp1 ~ G,Da168B + G3Dp1654 (41)
For the multisensor 1 orientation of gp; = 0°, the gyro measurement equations
are
1 1 1
Wall = - Ql + Dy t G3DAIGSB + G]_DAIGSA (42)
1 1
Wp11 = + Dp) - G 1PalcsB * G3Dargsa - (43)
For the multisensor 1 orientation of 6p; = -180°, the gyro measurement equations
are
& Wy, = Q) + Dy + GlD -6l (44) <
! : A12 T M1 7 PAL T b3PA168B T “1PA1GsA ‘

1 1
W12 = @13 + Dg; + GiDp16sB + G3Dyq0ss - (45) !

£ AT Vot S s e 1 i, B + Ao



The G-sensitive drift terms for multisensor 1 are calibrated by using
the measurements at 6p) = 0° and -180°. The equations are:

1,,.1

1
Dp1gsp ™ 0-5(Wpyz - Wp11)/6) | 47

The gyro bias terms, Do} and Dg; are calibrated from the measurements at
6p1 ™ ~90°. The equations are:

1
Dyy = 0.5(Waq; + Wa12) -G3Daigss (48)
1 1
Dpy = 0.5(Wg11 + Wp12) - 23 ~ G3Dajgsa (49)
D. Multisensor 2 Gyro Scale Factor and Misalignment about Spin Axis
Calibration

The calibration of Kgp and §gp utilizes angular rate measurements that
aré integrated into angular displacement measurements as the multisensor is
rotated from 6gy = 0° to 64y = -180° + B22. The angular rate measurement
equations during rotation are:

Wap = Kgafa2 + 8¢ (Bpg + 99) + Dpg + Da2GSAA; + DyonopB) (50)
where Qa7 = -0,C0S6py + Q3SINegy ., (52)

The measured angular rates are then integrated over the rotation
interval tgy - tgy = tyy to arrive at the following angular displacement
measurements:

tr2
a2 = f Wa2dt = Kg2 6qa2 + 8g2 (802 + 2tR2) + Daztra * Dpygsa aVaz + Dpzcspavy,
02

(53)

F,
8g2 = j‘ 532« = Kga (B6gy + Agtp2) - 86280 x2 + Dp2tr2 + DA26SASVp) = DaogspavVay

1 to2
' (54)
where
i tr2
Sqa2 = f Qpgdt (55)
3 to2
.‘ . tF
Abgy tf zndt = (~180° + B,,) (56)

02




- ptF2 57
to2

AVR2 = f“’z (58)

B,dt
to2 2

In order to integrate A; and B; 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

Ay = Kpp (Gy COS(Bp,t) + G3SIN (8gpt)) +6,,6, + Bpy + Ep (GoSIN(Bp,t))

(59)

B2 = KppGy - 8pp (G1C0S(Bpat) + GaSIN(8ppt)) + Byy - E, (G SIN(6p,t))

-E2G3 (1 -COS(6Rat)). (60)

These correspond to measurements along the Iﬁ and ié 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 §p, and Kgz. The gyro drift parameters were calibrated from
stationary measurements. The error angle By, 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 83, and Kg2.

Matrix inversion is chosen as the most effective method to solve
for 8gy and Kg,. Equations (53) and (54) are rewritten as

%4 = ®az2 = Daztpy - DazcsaVa2 - PppqspiVaz = Ko2fqaz + Scz2 (Afrg + ftR2)
(61)
6p = 52 - Dpotrz + Dazoss®Va2 = PazcsadVpy = Ke2 (802 + 2tp) - Sg26qa2

(62)
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and can be expressed in matrix form as

oA Ggu A8R2 + QytRr2 Kga (63)

8p Abgy t 9tg - 6q,, 6c2 /

After the matrix inversion is performed, one obtains

Kgo . -8, ~Caegz + gzt | [ 4 (o)
gy / = DETERMINANT | -(aégz + R2tgr2) 80,5 o /.
where
Determinant = -((8,,)% + (80gy + Q,tpx)?). (65)

One can now solve for Kgy and 65, as follows:

Kga = (8,5 - Daztra - Da2gsadVaz ~ Da2csBAVB2) Oqa2 + (62 - Dgatr2 + DazgspdVa2

~Dp2csabVpy) (Bog, +0ptp))/ (lag, ) + (negy + azte)?) (66)

8oy = ((8p2 = Dpgtra ~ DazgsaaVaz ~ Da2csBaVp2) (aerz + @2tpp) - (eB2 - Dpaty,

2 2

E. Multigensor 1 Cyro Scale Factor and Misalignment about Spin Axis
Calibration

The calibration of Kg; and 65 utilizes angular rate measurements that
are integrated into angular displacement measurements as the multisensor is

rotated from 6py = 811 to Op1 - -180° + B12. The angular rate measurement
equations during rotation are:

Wu - KG].“A]. + 8g1 (élu + ﬂ%) + Dy DA].GSA A1 + Daicsp B (68)

: 1
Wp1 = Kg1 (8gy + 93) - 8g19a1 + DB) - Dpigsp Ay + Dyypsp B1, (69
- 1 -
where Qll -01 cos em Q

S

1

2 SIN 0p,. (70)




PSRV

A T

b Nt N AU A e e 1 T

The measured angular rates are then integrated over the rotation
interval typ] - to1 = tpl to arrive at the following angulsar displacement

measurements:
trl
8Al ‘] "Aldt - KclenAl + GG]. (Aeu + n;tu) + Dutu + DAIGSAAVAI + Ducsgdvnl
tna
(711)
trl 1
61 -ijldt = Kg1 (86p; + n3tu) - 6(;1°QA1 + DBltRl + DMGSAAVB], = DAIGSBAVAI
t
01 (12)
where
tr1
tor
trl
o )
sepy = ) dpyde = (-180° - 613 + 612 (74)
tr1
to1
tF1
AvBl - f nldg (76)
to1

In order to integrate A]} and B3, zeneral equations for the accelerometer
measurements must be developed that will satisfy conditions at the three
stationary orientations as well as providing data during the -180° rotation.

The general equations for multisensor I-are

A = Ky (ci cos (8pyt) - c; SIN (8g,t)) + &4 c; (L +2 SIN (6p1t))

+ By + By (G} Cos (8y0)) oM |

S et A e,
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; 1 1 1
BL = Ra1 63 - 8y (6) COS (Bpyt) + G SIN (8gge)) + By - E, (63 Cos (8,¢))

-E16] (1 + SIN (dgit)) . (78)

These correspond to measurements along the Ki and ii 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 §;; and Kgy. The gyro drift parameters were
calibrated from stationary measurements. The error angles B8;; and B8;; are
available from laboratory calibration., The earth rates are computed inputs
from the IMU module. Thus, equations (71) and (72) can be used to calibrate
6c1 and Kg;.

As in Section IV. D., matrix inversion is used to solve for §g; and Kgi-
Equations (71) and (72) are rewritten as:

0), ™ 0A1 - Dp) trl - DA1GSAAVA1 - Da1GspiVel = KGleQAl + a1 (86g) +8 ;tkl)

(79)

6 = 081 - Dp1 tgy + Dp1gsBAVA1 - DpjgsadV1 = K1 (Afgy + “;tm) = 861041 |

wvhich, in matrix form, is expressible as: (80)
8A 83 (a6py + Q;t.m) Kg1 (81)
op (A6p1 + Q;tm) ~eq,, sa1

After the matrix inversion is performed, ome obtains:

Kc1 1 -6, -(46g1 + Q3tgr1) % (82)
=  DETERMINANT 1 )
601 -(Aeu + Qstu) enAl B ’
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] where

DETERMINANT = -((q Al)z + Gopy + ngtu)z) . (83)
One can thus solve for Kg; and 8g) as follows:

‘G]_ - ((eAl - DAl tp1 - DAlGSAAVAl - DAIGSBAVB]-) eﬂu + (931 - Dp1 trl + DAlGSBAvAl
DprcsalVay) (A8gy + Bher1))/((onap)2 + (B + 3t (8%)

- 1
81 = ((8p1- Dy tyy - DaigsabVal - DaicsadVsl) (A6R1 + 9,tp1) - (8 - Dpj tma

+D)105887A1 - DalGsadVa1) B0a1)/((80p1)2 + (80p1 + 3egy)?) (85)
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APPENDIX. CALIBRATION PROCEDURE

The calibration procedure described in this report was programmed into
an aligmment 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-l, a listing of the
calibration algorithm is given in Table A-2. The results of several check
runs are presented in Table A-3.

e I —

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 manufacturer of
the multisensor provides additional information necessary).

(2) The IMU provides measurements of earth and gravity rates.
(3) Static measurements are made at 0°, -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 solutionas., 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 multigensor 2 and
equations (71) and (72) for multisensor 1 are known from measurements or

. calculation except for 83 and Kgl. Thus, these equations are used to calibrate
: 8¢y and K¢y -
* (8) Calibrated error terms for both accelerometer and gvro models are

computed.




TABLE A-1,

CALIBRATION PROGRAM DICTIONARY

FORTRAN NAME VARTABLE DEFINITION
Ajy (1=1,2; 3=1,2,4) Measured Aj axis acceleration
measurement at orientation j
(3=1 for 6gy = 0°, j=2 for 6Ri= -180°,
j=4 for 6py = -90°)

ABO Go Magnitude of earth gravity at present
position.

AB1, AB2, AB3 Gy, G, G3 Components of gravity (nominally along
roll, pitch, and yaw) corresponding to
the ideal coordinate frame defined for
multisensor 2,

IAB1PRM, AB2PRM Gi, G;, G§ Components of gravity corresponding to

IAB3PRM the ideal coordinate frame defined for
multisensor 1.

ABLIASX Accelerometer bias along ACS X-axis

ABIASY Accelerometer bias along ACS Y-axis

IASZ Accelerometer bias along ACS Z-axis
Cl Pitch-yaw cross G-sensitivity
C2 Roll-pitch cross G-sensitivity

AL1 Pitch~yaw inline G-sensitivity

AL2 Roll-pitch inline G-sensitivity

ALNFLG Align control flag

AML1, AML2 Sa10 SA2 Accelerometer misalignments about the
spin axes.

ASF1, ASF2 Ka1s Kyo Accelerometer scale factor

IASFX Accelerometer scale factor error along
ACS X-axis.

ASFY Accelerometer scale factor error along
ACS Y-axis.

rSFZ Accelerometer scale factor error along
ACS Z-axis.

mij(i-l,z;j-1,2,4) Measured Bj axis acceleration measure-
ment at orientation j.

[BA11-BA33 Elements of BCS to ACS transformation
matrix.
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TABLE A‘l .

CALIBRATION PROGRAM DICTIONARY (CONTINUED)

DA1GSA, DA2GSA

L2

T

DA1GSB, DA2GSB

DCMPPT
DCMPRL

DCMPYA
DGSAl, DGSA2

DBSB1, DGSB2

DOME1l, DOME2

El, E2

3

Da1Gsas Da2gsa

Da16sBs Paogss

¥p
YR

vy
A1, A

Bi, By

QAl» QA2

E;, E2

€aA

FORTRAN NAME VARIABLE DEFINITION
BAl, BA2 Bal, BaA2 Accelerometer biases for axes Aq.
BB1, BB2 Bg1, Bpsy Accelerometer biases for axes Bj.
. BG11-BG33 Elements of BCS to GCS transformation
matrix.
BTA1l, BTAl2 811, B12 Rotation angle errors for multisensor
1.
BTA21, BTA22 Ba1s B2 Rotation angle errors for multisensor
2.
CTHR1, CTHR2 8Bgq, ABg) Total mechanical rotation angle.
DAl, DA2 Dp1, DA2 Gyro drift bias for axes A] and Aj.
DB1, DB2 Dy, DB2 Gyro drift bias for axes Bj and Bj.

Gyro G-sensitive drift semsitivity to
acceleration along the angular rate
axis.

Gyro G-semsitive drift cross-axis.

Misalignment angle in pitch.
Migsalignment angle in roll.

Misalignment angle in yaw.

Multisensor measurements along the Ay

axis.
Multisensor measurements along the Bj

axis.

Projection of eartlh rate onto the Ay
axes.

Non-orthogonality of rotation axis to
spin axis.

Misalignment of the pitch-yaw multi-
sensor due to temperature variations.

Misalignment of the roll-pitch msulti-
sensor due to temperature variatioms.




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 variationms.

EB1 €l Misalignment in azimuth between pitch-
yaw multisensor spin axis and BCS X-
axis,

EB2 €2 Misalignment in elevation between
pitch-yaw multigensor spin axis and
BCS Y-axis,

EOA €0A Orthogonality error in the pitch-yaw
multisensor normal to the spin axis.

EOAP €daA Orthogonality error in the roll-pitch
multisensor normal to the spin axis.

ETAXAC NyBCS Component of gravity along BCS X-axis.

ETAYAC "yBCS Component of gravity along BCS Y-axis.

ETAZAC N.BCs 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.

GML1, GML2z 81 G2 Gyro misalignments about the spin

' axis.

GSAl, GSA2 Ava1, 4v,, Value of integrated acceleration over
interval tpg.

GSB1, GSB2 Avgy, Avp,y Value of integrated acceleration over
interval tpy.

GSF1, GSF2 Kci, Kg2 Gyro scale factor.




TABLE A-l.

CALIBRATION PROGRAM DICTIONARY (CONTINUED)

FORTRAN NAME VARIABLE DEFINITION
GSFP 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.
OMEl, OME2 6q Al eQAZ Value of integral of Q,; obtained
over interval tpi.
P P Missile roll rate.
PHII ¢4 Misalignment in attitude between
multisensor and BCS frame.
!;snz, PSI13, PSI21 Elements of BCS to GCS transformation
$I23, PSI31, PSI32 matrix (compensate for non-orthog-
onality and misalignment errors).
PSII Yy Misalignment in azimuth between
multisensor and BCS frame.
Q Q Missile pitch rate.
IQDT Quantization time rate.
™ R R Missile yaw rate.
A2 .
RATE Opy Mechanical rotation rate.
3 Rl BZ2. B3 21> 02 Q3 Components of earth rate (nominally
T along roll, pitch, yaw) corresponding
to the ideal coordinate frame defined
for multisensor 2.
R1PRM, R2PRM, ﬂi. ﬂ;, 9;’ Components of earth rate corresponding
R3IPRM to the ideal coordinate frame defined
3 for multisensor 1.
RD 8R{ Angular orientation of rotation

Roll: Pitch: Yawr

mechanisms.

Ideal coordinate frame defined for
multisensor 2,




TABLE A-1. CALIBRATION PROGRAM DICTIONARY (CONTINUED)

i FORTRAN NAME . VARTABLE | DEFINITION
2t
_lo_lil, Pitchl, Ideal coordinate frame defined for
Yaw 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.
TAl, TA2 %a1s Sa2 Value of integrated angular rates
E over intervals tpy.
| TB1, TB2 681, %82 Value of integrated angular rates
= over intervals tgj.
f .
! TALIGN tols to2 Lower limit of integration during
k| rotation.
{ TF1, TF2 trl, tF2 Upper limit of integration during
‘ rotation.
THT12,THT13,THT21 Elements of BCS to ACS transformation
THT23,THT31,THT32 matrix (compensate for non-orthogo-
nality and misalignment errors).
THTAX 01 Misalignment in elevation between
multisensor and BCS frame.
TIME Simulation time.
TR1, TR2 tpl, tR2 Times to rotate from 0° to -180°
orientation. "
%(‘1-1.2;1-1.2.& Msasured Ai axis angular rates at
orientation j.

13 (1-1,2;1-1,2,4* Measured Bi axis angular rates at
orientation j.
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TABLE A-2. CALIBRATION ALOORITHM

PROGRAM LISTING
IF(LST. EG. 1)60 TO 77
IF(SNGL(TIME). LT. (TALION-GDT+0. 0001)) 80 TO 5030
IF(ALNFLO. GE. 0. 5)C0 TO 50453
WRITE(&, 99) SNCL(TIME)
99 FORMAT(2X, ‘ROCKWELL-COLINS CAL. CALLED AT ’,F11.4,‘’ BEC. ’)
Cannans
Cananen BET PARAMETERS VIA MCARLD VALUES
Cananas
ASF1 = ASFY + 1.0
ASF2 = ASFZ + 1.0
BAl = ABIASY
BBl = ABIASX
BA2 = ABIASZ
BB2 = ABIASY

AMLL = EAAP
AML2 = EAA
OSF1 = QSFQ
G8F2 = QSFR
DB1 = OBIASP
DAl = OBIASG
DB2 = QBIASG
DA2 = QBIASR
OML1 = EAW1
OML2 = EAWZ
DA20SA = AL1
DA208SB = AC1
DA10SA = AL2
DAIOSB = AC2
¥ A .
C THE ACTUAL ORAVITY AND EARTH RATE COMPONENTS
C ACTING, RESPECTIVELY, ALONG AND ABOUT THE MULTISENSOR
C SENSITIVE AXES ARE AS FOLLOWS:
c
c
AB3 = BAI11#ETAX00 + BAI12#ETAYO0 + BAI13#ETAZQO
AB2 = BAI21eETAXCO + DAI22eETAYOOD + DAI2IWETAZOO
AB1 = BAIZ1ETAXGO + BAIS2¢ETAYOO + BAIZ3*ETAZO0
ABO = SGRT(AB1#AB1+AB2vAR2+ABI#ABR3)
- ABIPRM = +DCMPPT#AB3 — DCMPRL®AB2 + ABI
] AB2PRM = -DCMPYA®AB3 + AB2 + DCMPRL*AB1
ABIPRM = AB3 + DCMPYA®AB2 - DCMPPT®AB1
| ¢ R3 = BAI11#OMEOXE + BAI12¢OMEQYB + BAI13#0OMEQZD
: R2 = BAI21#ONEOXE + BAI22¢0MEQYB + BAI23#OMEQZB
R1 = BAI31«OMEOXB + BAIS20OMEOYB + DAI33#0MEQZB
R1PRM = +DCMPPTeR3 - DCMPRLSR2 + Rt
RZPRM = -DCHPYASRI + R2 +DCMPRL#R1
RIPRM = R3 + DCHPYASR2 - DCMPAT#R1
LST = LST + 1
c
C ACCELEROMETER MODEL
C OUTPUTES MEASURED VALUEE (INPUTS TO CALBRA’ EQGNS)
c

et e e 0 otk

A21 = ASF2eAB1+AMLIWABI+BAQ
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i

1
!
'

Conne

A22
A24
B21
B22
B24
ALl
AlR
Al
Bil
B12
Bi14

~ASF2#AB 1 +AML2#AB2-BTAQ2+ABI+BA2
=ASF28AB3-E2#AD2+AML2%AB2+BTA44AB1+BA2
ASF2eAB2-AML2#AB1+BB2

ASF#AB2-2. O*E2%AB3+AML2#AB1+BB2

ASF28ABR+AML2 *ABI-E2#AB3+E2#AB1+BB2

ASF 1 #AB1PRM+AML 1 #ABIPRM+E 1 #AB3PRM-BTA1 1 *AB2PRM+DBAL
—~ASF 1 #AB 1PRM+AML 1 #*ABIPRM~-E 1 #*AB3PRM+BTA 1 2#AB2PRM+BAL
ASF 1| sAB2PRM-AML 1 #AB3PRM+BA1L

ASF 1 #ABIPRM-E 1 #*ABQPRM-E1#AB1PRM-AML 1 #AB 1 PRM+BB1
ASF 1 #AB3PRM+E 1 *AB2PRM+AML. 1 #AB LPRM-E1#AB1 PRM+BB1
ABF 1 #AB3PRM+AML 1 #AB2PRM+BB1

Cusneas QYRO MODEL

Cunan

c
c

WAR2

. ¥

=R1+DA2+DA2CSB+AB2+DA2CSA#AD1
R2+DB2-DA2CSB#AB1+DA20SA#ABR
R1+DA2+DA20SB#*AB2-DA20SA#AB 1
R2+DB2+DA20SB*AB1+DA20SA®AB2
—R3+DA2+DA2GSB#AB2-DA20SA#ABR3
R2+DB2+DA20SB#AB3+DA20SA*AB2
R2ZPRM+DA1+DA10SB#AR3PRM+DA10SA*AB2PRM
R3PRM+DE1-DA10SB#AB2PRM+DA10SA#ABIPRM
~R1PRM+DA 1 +DA10SB*ABIPRM+DA10SA®ABLPRM
R3PRM+DB1-DA10SB#AB 1 PRM+DA10SA+ADIPRM
WAL2 = RIPRM+DA1+DA10SB#AR3PRM~DA10SA*AB1PRM
WB12 = R3PRM+DB1+DA10SB#ABIPRM+DA10SA*AB3PRM
CONTINUE

IF{TIME. CT. 7. 000)60 TO 73

RATE = -30, /DEORAD )

CTHR1 = -180. /DEGRAD - BTA11l + BTA12

CTHR2 = ~180. /DEORAD + BTA22

WAR21
WB21

WB22
WA24
We24
wais
WBi4
WAL1
WB11

C OENERAL EGUATIONS FOR INTEORATION DURING ROTATION

TRZ = TIME

RD = RATE & TRQ

DOME3 = -R1PRM # COS(RD) - R2PRM # SIN(RD)

DOME2 = -R1 & COS(RD) + R3 @ SIN(RD)

DGEAL = ABF1#(ABLIPRMeCOB(RD)~-AB2PRM*SIN(RD))
+AML19ADIPRMR( 1. +2. *SIN(RD) )+E1#(ABIPRMaCOS(RD) ) +BA1
DOBBL = ASF1sARIPRM~-AM.14{ABIPRMaCOS(RD)+ABPRM*SIN(RD))
+BB1-E1#(ABPRMeCOB(RD) )~E10ARIPRM (1. +8IN(RD))
DOSA2 = ABF2#(AB14COB(RD)+ABIBIN(RD) ) +AML20AB2+BA2
+E20(ARZ*BIN(RD)) :

De8E2 = mmtnucmmn»msxmam)+ua

. =E2¢ (ABL19GIN(RD) )-E2#ABI® (1, ~COB(RD))

o0 TO 74
CONTINUE
TA2=QSF200ME2+0ML2# ( CMMI’T‘R? )O'DAROTR&'-DMOOW

. *DA2CER*08BR

TR2=08F28 (CTHR2+R2#TR2) -m-m»ma-ma—mmm
DA0SA*QSS2
TAL1=08F 1 sOME 1 +OML.1 # (CTHR 1 *RIPRM*TR2) +DA1 #TR2+DA1 OSARGEAL




et O ’ inciodantis ; e i s b . e g

. +DA108B#08B1 ‘
TB1=08F 1#(CTHR1+R3IPRMETR2) -OML 1 4OME 1 +DB 1 #TR2-DA108B#38A1
+DA168A#08B1
CHBB0 B0 RIS T T 0 G-I T S A0 S0 S D0 S0 S0 3 4 -
THIS SECTION SIMULATES THE ROCKWELL~COLLINS
PRE-FLIOHT SENSOR CALIBRATIONS. IT 18 ASSUMED
THAT ALL SPIN-UP, WAIT, AND ROTATIONAL TIMES
HAVE BEEN SATISFIED AND ACCELEROMETER MEASUREMENTS
ARE AVAILABLE. 10 ITERATIONS OF THE EGUATION
SET WILL BE USED TO MAKE B8URE THAT EXTREME
ERRORS SETTLE OUT TO COOD SOLUTIONS.
DA A HHHEHHHH N S S0 B RS SRS 4 00

PE=ye——

I —

[
[ N N N N

THE QRAVITY AND EARTH RATE COMPONENTS. AS MEASURED BY
AN EXTERNALLY LOCATED IMU. FOR USE IN THE CALIBRATION
COMPUTATTIONS ‘ARE AS FOLLOWS:

AOOOONDOOOOOOO0

ABt = QZEO
AB2 = QYEO
AB3 = QXEO
AB1IPRM = +DCMPPT#AB3 - DCMPRL®AB2 + AB1
AB2PRM = -DCMPYA®AB3 + AB2 + DCMPRL*#AB1
AB3PRM = AB3 + DCMPYA®AB2 - DCMPPT#AB1
Ri = OMEQGZE
R2 = OMEQYE
R3 = OMEOXE
RiIPRM = +DCMPPT#R3 ~ DCMPRL®R2 + Ri
R2PRM = -DCMPYA®R3 + R2 +DCMPRL#RL
R3PRM = R3 + DCMPYA®R2 - DCMPPT#R1
DO 110 1I=1;10 T o
ASF2 = (A21-A22-BTAR20#AB3)/(2. ORABL)
AML2 = (0. S#(B22-B21)+E2#AB3) /AB1
BB2 = . 5#(B21+B22) +E28ABI-ASF2#AB2
ASF1 = (A11-A12+(BTA11+BTA12)#AB2PRM) /(2. O#(AB1PRM+E 1 *AB3PRM) )
AMLL = (0. 5#(B12-B11)~E1#AB2PRM) /AB1PRM
BB1 = . 58(B11+B12)+E14ABIPRM-AEF  #AB3PRM
AB2 = (B1+AML2#AB1~BB2)/ABF2
AB3PRM = (B11+E1#AB2PRM+E1#AB1PRM+AML1#ABIPRM-BB1)/ASF1
AB2PRM = —DCMPYA#AB3+AB2+DCMPRL#AB1
. AB3 = ABIPRM-DCMPYA®ABZPRM+DCMPP THAB 1PRM
: BA2 =  38(A21+A22+BTA220AB3) -AML2#AB2
‘ BAL = . S#(A11+A12+(BTAL11-BTA12) #AB2PRM) -AML 1 *AB3PRM
AB1 = SQRT(ADOSARO - AB2%#AB2 -~ AB3#ABDI)
ABLPRM = SGRT(ABOSABO - ABZPRMeABPRM - ABIPRM#ABIPRM)
110 CONTINUE ,
DA20BA = (WA21-WAZ2+2. #R1)/(2. #ABL)
DA20SE = (WB22-WB21)/(2. #ABS)
DA2 = 0. S8(WA21+WA22) -DA20BR »AR2
DB2 = 0. 38 (WB22+UWB21 ) ~R2-DA20SA*AR2
DAL10BA = (LAL11-HA12+2. *R1PRM)/ (2. *AB1PRM)
DAL10SE = (WB12-WB11)/(2. *ABIPRM)
DAL = 0. 3#(WA11+NA12)-DAIOBB#ABIPRM
DB1 = 0. S#(WB11+WB12)-RIPRM-ABIPRM*DAL0SA ‘
OML2=({ (CTHR2+R2*TR2) # ( TAR-DA26 TR2-DA20SA0SA2-DA20EN+0EB2)

e




e

<-OME2+# {TB2~-DP2+TR2+DA208B#0EA2-DA20SA#G8E2) )
C/{{CTHR2*RReTR2) #42+0MEQ#4Q)
CSF2= (DME2%( TA2-DA2+TR2-DA0SA#08A2-DA208SB#08B2) +(CTHR2
<+R2aTR2)#{ TBR-DB2#TR2+DA20SB#CSA2-DA20SA#CER2) )
</ { (CTHR24+RATRI ) #82+0MEQ#2)
OSF1=(({TAL-DA1#TR2-DA1C8A®0SA1 -DA10SD#08E1 ) «OMEL+(TB1
<-DB1#TR2+DA108B#0SA1-DALOGA#OSD 1 ) # (CTHRI+R3PRMeTR2))
. </ ((CTHRI+RIPRMETR ) ##2+OMEL1 #82)
( OMLI=( (TAL1-DA1#TR2-DA10SA#CSAL1 -DA10SB#08B1 ) #(CTHRY
n C+RIPRMSTR2)-OMEL #(TB1-DB1#TR2+DA10SB#CEAL~-DA108BA#ESB1))
¥ | €/ { {ICTHRL+RIPRMETR2) ##2+0ME1 #4Q)
PRINT#, ‘CALIBRATED TERMS FROM ROTATION’
PRINT#®, ‘22208808 025 R0 R #4855 #8258 *
PRINT#, 'OML2, OML.1. CSF1, OSF2=/, CML2, OML.1, CSF 1, CSF2
PRINTS, ‘#20880 88 # 8 4 R4 A SRR REHER RSB R 28 '
SDVX = AB3
SDVY = AB2
SDVZ = AB1

‘¢ -
Crunsss COMPUTE CALIBRATED ERROR TERMB FOR ACCEL. MODEL EGNS
<

Caununse WRITE OUT MCARLO INPUT VALUES

WRITE(4, 137)

WRITE(&, 134) ASFX. ASFY, ASFZ
WRITE(4, 135) ABIASX. ABIASY. ABI1AS2
WRITE(&, 136) EAA, EAAP

ASFY = ASFY-ABF1+1.0

ASFZ = ASF1-ASF2+1.0

ASFX = ASFY

ABIASX = ABIASX-BB1

ABIASY = ABIASY-(BA1+BB2)/2.0
ABIASZ = ABIASZ-BA2

EAAP = EAAP-AMLI
" EAA = EAA-AML2

WRITE(4, 138)

WRITE(&, 134) ASFX., ASFY, ASFZ
WRITE(&, 135) ABIASX. ABIASY, ABIASZ
WRITE(&, 1346) EAA, EAAP

THT13 = EAAP + EOAP

THTI1 = EAA + EODA

THT21 = EAA

BAall = 5.0

BA12 = P8BII + THTID

-

BAL3 = ~THTAI-THT12
BA21 = -PSII-THT23
BA22 = 1.0

BaA23 = PHII+THT2L
BA31 = THTAI+THTIR
BA32 = -PHII-THT31
BA33 = 3.0

134 FORMAT (2X. ‘ASFX, ASFY, AGFZ =’, 3F12. 6)

135 FORMAT(2X. ‘ABIASX, ABIASY, ABIASZ =*, 3F12. &)

136 FORMAT (2X. ‘EAA, EAAP =/, 2F12. 6)

137 FORMAT(1H , ‘MCARLO INPUT VALUES’) :
138 FORMAT(1H , ‘CALIBRATED OUTPUT ERRORS’)
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Canen
Cananaa COMPUTE CALIBRATED ERROR TERME FOR GYRO MODEL
Conan
@8FQ = Q5FQ - GBF1 + 1.0
QSFR = QBFR - QB8F2 + 1.0 ,
O8FP = QSFQ q
SBIASP = QBIASP ~ DB}
CBIASA = CBIASG -~ (DAL1+DB2)/2.0
CBIASR = QBIASR -~ DAZ
ALl = ALl - DA0SA
AC1 = ACY1 - DAOSS
AL2 = AL2 - DALOSA
AC2 = AC2Z -~ DALIGSB
EANEI = EAWL ~ OML1L
EAN2 = EAN2 ~ OML2
PSI13 = EAAP + EAN!
P8I21 = EAA + EANZ

BGi1 = $1. 0

BG12 = PBIX + PBII3
BO13 = -THTAl - PBIi2
BO21 = -PSI1]1 -PBI23
Bo22 = 1.0

BO23 = PHI1 + PBI21
BC31 = THTAI + PSIO32
BO32 = -PHII ~ PBI3L
BG33 = 1.0

sTOP

END

e AT

3
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TABLE A-3.

EXAMPLE RUNS

INPUT VALUES

ABO

32. 122547

ABLPRM

30. 663145

R1

(ExamPLE RUN @ 1]

30. 664097 -0.057760 -9.

AB1
ABRPRM
R2

AB2

AB3IPRM
-0. 053737 -9.5%72191

R3

. 222114E-04 0. 333543E~-04 0. 397847E-04

R1PRM

R3PRM

. 222090E-04 0. 333461E-04 0. 397903E-04

El

0. 174000E-02 0. 174000E--02

BTAL1

BTAL2

BTA2

0. 174000E-02 0. 174000E-02 0. 174000E-02

DCMPRL

DCMPPTY

DCMPYA

0. 100000E-03 0. 100000E-03 0. 100000E-03

INPUT VALUES

ABF2 ASF1 L2
0. 100000E+01 0. 100000E+01 0. 200000E-03
BAZ BAL BB2
0. 488000E-01 0. 488000E-01 0. 48B000E-01
AB1 AB2 AB3
0. 30464641E+02 —. 577605E-01 -. 936912E+01
AB1PRM AB2PRM AB3PRM
0. 3064631E+02 -. 5337372E-01 ~. 957219E+01
DA08SA DA20SB DA108A
0. 1435000E-02 0. 1435000E-02 0. 145000E-02
DAZ2 DB2 DAL
0. 970000E-03 0. 970000E-0S 0. 970000E-05
CALIBRATION ITERATION OUTPUT
ASF2 ASF1 AML2
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+0f 0. 100000E+01 0. 900000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+0% 0. 100000E+01 0. 00000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
0. 100000E+01 0. 100000E+01 0. 900000E-03
BA2 BA1 BB2
0. 488004E~01 0. 487989E-01 0. 4BB000E-01
0. 488004E-01 0. 487989€-01 0. 488000E-01
0. 4868004E-01 0. 487989E-01 O. 488000E-01
0. 488004E-01 0. 487989E-01 0. 488000E-01
0. 488004E-01 0. 487989E-01 0. 488000E-01
0. 488004E-01 0. 4879G9E-01 0. 488000E-01
0. 4868004E-01 0. 487989E-01 0. 488000E-01
0. 4880004E-01 0. 487989E-01 0. 488000E-01
0. 488004E-01 0. 487989€-01 0. 488000E-01
0. 488004E-01 0. 4879B9E-01 O. 480000E-01
ABt AB2 AB3
0. 306641E+02 ~. 37760%E~-01 -~. 936912E+01
0. 306641E+02 ~. 577460%E€-01 ~. 9846912E€+01
0. 306641E+02 ~. 5774095€-01 -. 956912E+01
0. 306641E+02 ~. 377603E-01 ~. 936912E+01
0. 06641E+02 ~. 57760%E-01 ~. 956912E+01

TO BE CALIBRATED

3

AB3
569119

BTA24

.- 174000E-02

AML1

. 900000E-03

BB1

. 488000E-01

DA1GSB

0. 145000E-02

°

0000000000 0000000000

DB}

970000E-0S

899990E-03
BB1
4868003£-01
488014E-01
488014E-01
4868014E-01
4868014E-01
488014E-01
486014E-01
488014E-01

. 488014E-01
. 488014E-01
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AP W TSR

0. 306641E+02 -. 577603E-01 -. 956912E+01
0. 306641E+02 -. 977405E~01 -. 936912E+01
0. 306641E+02 -. 577605E-01 -. 9364912E+01
0. J306641E+02 ~. 57740%€-01 ~. 936912E+01
0. 306641E+02 ~. 377403E-01 ~. 936912E+01
AB1PRM ABRPRM AB3PRM
0. 306431E+02 ~-. 337372E-01 ~. 937219E+01
0. 306631E+02 ~. 337372E-01 -. 957219E+01
0. 304431E+02 -. S37372E~01 ~. 937219E+01
0. 306431E+02 -. S37372E-01 -. 957219E+01
0. 306431E+02 ~. 337372E-01 ~. 957219E+01
0. 306631E+02 -. 537372E~01 ~. 957219E+01
0. 3064631E+02 -. 537372601 ~. 9537219€+01
0. 306631E+02 —. SI7I72E~01 ~. 987219E+01
0. 306431E+02 ~. 537372E~-01 ~. 957219E+01
0. 306631E+02 ~. S37372E-01 ~. 937219E+01
OUTPUT FROM GYRO STATIDNARY MEASUREMENTS
DA20SA DA20SB DA1GSA DA1GSB
0. 145000E-02 0. 143000E-02 0. 145000E-02 0. 145000E-02
DA2 DB2 DAL DB1
0. 969954E-03 0. 970007E-03 0. 9701 39E-05 . 0. 970066E-05
omML2 oM.t C8F2 C8F1

INPUT VALUES OF GYRO PARAMETERS

0. 600000E-04 0. 600000E-06 0. 400000E-02 0. £00000E-02

CALIBRATED TERMS8 FROM ROTATION

S I S S SO I T A0 SIS0 6 S0 S I 000 S A 4
omL2 oMLl @SF2 GEF1

0. 592792E-06 0. 401671E-06 0. 400001E-02 0. 500000E-02

LI T e I T e e R e e T A S S et

{ ExampLE RUN @ 21

ABO AB1 AB2 AB3
32. 122547  30. 464097 ~0.0%7760 -9. 569119
AB1PRM AB2PRM ABIPRM
30. 661243  ~0. 049491 -%. 378334
. Ri R2 R3
. 222114E-04 0. 353%43E-04 0. S97847E-04
R1PRM R2PRM R3PRM
. 222041E-04 0. 333297E-04 0. 398020E-04
El E2
0. 174000E-02 0. 174000E-02
BTAL11 BTALI2 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 ABF1 A2 AML1
0. 100000E+01 0. 100000E+01 0. 900000E-~03 0. 00000£-03
BA2 BAL BB2 BB1
0. 488000€-01 0. 488000E-01 0. 4BBOO0OE-01 O. 488000E-01
AB1 AB2 ABJ
0. 306641E+02 -. 377609E-01 -. 936912E+01
AB1PRM AB2PRM ABIPRM
0. 306412E+02 ~. 494905E~01 -. 937834E+01
DA2QSA DAQCSS DALGBA DA188R
0. 145000E~-02 0. 143000E~02 0. 145000E~02 0. 145000E-02
DAR DB DA1 ) B

0. 870000E~03 0. 870000E-0% 0. B70000E~03 0. 870000E-03 9
CALIBRATION ITERATION OUTPUT ;
ASF2 ASF1L AML2 AMLL




e oara—.

0000000000 OOOOOOOOOO OOOOOOCOOO OOOOOOOO00

100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+0t
100000E+01
BA2
488004E-01
48B0O04E-01
488004E-01
488004E-01
488004E-01
488004E-01
488004E-01
488004E-01
488004E-01
488004E-01
AB{
3046641E+02
306641E+02
3064641E+02
3064641E+02
306641E+02
306641E+0R
306641E+02
306641E+02
3046641E+02
306641B+02
AB1PRM
306612E+02
306612E+02
304412E+02
306612E+02
306612E+02
306612E+02
306612E+02
30464612E+02

. 30661 2E+02

. 3064612E+02
DAZGSA

0000000000 0000000000

100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
BA1
487990E-01
487990E-01
487990E~01
487990E-01
4B7990E-01
487990E-01
487990E-~01
487990E~01
487990E~01
487990E-01
AB2
$77605E~-01
577605E~01

. 977603E~-01

57760%E~-01
$77603E-01
37760°E-01
977605E-01
$77409E~-01
S77405E-01
577605E-01
AB2PRM
4346909E-01
456905E-01
436905E-01
4356905E-01
456905E-01
4356905E-01
45690%E-01
456906E-01

. 456906E-01

=. 436906E-01
OUTPUT FROM OYRO STATIONARY

©OOOO00000 OOOO0O00O00

0. 145000E-02 0. 145000E-02 0.

0. 870122E-09 0. 870173E-09% O.

oMm.2

oM.1

I T I I I I I B
g ISV

900000E-03
900000E-03
900000E-03
900000E-03
900000E-03
900000E-03
900000£-03
900000E-03
900000E-03
900000E-03
BB2
488000E-01
488000E-01
A8B000E-01
488000E-01
488000E-01
A8B000E-01
A8B000E-01
A8BO0OE-01
4@BO0OE-01
A8BOOOE-01
AB3
936912E+01
936912E+01
936912€+01
936912E+01
956912E+01
93691 2E+01
936912E+01
956912E+01
936912E+01
936912E+01
AB3PRN

. 997834E+01
. 937834E+01

9%7834E+01
957834E+01
937834E+01

. 987834E+01
. 997834E+01
. 9837834E+01

957834E+01

. 957834E+01

MEASUREMENTS

DA108A

©CO0O000000 0000000000

. 900024E-03

900025E~03
900025E-03
F00025E-03
F00025E-03
900025E-03
900025E-03
900025€-03
F00023E-03
F00025E-03
BB1
488005E-01
4688024E-01
488024E-01
488024E-01
488024E-01
488024E-01
488024E-01

. 488024E-01

488024E-01

. 488024E-01

DA1GSB

145000E-02 O. 143000E-02

DAL

DB1

870321E-03 0. 870220E-09

INPUT VALUES OF GYRO PARAMETERS
0. 400000E-06 0. 400000E-06 0. 400000E~02 O. 400000E-02
CALIBRATED TERMS FROM ROTATION

ANV R RHA LR TEFF VR SR AN RV NG R AR RNV NS R R XA ARV EREE

ABO
32. 122547

o1

{EXAMPLE RUN @ 3|

AB1

20. 664097 0. 037760

36

O8F1

G8F1

oM.2
. 0. 395331E-06 O. 404089E-06 O. 400001E-02 0. 400000E-02
SRR S EESESEI RN R RSN ML ERIR S B S S SS BB HABER RN HE

AB3

=9. 369119




AB1PRM
30. 661243
R1

R1PRM

AB2PRM
-~0. 0454691
R2

R2PRM

AB3PRM

9. 378336
R3

. 2221 14E-04 0. 353543E-04 0. 597847E-04

R3PRM

. 222041E-04 0. 353297E-04 0. 598020E-04

El

0. 174000E-02 0. 174000E-02

0.

0.

BTAL1L
174000E-02

DCMPRL
300000E-03

INPUT VALUES

0.

0.

0.

3046641E+02
ABLPRM

306612E+ -2
DA2QSA

143000E-02
DARQ

BTAL12

BTAQ2

0. 174000E-02 ©O. 174000E-02

DCMPPT

DCMPYA

0. 300000E-03 0. 300000E-03
TO BE CALIBRATED

0
0

0

ASF1
. 100000E+01
BAL
. 322000E-01
AB2
. 37760%5E~01
AB2PRM
. 434905E-01
DA2CSB
. 145000E-02
DB2

0. 970000E-05 0. 970000E-05
CALIBRATION ITERATION OUTPUT

0.
0.
0.
0.
0.
0.
]

0.
0.
0.
0.
0.
0.
0.
0.
0.
o

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
o

0

)

 ASF2
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01
100000E+01

. 100000E+01

100000E+01
100000E+01
100000E+01
BA2
322007E-01
322007E-01
322007E-01
322007E-014
322007E-01
322007E-01

. 322007E-01

322007E-01
322007E-01
32200701
AB1
3064641E+02
3064641E+02
3064641E+0R2
3064641E+02
306641E+02
306641E+02
306641E+02
3066431E+02

. 3064641E+02
. 306641E+02

AB1PRM

. 306612E+02 -

©O0C0000000 OOOOOOOO00

ASF1
100000E+01
100000E+01

977603E-01
37760%E-01
377605E-01
977603%E-01
S77603E-01
. 97760%E-01
. $77605E-01
AB2PRM
. 436908E-01

4]
o

)
o

0000000000 ©OPOOOOOOOO

AML2
. 400000E-04
BB2
. 322000E-01
AB3
. 956912E+01
AB3PRM
. 957834E+01
DA10SA
. 14S000E-02
DAL
. 970000E-05

AML2
400000E-04
399997E-04
399997E-04
399997E-04
399997E-04
399997E-04
399997E-04
399997E-04
399997E-04
399997E-C4

BB2
322000€-01
322000E-01
322000E-01
322000E-01
322000E-01
322000E-01
322000E-01
322000E-01
322000E-01
322000E-01

AB3
956912E+01
936912E+01
. 956912E+01
934912E+01
9569 12E+01
9369 12E+01
9956912€+01
9354912€+01
934912E+01
. 95691 2E+01

AB3PRM
. 997834E+01

©CO00OO0O0O0C 0000000000

BTA24

. 174000E-02

AML1L

. 800000E-04

BB1

. 322000€~-01

DA1GSB

. 145000E-02

DB1

. 970000E-05

AML1

. 400105E-04
. 400105€-04
. 400105E-04

400105E-04
400105E-04
400105E-04
400105E-04
400103E-04
400105E-04
400105€E-04
BB1
321999E-01
32201BE-01
322018E-01
322018€E-01
322018E-01
322018E-01
322018E-01

. 322018E-01
. 322018BE-01t
. 32201 8E-01

» 5 A

VT b A 1 R - M. 5, -
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ocoo0o000000

. 306612E+02

306612E+02
306612E+02
3064612E+02
30661 2E+02
3064612E+02

. 3064612E+02

306612E+02

. 306612E+02

. 436905E-01
. 45690%E-01
. 456905%E-01
. 436905E-01
. 456905E-01
. 4549035E-01
. 456906E-01
-. 456904E-01

. 456906E-01

957834E+01
957834E+01
957834E+01
957834E+01

-. 957B34E+01

.

OUTPUT FRONM OYRO STATIONARY

DA2GSA

DARGEB

957834E+01

. 957834E+01
. 957834E+01
. 937834E+01
MEASUREMENTS

DA1G8A

DA10SB

0. 1450002—02 0. 1435000E-02 0. 145000E-02 0. 145000E-02

DAL

DB1

0. 9699595-05 0. 97001 3E-05 0. 970232E-05 0. 970438E-0S5

omML2

oML1

O8F2

INPUT VALUES OF CYRO PARAMETERS
0. S00000E-06 0. 500000E-06 0. S00000E-02 0. S00000E-02
CALIBRATED TERMS8 FROM ROTATIDN
AT 0 3R S I A S 0000 S0 I 0 T 0 A6 I 046 0 S0 I 8

oML2

oMLl

OSF2

@SF1

CSF1

0. 488745E-06 0. S00521E-06 0. S500001E-02 0. 500000E-02
A3 S IS 00 S I R

38

et
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DISTRIBUTION

DRSMI-R

DRSMI-LP, Mr. Voigt
DRSMI-RG, Dr. Yates
DRSMI-RGN, Mr. McLean
DRSMI-RGT, Mr. Jordan
DRSMI-RPT (Record Copy)
DRSMI-RPR

US Army Material System Analysis Activity
ATTN: DRXSY-MP
Aberdeen Proving Ground, MD 21005

No. of
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