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ABSTRACT

This 18 Volume 3 of three volumes which report the results of a strapdown calibration
and alignment study performed by the Univac Federal Systems Division for the Guidance
Laboratory of NASA/ERC.

This study develops techniques to accomplish laboratory calibration and alignment of

a strapdown inertial sensing unit (ISU) being configured by NASA/ERC. Calibration

1s accomplished by measuring specific input environments and using the relationship

of known kinematic mnput to sensor outputs, to determine the constants of the sensor
models. The environments used consist of inputs from the earth angular rate, the
normal reaction force of gravity, and the angular rotation imposed by a test fixture in
some eases. Techniques are also developed to accomplish alignment by three methods.
First, Mirror Alignment employs autocollimators to measure the earth orientation of
the normals to two mirrors mounted on the ISU. Second, Level Alignment uses an
autocollimator to measure the azimuth of the normal to one ISU mirror and accelerom-
eter measurements to determine the orientation of local vertical with respect to the
body axes. Third, Gyrocompass Alignment determmes earth alignment of the ISU by
gyro and accelerometer measurement of the earth rate and gravity normal force vectors.

The three volumes of this study are composed as follows:

e Volume 1 — Development Document. This volume containg the detailled develop-
ment of the calibration and alignment techniques. The development is presented
as a rigorous systems engineering task and a step by step development of
specific solutions 1s presented.

* Volume 2 - Procedural and Parametric Trade-off Analyses Document., Thig
volume contams the detailed trade-off studies supporting the developments
given in Volume 1.

e Volume 3 — Laboratory Procedures Manual, In Volume 3 the implementation
of the selected procedures 1s presented. The laboratory procedures are
presented by use of both detailed step-by-step check sheets and schematic
representations of the laboratory depicting the entire process at each major
step m the procedure. The equations to be programmed in the 1mplementation
of the procedures are contained in this volume,

1ii



Part

PRECEDING PAGE BLANK NOT FILMED

TABLE OF CONTENTS

INTRODUCTION

PRELIMINARY ACTIVITIES

I-1
1-2

Turn On

System Survey

I-2.1  Procedures

I-2.2 Computations

I-2.3 Fundamental Modes
Alignment Parameter Tvaluation
-3, 1 Procedures

1-3.2 Computations

CALIBRATION

-1

o-6

Calibration of Gyro Angulaxr Velomty Sensitive Terms

-1.1  Scale Factor and (QG)-1

II-1.2 Nonlinearity Experiments

O-1.3 J Term Experiments

Calibration of Gyro Acceleration Sensitive Terms

iI-2.1 Bias, Unbalance, and Square Comphance Terms

I-2.2 Product Compliance Terms

Calibration of the Accelerometers

-3.1 Scale Factor, Bias, and Second Order Terms
and (QA)-1

I1-3.2 Third Order Terms

Calibration Computations

II-4,1 Procedures

0-4.2 Gyro Computations

I-4.3 Accelerometer Computations

Fundamental Modes

O-5.1 Calibration of Gyro Angular Velocily Sensitive
Terms

1I-5.2 Calibration of Gyro Acceleration Sensitive Terms

II-5.3 Calibration of the Accelerometers
I1-5.4 Calibration Computations
Resoiver and Counter Seflings

Ii-6.1 Table Resolver Settings

0-6.2 Counter Settings

ALIGNMENT

Io-1

-2

Mirror Alignment

m-~1.1 Procedures

Im-1.2 Computations
II-1,3 Fundamental Modes
Level Alignment

m-2.1 Procedures

IIr-2.2 Computations
Ii-2.3 Fundamental Modes
Gyrocompass Alignment .
mi-3.1 Procedures

I1-3.2 <Computations
I~3.3 Fundamental Modes

iv

1-13
I-17
I-18
1-21

-2

n-9

11-10
II-14
n-19
-21 -
o-22
m-25
H-28

n-29
m-31
I-33
n-34
- 37
O-48
IE-53

II- 55
0-59
- 62
II-65
11-68
- 69
II-72

I-2
-4
m-5
I-7
-9
Im-13
m-14
oI-16
oI-20
o1-25
m-26
Or-28
HI-33



TABLE OF CONTENTS (Continued)

v DIAGRAMS AND FORMS
IV-1 System Diagrams
IV-2 Master Forms




Figure
I-1
-2
-3
v-1
V.2
-3

Iv-5
Iv-6

LIST OF ILLUSTRATIONS

Test Table Orientations For Positions 1to 6
Test Table Orientations For Positions 7 to 12
‘Test Table Orieniations For Positions 13 to 15

Instrument and Mirror Axes

Body and Mirror Axes

A Schematic Diagram of the Accelerometer
A Schemafic Diagram of the Gyro

Nominal Orientation Between Gyros
Laboratory Coordinate Frames

Farth and Mirror Axes

vi

Page

II-13
I-24
II-27

V-6
-7
Iv-8
v-10
wv-12
Iv-14
Iv-15



Chart
I-1
I-2
I-3
I-4
1-5
1-6

i-8
I-D
I-10

-1
-2
-3
o-4
0-5
-6

n-7
II-8
II-9
I-10
I-11

o-12

I-13

n-14

n-15
II-16

LIST OF CHARTS

Laboratory Turn On Procedures Sheet
System Survey Procedures Sheet
Survey Results Sheet

TBI Determination

Test Table Resolver Settings

pBRm
Alignment Parameter Evaluation Procedures Sheet
Alignment Parameter Evaluation Sheet

Estimation Matrix Computations - Level

V Matrix

Determination

Test Table Resolvers Settings Sheet
Counter Connections Sheet

Counter Setiings Sheet

Cowmter Quiputs Sheet

Calibration Resulis Sheet

Gyro Scale Factor and (@
Sheet

Nonlinearity Experiments Procedures Sheet

Counter Settings Sheet For Nonlinearity Experiments
Counter Oulputs Sheet For Nonlinearily Experiments
J Term Experiment Procedures Sheet

Gyro Bias, Unbalance and Square Compliance
Calibration Procedures Sheet

Gyro Product Compliance Terms Calibration
Procedures Sheet

Accelerometer Bias, Scale Factors, Second Order
Terms and (QA)'1 Calibration Procedures Sheet

Accelerometer Third Order Terms Calibration
Procedures Sheet

Calibration Computations Procedures Sheet

Pogitions Required for the Determination of
Calibration Constants

Gyro Calibration Equations
Accelerometer Calibration Equations

G)'1 Calibration Procedures

vii

Page

1-4
1-7

1-8

1-10
1-11
1-12
I-19
1-20
1-22
1-26
-4

o-11

o-15
I-17
I-18
1I-20
I-23

o-26

n-30

om-32

-35
I-36

n-38
11-49



Chart

o-17
I-18
n-19
m-20
H-21
n-22
m-23

ir-24

oI-1
-2
nr-3
TiE-4
-5

oi-
Ii-8
I1-9
mi-10
mi-11
w-1
V-2
-3

LIST OF CHARTS (Continued)

Test Table Resolver Settings Sheet

Gyro Scale Factor Error vs Time

Gyro Bias Error vs Time

Counter Settings Sheet

Accelerometer Scale Factor Error vs Time
Accelerometer Bias Error vs Time

Accelerometer Scale Factor Error vs Time With
Level Corrections

Accelerometer Bias Exror vs Time With Level Corrections

Alignment Results Sheet

Mirror Alignment Procedures Sheet

Mirror Alignment Computations

Level Alignment Procedures Sheet

Level Alignment Preprocessing Computations
Level Alignment Estimation Routine

Level Alisnment Matrix Determination
Gyrocompass Alignment Procedures Sheet
Gyrocompass Alisnment Preprocessing Computations
Gyrocompass Alignment Estimation Routine
Gyrocompass Alignment Matrix Determination

The Fundamenial Accelerometer Model
The Fundamental Gyro Model
Defiition of Coordinate Frames

viii

Page

o-71
o-73
no-74
o-75
o-77
n-78
n-79

In-80

ni-3

ni-6

ni-§

Ii-15
mI-17
II-18
II-19
or-27
m-29
m-30
II-32
w-9

v-11
w-13



Diagram

1 o W B

=]

i0
11

12
13
14
15
16
17
18
19
20

LIST OF FLOW DIAGRAMS

System Survey — Acquisition of Mirrors With
Autocollimators

System Survey — Data Entry
System Survey — Computations

Calibration of Angular Velocity Sensitive Terms — Setup

Calibration of Angular Velocity Sensitive Terms —
Measwrement

Calibration of Acceleration Sensitive Terms for the
Gyros — Setup

Calibration of Acceleration Sensitive Terms for the
Gyros — Measuremeni

Acceleromeier Calibration — Sefup
Accelerometer Calibration — Measurement
Calibration Daia Eniry

Computation of Calibration Constants

Mirror Alignment — Setup

Mirror Alignment — Measurement and Data Eniry
Mirror Alignment — Computations

Level Alignment — Setup

Level Alignment — Measurement

Level Alignment — Computations

Gyrocompass Alignment — Setup

Gyrocompass Alignment — Measurement
Gyrocompass Alignment — Computations

Master Flow Diagram

Page
I1-14

1-15
I-16

II-56
Ii-58

II-60
o-61

1I-63
I-64
II-66
I-67

I-10
oi-11
Ir-12
m-21
IT-22
I-24
Im-34
II1-35
II-36

-4



GLOSSARY

As an aid to understanding the symbolism, we present the following rules of notation:

s  Wherever possible symbols will be used which suggest the name of the
parameter involved,

® Lower case subscripts are used almost exclusively for indexing over several
items, of the same kind, FExamples are the mdexes used to 1dentify the three
gyros, the three accelerometers, the two pulse trains of each accelerometer,
ihe two clock scale factors, etc.

s Lowercase superscripts are used to index over different positions.

s  Uppercase superscripts and subscripts will be used to distinguish between
parameters of the same kind, For example, T 1s used to identify a

transformation matrix, Lettered superscripts such as BE in TBE identify
the particular transformation,
e  An underline will identify a vector.

¢ Umt vectors are used to identify lines in space such as mstrument axes
and the axes of all frames of reference,

o Componenis of any vector along with any axis is indicated by a dot product
of that vector with the unit vector along the axis of interest.

o The Greek sigma (T) will be used for summations. Where the limits of
summation are clear from the context, they will not be indicated with the
symbol.

o The Greek A1s always used to indicate a difference.

s 5 ¢and C ¢ are sometimes used to identify the sine and cogine of the angle ¢.

e A friple line symbol (=) will be used for definitions.

e A superior "~"denotes a prior estimate of the quantity.

e A superior" ~ "denotes an estimate of the quantity from the estimation routine,
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Counters

Applied acceleration vector.

Elements of (QA)'l.

Unit vector directed along the input axis of the 1th accelerometer

i=1,2 3.

A vector determined by the Alignment Parameter Evaluation
Procedure and mput to the Estimation Routine.

Unit vector directed along the 1th Body Axis i=1,2, 3.

Gyro unbalance coefficients.

Gyro Compliance Coefficients,

The si1x frequency counters used as data collection devices
during calibration.

Accelerometer bias.

Accelerometer scale factor.
Accelerometer second order coefficient.
Accelerometer third order coefficient.

Unit vector directed East (§2).
Unit vector directed along the 1th Earth Axis.

Quantization error.

Frequencies of accelerometer strings 1 and 2, i zero
crossugs per second.

A triad of orthogonal unit vectors attached to the base of the
table.

Unit vector directed along the ith mput axis of the gyro.
Elements of (QG)"l.

The vector directed up that represents the normal force to
counteract gravity in a static orientation. Corresponding to
popular conventiion, this is referred to as the ''gravity vector')

Input/CQutput.
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Triad of orthogonal unit vectors attached to the mner axis of
test table,

Interface Electronics Unit — system interface device for the
laboratory computer.

Inertial Sensing Unit.
Gyro angular rate coefficient,

Number of samples of accelerometer and gyro data taken in
Alignment.

Position index used in calibration (superscript).

Matrix generated by Alignment Parameter Evaluation and used
by Alignment Estimation Routine.

Unit normal to ith mirror.

Unit vector directed North (E,).

Count of output puises from strings 1 and 2 of accelerometer.
Instrument noise in accelerometer.

Instrument noise in gyro.

Count of output pulses from strings 1 and 2 of accelerometer,

Count of timung pulses from master oscillator to frequency
counters.

Count of timing pulses from master oscillator to IEU.

Unmit veetor directed along the output axis of gyro.

Triad of orthogonal unit vectors attached to the outer axis
of the table.

Unit vector in the direction of the projection of M1 in the plane
formed by E and N. -

Defined on Chart 4-12 of the Development Document.

Defined on Chart 4-4 of the Development Document,

The transformation from accelerometer 1nput axes to body axes.

The transformation from gyro mput axes to body axes.



QII' QIS Gyro dynamic coupling coefficients.

r Position vector,

R Gyro bias.

R Triad of orthogonal unit vectors attached to rotary axis of

-t table.

Resolver Angular resolvers on each axis of the test table.

§1 Unit vector directed along the ith gyro spin axis.

§® Scale factor associated with pulsed output from test table rotary
axis.

S'iT Scale factor associated with timing pulses accumulated by the
frequency counters.

Sg Scale factor associafed with timing pulses to the IEU.

t Time.

T In alignment, the defermined alignment matrix to transform
from body to earth axes. T is equivalent to TBE.

TBI Transform from ISU body axes to inner axis frame.

pBRm Transform from ISU Body Frame Axes to Rotary Axis Frame n
the mth orientation,

T . Triad of orthogonal unif vectors attached to the trunnion axis

-1 of the test table,

U Unmit vector directed up (E1).

v Velocity vector.

W Uit vector directed along @E.

X-Y Dual mput on frequency counter that will difference two pulse
trains for comparison with a third input (Z).

Z Input on frequency counter for pulse train.

o The azimuth angle of the normal to the ith nurror.

(27)13 Pulsed output from the jth string of the ith accelerometer.

= 6)1 Pulsed output of the ith gyro.

L Gyro scale factor,



The clock quantization error.

In instantaneous alignment estimation techniques, this symbol
represents the length of time after completion of the Iast
measurement to the time at which the prediction i1s made.

The zenith angle of the normal to the ith mirror.

Local colatitude,

The estimated rms error in the magnitude of g.

The estimated rms error in the direction of "up'.
Angular displacement about the trunnion axis of the test
table for calibration position m,

Angular displacement about the rotary axis of the test table for
calibration position m.

Angular displacement about the outer axis of the test table
for calibration position m.

Angular displacement about the wmner axis of the test table
for calibration position m.

Covarance function of accelerometer noise used in Alignment
Parameter Evaluation.

Covariance function of translational aceeleration noise used
in Alignment Parameter Evaluation.

Covariance function of rotational noige used 1n Alignment
Parameter Evaluation.

Angular velocity vector.

Angular velocity of the test table rotary axis.

Earth rotation vector.

Component of earth rotation vector along the vertical.

Component of earth rotation vector along north.
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INTRODUCTION

This docwnent, 1 conjunction with two other volumes, describes the achievements of a
sizx-month study conducted for the:

Guidance Laboratory

Elecironics Research Center

National Aeronautics and Space Admimsiration
Cambridge, Massachusetits

by the.

Aerosgpace Systems Analysis Department
Umyvac Federal Systems Division

St. Paul, Minnesota

A Division of Sperry Rand Corporation

The purpose of the study 1s to develop iechnigques and oufline procedures for the laboratory
calibration and alignment of a strapdown mertial sensor unit. The Development Document,
Volume 1, presents a detailed analysis of the calibration and alignment problem and
develops a specific solution, The nucleus of the study output is the contents of Volume 1,
The Procedural and Parametric Trade-off Analyses, Volume 2, 15 a set of addendums
which serve to justify decisions made and conclusions reached in the development of
specific calibration and alignment techniques. This document, Volume 3, describes
specific procedures for an operational implementation of the solutions obiained 1n Volume
1. Volume 3 is an extension of the results of Volume 1 into an operational laboratory
situation, and is intended to be a handbook for use in the laboratory,

The complete study was performed for NASA/ERC as part of their evaluation of advanced
ggv.licia_nce and navigation concepis associated with the use of a strapdown wertial sensing
unit. Concurrently with defimng the ISU, NASA/ERC 1s developing a laboratory facility
and the requsite procedures 1o analyze and demonsirate the ISU. Calibration and
alignment are essential elements of these procedures.

As noted above, this document is intended to be & handbook for use in the laboratory. The
calibration and alignment procedures are defined in this document in as much detail as 18
possible at the present state of laboratory design. After the ERC laboratory design has
been finalized, some of the detailed procedures listings contained herein should be updated
to reflect elements particular to the detailed design of the laboratory.



The document 1s divided into four parts, Part I describes the aciivities that must be per-
formed prior to calibration and alignment. PartII describes the cahbration procedures.
Part III contams procedures o accomplish alignment of the ISU. Part IV contains
descriptive material on the ISU and laboratory configurations along with duplicates of the
forms to be used in the procedures.

The procedures described in Part I, Preliminary Activities, are the laboratory turn-on
procedures, the sysiem survey procedures, and the alignment parameter evaluation pro-
cedures. Section 1, Turn-on Procedures, is reserved for procedures to turn on the
laboratory equipment at the beginning of each day. The System Survey Procedures,
Section 2, determine the orientation of the ISU on the test table, and the test table settings
required {0 orient the ISU in calibration, Secticn 3 describes procedures to generate
parameter daia requred m certain alignment technmigues.

Part II contains detailed procedures to accomplish calibration. Sections 1 through 4 contain
procedure listings for obiaining measurement data and performing the computations.

Section 1 describes the calibration of gyro angular velocity sensitive terms. Section 2
describes the calibration of gyro acceleration sensitive terms. Section 3 covers the com-
plete cahibration of accelerometers; while Section 4 containg a listing of the ealibration
computations in sufficient detail to be used as the computer program definition, In

Section 5, Fundamental Modes, the procedures are presented schematically through the

use of flow diagrams. Section 6 contains material describing the predetermination of
mformation which 1s supplied to work sheets prior to calibration.

In Part T, three methods of accomplishing alignment are presented. The Mirror
alignment presented in Section 1 uses autocollimators to locate the normals of the ISU
mirrors from which the ahgnment matrix 1s determined. Section 2 describes the align-
ment which uses accelerometer measurements and mirror azimuth in the computation of
the alignment matrix, Gyrocompass alignment, Section 3, uses accelerometer and gyro
measurements of the gravity and earth rotational rate vectors, respectively to determine
the alignment matrix,

Part IV, Diagrams and Forms, contains charts and illustrations from the Development
Document that may be useful for the laboratory personnel in obtaining an understanding
of procedures or explaining the procedures to laboratory visitors.

L/
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The following discussion will help the reader of the manual to understand its structure,
and the laboratory user to take maximum advantage of ifs organization. The procedures
presented 1n this manual were developed so that they could be accomplished m an orderly
and straightforward manner. The procedures described in PartsI, II and IIT can be
considered as a set of experiments — some rather short — and others qute complex.
There are four types of materjal presented in the discussion of each experiment:

. Iniroductory Remarks
Detailed Procedures List
Computations

.  Fundamental Modes.

> 2 DD =

The introduction relates the particular experiment to the overall problem.

The detailed procedures list describes steps to be accomplished in the experiment under
discussion. These steps are listed on a form called the Laboratory Procedures Sheet.
There 1s one such form for each experiment, and they are intended to be used as a check
sheet during the procedures. Additional forms were designed to allow recording of both
intermediate data and results during the expermments. (Blank copies of the various sheets
are available m Part IV for duplication. )

The computations are presented in sufficient detail to allow the computations sections to
be used m specifyimng the computer program.

The fundamental modes discussion utilizes laboratory flow diagrams (see Part IV, Section
1) to pictorially represent the steps performed 1n the procedures. These sections should
be referred to by all readers who are not familiar with the procedures, before he attempts
to conduct any experiment, The laboratory flow diagrams are intended to keep the user

of the manual oriented with respect o the "big picture' of what is going on at each step.
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PRELIMINARY ACTIVITIES



LABORATORY PROCEDURES MANUAL
PART |
PRELIMINARY ACTIVITIES

TURN ON

SYSTEM SURVEY
PROCEDURES
COMPUTATIONS
FUNDAMENTAL MODES

ALIGNMENT PARAMETER EVALUATION

PROCEDURES
COMPUTATIONS

I-1



PART |
PRELIMINARY ACTIVITIES

This part containg instructions for performing the activities which are required before
calibration or alignment can be performed. In Section 1, the turn-on procedures are
delineated. Section 2 contains the system survey procedures, which develop information
that 1s a prerequisite to calibration. Section 3 lists procedures to generate parameters
used 1n alignment,



PART |
SECTION 1
TURN ON

The laboratory turn-on procedures mnclude prepower checks, safety checks, and turn-on
verification procedures. The specifics of these procedures are contained in Chart I-1.



CHART i-1

LABORATORY PROCEDURES

TABORATORY TURN-ON PROCEDURES

INSTRUCTIONS

4

COMMENTS

Note: This sheet will be completed
by laboratory persomnel afier
the laboratory design has been
finalized,

1-4




PART |
SECTION 2
SYSTEM SURVEY

After the ISU has been bolted to the test table, a system survey 18 performed for the pur-
poses of determining

= The orientation of the ISU with respect o the inner axis of the test table
¢  The fest table resolver setfings to be used during calibration to achieve the
desired ISU orientations (with respect to the earth and the test table rotary axis)

«  The value of the TBR matrix (which transforms from the ISU body axes frame to
a frame fixed to the test table rotary axis) for all calibration positions,

The operator should also verify that current estimates of the magnitude of gravily, earth
rate, and latitude are available. The procedures, computaiions, and laboratory flow
diagrams for all of these tasks are contamed in I-2.1, I-2. 2, and I-2, 3, respectively.



I-2.1 System Survey Procedures

The survey procedures to be accomplished are listed i Chart [-2, The Survey Resulis
Sheet (Chart I-3) is used during the survey procedure to record the results which will
later be used in the calibration procedures. The matrix TBI (the transform from the ISU
body frame to a frame fixed to the mner axis of test table) 1s not explicitly required in
subsequent procedures, but is included on the form for mformation. A master copy of
Chart I-3 1s provided in Part IV, which can be duplicated for use in System Survey
experiments,

The reader may refer to Section I-2. 3 for the laboratory flow diagrams which schematically
Hlustrate the procedures outlined in this section.

I-6



CHART I-2

LABORATORY PROCEDURES

SYSTEM SURVEY

INSTRUCTIONS

4

COMMENTS

1} Verify turn-on procedures completed,

2) Align autocollimators with mirrors,

3) Obtain from survey current estimates of
g , wh , and A and record on Survey

‘ Results Sheet,

4} Record test table resolver settings
(99, »5, 95, 93) on Survey Results Sheet.

5) Record azimuth and zenith angles (¥4, o,

8 12 62) from autocollimators on Survey
Results Sheet,

6) Enter computer with System Survey Program

7} Enter data from step 4 and 5 into computer,

8) Initiate computation of TOL, ¢, o3, TER™,
BRm BRm
Toa > Tgy

9) Record data on Survey Results Sheet and
dentify TBRm output,

1) See Part I, Section 1for
turn-on procedures.

2) Accomplished by trial and
ExXror,

8) m=1, 3, 5, 13, 14, 15,

6 to 9) Computations may be
accomplished manually,

1-7




Identification:
Daste:

Operator:

SURVEY RESULTS SHEET

CHART I-3

Current Laboratory Survey Information

fgl=

AUTOCOLILIMATOR READINGS

w sini=

wE cosA=

Position 0 Readings

Calculated Results

TBI _

Calibration Positions

111 1141
’33

TBRm ~BRm BRmr

12 99 T3y

mela

[
[ 5]

14

15

1-8



1-2.2 System Survey Computations

The computations to be performed during System Survey are shown on Charts I-4, I-5,
and I-6. These charts define the program for these computations,

Chart I-4 lists the computations which derive the fixed transform from the ISU body frame
to the test table inner axis frame. Inpuis to this computation are autocollimator readouts,
which deseribe the orientation of the mirror normals relative to the laboratory; and test
table resolver settings, which describe the orientation of the fest table relative fo the
laboratory. (See Part IV for a description of the geometry. )

Chart I-5 contains the computations for determming the resolver settings to be used during
calibration. The settings for the outer and nner axis resolvers (93, o] 4), for Positions

1, 3, 5, 13, 14, and 15, are the only angles which must be evaluated.

Chart I-6 Iists the computations which derive the transformations (TBRm) from the ISU
body axes to the rotary axis frame for all calibration positions. The second column of
the matrices are required in the computation of gyro bias and comphiance. The other
columns are computed for information only.

BI, the test table resolver settings, and the

BRm

Outputs of the survey computations are T

elements of TBRm. These will be recorded on the Survey Results Sheet. The T

elements should additionally be output in a form (such as paper tape) suitable for re-entry
mto a computer,



CHART I-4

TBI Determination

Given:

Find:

a set of resolver readings ¢g, ¢g, ¢g, and ¢2 from position zero and the

transformation from body to earth axes via autoccllimator readings
(TBSO TSEO)

the matrix TBI which transforms from the body axes to the axes fixed

to the inner gimbal of the test table,

1. From the laboratory geometry defimtions described in Section 3 we have:

Bl _ (TBSOTSEO) (TIOOTOROTRTOTTFOTFE)-I

where B8 0TSEO 1s given oy the autocollimators and
0 1 0
TIOO = | cos ¢2 0 -sin 952
N () 0
~sin ¢ 4 0 -cos 8y
0o 1 0o |
TORO =] cos ¢g 0 -sin ¢g
0 0
-SIn ¢~3 0 -cos ¢3
_ —
0 1 Q
TRTO ={ cos @3 0 -sin ¢g
-sm ¢g 0 -cos ¢g
0 1 o |
TTFO =| cos ¢{13 0 =-sin ¢?
-sin qbri) 0 -cos ¢g
1 0 0
oFE 0 1
0 0 1

I-10




1T1-1

CHART I-6

TEST TABLE RESOLVER SETTINGS

Position 1 Position 2 Posation 3 Positicn 4 Position 5 Position 6
qu 90° 90° 80° 9¢° 90° 90°
4>2 Rotating Rotating Rotating Rotating Rotating Rotating
1 I 1 o From 3 BI From 5 BI
$, | T cosdy=Tij| ) +180 cosPg=Ta1 | 63 4 180° cos®3=Tg; | ¢3 + 180°
% sm¢’% sm‘ﬁ}l:Tf’zI 1 sin¢>33 sin#’g:‘r?% 2 sinsbg sin¢2=T3]?’21 5
4 sin#% cos?s‘ll =T}33I ¢ 4 sm¢g cos‘#i:T]z?’g ¢ 4 sin¢g co s¢2=T§’§ 4’4
Position 7 Position 8 Position 9 Position 10 Position 11 Position 12
¢ |0 0° 0° 0o 0 0°
qb2 90° 90° 90° 90° 90° 90°
1 2 3 4 5 6
('63 ¢ 3 ‘;’ 3 9" 3 4,3 ¢ 3 ¢3
1 2 3 4 5 6
$y | ¢4 by Py ¢4 ¢4 by
Position 13 Position 14 Position 15
$q 0° 0° 0°
by | OO o0 oo
F 13 Bl .. BI 14 _ BI BI
¢3 rom costs” = 172 [Tll +T5 ] From4 cospy” =/172 [T11 + Tg1 From 0084%5 .vei [Tg,lx N T?II]
sinp}3 smp}® =vI72 [ . T8]] singg? smp}? - V72 (TS5 + TR ] sint%‘r’ sin}® = /7T 5L . 7B
¢ o 113 13 _ BI , ,.BI o hld 14 _ s 1B 15 _ BI , rBI
4 |sing3 cos¢4 J1/2 [T13 + T23] sm¢3 cos¢4 =J/1/2 [Tf’é + TBI} sm¢3 cos<f>4 =/1/2 [Tz3 + T2
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CHART I-6

TBRm Determination

Given: ¢, o, and T2

Find: TBRm

1. We know that

TBRm - TBITIOm.I.ORm

where TP! is given from a prior survey and

cos ¢13n 0 -sin Q%n

IOmOEm | . m . .m m m m
T T =|sin ¢3 sin ¢4 cos ¢4 cos ¢3 sin ¢4

sin qbgn cos ¢2n -sin qbin cos e%n cos Qﬁn

9. The first column of TER™ 1g the calibration control parameter. The values of
this column have already been included in the calibration equations.

3. The second column of TBRm
the calibration equations, 1s:

which is the only column required for inclusion imnto

T]132Rm = TlBg cos ¢ - 'I‘f'g Sl
TszRm = ng coSs ¢,Ifl - leag sm ¢f4n These equations need only be solved
form=1, 3, 5, 13, 14, and 15.
TR = 21 cos ¢ - T5h sin ¢}
4, 'The third column of TBRm, which is not required in the calibration equations, 1s

given for information:

BRm _ _.BI m BI m s L0 BI m m
T3 | =-Ty; s ¢3 + Tip cos g5 sin ¢, + Ty3 COS 93~ COS Py
T]23§lm = 'TEII sin G%n + Tg cos Q%n s qbfln + T% cos gbgn cos gsin
TSBgim = -T:?II smn ¢§n + T?ZI cos q%n sin 0321 + T?g cos qs;n cos ¢£n
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I-2.3 Fundamental Modes

The steps required to perform the system survey procedures are illustrated in Laboratory
Flow Diagrams 1 through 3. It 1s assumed that the laboratory turn-on procedures have
been performed before these steps are begun.

The operator first locates the mirrors on the ISU by use of the autoeollimators {as shown
on Flow Diagram 1). This is accomplished by a trial and error adjustment of the test
table's resolvers and the autocollimators. (The specific procedure depends upon the as
yet undefined autocollimator design,) After these system survey procedures have once
been performed, previocus settings may be used as a starting pomt for subsequent trial
and error procedures.

Next, the operator records (see Flow Diagram 2) the test table resolvers and autocollimator
readings on the Survey Results Sheet {Chart I-1). The computer 1s turned on, and the
system survey program entered into memory. This program may be written for any
general purpose computer. The resolver and autocollimator readings are entered into

the computer; and the computations contained in Section I-2. 2 are inifiated. The recording
of current survey information 1s also shown in Flow Diagram 2, including the magnitude

(g) of the gravitational vector and the components of earth rotational rate along north,

(o Esin ), and vertieal, (wE cos A). This step will be only infrequently required.

The computations are represented in Flow Diagram 3 as three subroutines. The auto-
collimator and resolver information is used to determine the transformation (TBI) from
the ISU body axes to the 1nner axis frame of the test table. This matrix 1s then used to
determmne the test table resolver settings which are required for orientation control during
calibration. The resolver settings, addifionally, are required for the determination of

the TB Rm matrices, which are used in the ealibration computations.

The computational outputs include the calibration resolver settings, TBRm, and TBI°
The TB I matrix is not required for calibration, but could prove useful for the purpose of
checking the computations. The output data 18 recorded on the Survey Results Sheet
(Chart I-2). The pBRm matrices should also be output on paper or magnetic tapes for
the purpose of re-entry to the computer before the computation of calibration constants.
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LABORATORY FLOW DIAGRAM #1
SYSTEM SURVEY - ACQUISITION OF MIRRORS
WITH AUTOCOLLIMATORS

1/0 Console
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1/0 Consale

LABORATORY FLOW DIAGRAM #2
SYSTEM SURVEY - DATA ENTRY
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IiO Console

w

LABORATORY FLOW DIAGRAM #3

SYSTEM SURVEY—COMPUTATION OF T8I g7 7 awp phRm

4

L 2

Operator
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and Monitor

'Computer
BR ‘
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o 14
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Auto, See CHART I-4
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BSee CHART I-5
Freq. Counters Master Oscillator =Y - }
Inter- .
Pgm. 1
Gyras :
c2 Gl E TBRm Determmation #’
| See CHART 1-6
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PART |
SECTION 3
ALIGNMENT PARAMETER EVALUATION

As a part of bhoth Level and Gyrocompass Alignment, an estimation 1s made of the body
axis components of the gravity vector. (Gyrocompass additionally processes an earth rate
measurement.) One of the two gravity estimation techniques outlined 1n this document
requires parameters that are not evaluated as part of the real-time program. Because of
the complexity of the computations and their repeated use, these parameters are evaluated
at some time before alignment. The procedures to generate these parameters are con-
tained in this section. The procedure listings are in the first subsection, and the
computations m the second.

This procedure need be performed only when one of the input parameters shown on the
Alignment Parameter Evaluation Sheet (Chart I-8) are changed.
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1-3.1 Alignment Parameter Evaluation Procedures

The procedures to obtain parameters to be used by the Alignment Estimation Routine are
listed in Chart I.T,

Before these procedures ean be accomplished, the parameters shown on Chart I-8 must
be determined. These parameters include a nominal value of the alignment matrix.
This value can be obtained 1 several ways including.

1. Determination from the autocollimators vsing Chart ITI-3,

2. Determination from the test table resoclvers and 7Bl using the mathematics
shown on Chart I-4,

3. By a quick Gyrocompass (or Level Alignment using simple average),
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CHART I-7

LABORATORY PROCEDURES

ALIGNMENT PARAMETER EVALUATION

INSTRUCTIONS 4

COMMENTS

1} Veriy input parameters are specified on
Alignment Parameter Evaluation Sheet.

2) Load parameter evaluation program mto
computer,

3) Enter wnput parameters trom Alignment
Parameter Evaluation Sheet.

4) Initiate computations.

5) After output, mark output reel and record
reel identification on Alignment Parameter
Evaluation Sheet.
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CHART 1-8
ALIGNMENT PARAMETER EVALUATION

Operator: , Outlput Reel No
Date-

INPUT PARAMETERS

K At Sec
[ 2] Ft./Sec? o Ft./Sec?
cg Rad.
TEBEST.) =

NOISE COVARIANCE FUNCTIONS

Time Accelerometer Noise Environmental Environmental
(Seconds) n Acceleration @, Rotation 98
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I-3.2 Alignment Parameter Evaluation Computations

The computations to be performed in order to determine the alignment parameters are
shown in Charts I-9 and I-10. These computations require, as inputs, the parameters
shown on the Alignment Parameter Evaluation Sheet, and an additional parameter, € T
The constant Ep equals the interval of time between the completion of the last measure-
ment and the time at which the value of the alignment matrix 1s to be predicted. €q will
be equal to the mmimum time required to complete the alignment computations.

The covariance (see Section 5 of the Development Document) of the mstrument and
environment noise are input by use of tabular data. They are numerically integrated and
used 1n covariance matrices as funcfions of the number of samples and intersample time,
The nature of this data may dictate that it is more convenment to determine analytic
approximations of the covariance functions and to integrate the functions in closed form.
Or it may be desirable to mput the matrices for each intersample time and maximum K
to be selected.

The outputs of the computations are a matrix M and a vector b. These are output in paper
tape format for entry into the computer at the time of alignment.
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CHART I-9

ESTIMATION MATRIX COMPUTATIONS — LEVEL

Inputs: intersample time, At (sec)
number of samples, K
estimate of gravity, & (£t/sec?)
rms error in gravity estimate O (ft/secz)

EB 7
» Ty

estimate of T
rms angular error in prior estimate of vertical, og (radians)
noise covariance functions (tabular)

® accelerometer noise sbn(t) (ftz/sec4)

* {ranslational acceleration noise 8 (t) (ftz/ secé)

* rofational noise ¢, (t) (radianz)
prediction time €, (sec)

Outputs: alignment parameters M and b

The wntermediate quantities Ea’ T, EM, Cy» cJ and Bg are computed from the

mputs.
] Ea 18 Kx K matrix with components
At .
(Ea)i] = J’O At - ulg, (u +(3-1) At)du

0
+ IA LAt + ul ¢ (u+ (1-DAt)du
-At

. En is K x K matrix with components .

At
(En)i] = IO LAt - u](bn(u + (J-1)At)du

0
+f [At+ud ¢ (u + (3-D)At)du
N
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CONTINUATION OF CHART I-9

. Z(Mb 1s a K x K matrix with components

At
gl = g [at - ulg, (u+ (1) At du

0
+ [ [at+ algg(u+ (-2) At)de

- At
* CO = @O(O)
At )
* o = g‘ 8y (w+ (-1)At - KAt - € )du 1= 2, ---, K

where the mtegrals are evaluated by a convenient integration technigue such as
trapezoxdal rule or Simpson's rule,

° Eg 1sa 3 x3 matrix

From these intermediate gquanfities, EN‘ EZ, vV, A, B, ay- and a, are computed.

. EN 18 a 3K x 3K matrix
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CONTINUATION OF CHART I-9

° I, isa (5K + 5) x (6K + 5) matrix

[ 1
Tsl | E
I~ TEE}:—_____I ______ 3K
__.'_ ___________
! cO_‘IEI HCK:_ 1
c_\ __________
Ty = | =1 Zgg |
|
| 'C_K____l_]_ _____
B S Bk |1
N
° || ) Tee =
| | I ch' .

3 3K1 K 1 K
Numbers at edges of matrices denote dimension of submatrices.
¢ Matrices A (3 x 3} and B (3 x 3K) are submatrices

A B

-1
- (VI VH
8T p z

where matrix V 1s the (3K + 3) x (5K + 5) matrix given on the following chart,

At g (Tihy
B 7 ALE (Tq)yy
At £ (Tylgq
AtE (Tq)yq

AtE(Tyyy

A

joo
foat

|

e
—
Y

-~
o
ot

|
o

1

O i T

w
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CONTINUATION OF CHART 1-9

Then, the outputs are given hy:

e M= -A"lB

1

Note that A™~ is the covariance malrix of the estimate.

¢ b =2 +4alBa
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_._1 I { é(fl)ls ;*g(?l)lz |
1| 0 | B(T))gq 0 I'E(Tl)zz | 0
b R [
At Tl ! é(f1)13 l |"§(T1)12
: : 1 || 0 | o |
At BT -§(Ty)
B e BT | T
ot | . | B(T))gg | RESUY
. I I 0 | 0 | N
S-S S SO A -5 1) | P BTyl
ad | 8(Ty)33 | |-8(T gy
| | o . [ o :
. N o~
LAY : g("71)33= [ “8(Tylgp
3K 1 K 1 X =
(dagonal) {diagonal) (diagonal)

All mmssing enfries are zero.

(T,).. denotes the (i, J) component of T,.
1’13 1

Numbers at the edge of the V matrix denote the dimension of the submatrices.
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I1-2

II-3

I1-5

LABORATORY PROCEDURES MANUAL
PART I
CALIBRATICN

CALIBRATION OF GYRO ANGULAR VELOCITY SENSITIVE TERMS
SCALE FACTOR AND (Q%)1

NONLINEARITY EXPERIMENTS

J TERM EXPERIMENTS

CALIBRATION OF GYRO ACCELERATION SENSITIVE TERMS

BIAS, UNBALANCE, AND SQUARE COMPLIANCE TERMS
PRODUCT COMPLIANCE TERMS

CALIBRATION OF THE ACCELEROMETERS

SCALE FACTORS, BIAS, SECOND ORDER TERMS AND (@®)1
THIRD ORDER TERMS

CALIBRATION COMPUTATIONS

PROCEDURES

GYRO COMPUTATIONS

ACCELEROMETER COMPUTATIONS

FUNDAMENTAL MCDES

CALIBRATION OF GYRO ANGULAR VELOCITY SENSITIVE TERMS
CALIBRATION OF GYRO ACCELERATION SENSITIVE TERMS
CALIBRATION OF THE ACCELEROMETERS

CALIBRATION COMPUTATIONS

RESOLVER AND COUNTER SETTINGS

TABLE RESOLVER SETTINGS
COUNTER SETTINGS
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PART I}
CALIBRATION

This part of the document contains the instructions to perform a calibration of the ISU.
Calibration is the process of determining the instrument model coefficients and the elements
of the matrices to transform from the instrument frames to the body frame. It 15 ac-
complished by: 1} taking measurements with the instruments contained m the ISUn a
known input environment; and 2) using the relationship between the known kinematic inputs
and digital outputs of the mstruments to determine the instrument model coefficients and
the elements of the matrices. The kinematic mputs consist of the earth's "gravity"
vector, g; the earth's rotational vector, E; nolse; and, 1n some cases, the angular
velomty-af the test table, o T. By judicious choices of ISU orientations relative to these
vectors, it is possible to 1solate terms 1n the models. Computation of the calibration
constants can then be greatly simplified, and higher accuracy may be achieved.

After the ISU has been mounted on the test table, the system survey procedures contained
i Part I, Seetion 2 are performed to determine the crientation of the ISU relative to the
table, and to determine the test table resolver settings for all calibration positions. The
calibration procedures contained within this part of the document cannot be performed
untid after those activities have been accomplished.

The calibration presentation is divided into six sections. The procedures which dictate
the collection of data for determining the constants related to angular velocity sensitive
terms are contained m Section 1.

Sections 2 and 3 contain the procedures for determining the constants related to accelera-
tion sensitive terms in the gyro and the accelerometer, respectively. The calibration
computations are contained in Section 4; and 1n Section b there are schematic descriptions
of all calibration procedures. Section 6 1s included as an aid to the analyst in developing
the wnformation required on various calibration work sheets,

Information required to perform the various calibration procedures, and the forms used
to supply this information, include

1. Resolver settings (Test Table Resolver Settings Sheet)
2. Selected elements of the matrix transforming from the body frame to the test

table rotary axis frame at certain positions (TBRm), for use in calibration
computations (computer entry format)
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3. Measurement counter connections (Counter Connections Sheet), and
4. Measurement counter settings (Counter Setiings Sheet).

The test table resolver settings are determined in the System Survey Procedure (see
Section I-2). The operator will obtain the information required 1n the Resolver Setlings
Sheet (Chart II-1) from the Survey Results Sheet described in Section I-2, The accuracies
to which the resolver settings are required are discussed 1n Section II-6,

The required TB Rm

settings should be available from the current system survey procedure
m a format suitable for computer mput (probably paper tape). If not, they may be obtained

from the Survey Results Sheet.

The counter connections to be used in calibration are shown in the Counter Connections
Sheet (Chart II-2). The selections of counter connections are prompted by the requirement
to mimimize poggible error and to mintmize the need for reconnection. If, at a later

date, 1t 1s necessary to change these connections, the Counter Settings and Outpuis Sheets
must also be changed.

The counter settings are specified by the Counter Settings Sheet, Chart II-3. The values

1o be assigned to these settings are functions of the calibration accuracy requirements
which are a function of measurement time, The determination of these setfings 1s discussed
m Section II-6.

Addational work sheets include the Counter QOutputs Sheet (Chart I1-4), which 1s used to
record mtermediate data; and the Calibration Results Sheet (Chart II-5), which 1s used

t0 record the calibration results. Since all of the above mentioned sheets are common

to the entire calibration procedure, they are consolidated here rather than being scattered
throughout this part of the document. Master copies of each of the sheets are wncluded 1n
Part IV. which will be duplicated for use in conducting experiments.

I1-3



-1

TEST TABLE RESOLVER SETTINGS

CHART II-1

Position 1 Position 2 Position 3 Position 4 Position 5 Position 6
4;1 g90° Ty 90° 90° 90° 90°
Rotating Rotating Rotating Rotating Rotating Rotating
2
n
$s qb?} +180° ¢>g 4 180° po +180°
¢ 1 3 5
Position 7 Position 8 Position 8 Position 10 Position 11 Position 12
4)1 02 * 0" 0°  * 0° * 0° % Q° *
4>2 90° 90~ 90° 00° 90° a0°
1 2 3 4 5 6
* Y % * * *
<f’3 4)3 4’3 9‘)3 953 <#3 4’3
1 1 3 3 5 5
b4 P4 Py Py 4 b4 Py
Position 13 Position 14 Position 15
b, 00+ 0° * 00 *
¢2 90° 90° 90°
¢3 * * *
4’4

* Requares bubble level correction.
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COUNTER CONNECTIONS

CHART II-2

Experiment: Date-
Positions Counter 1 Counter 2 Counter 3 Counter 4 Counter 5 Counter 6
é’ & Mast
= aster
@)
o *g Oscillator Gyro 1 Gyro 2 Gyro 3 Mot Requared Not Reguired
%
< o
~ g2 Table Table Table Table
8 L o Rotation Rotation Rotation Rotation
P N g
o
R
2 8| Measure Z Measure 24 Measure Z Measure 7
H =
3
8 §
g A| Not Required Gyro 1 Gyro 2 Gyro 3
Q
-
™4 [T =
! 2 O
o~ 8 43 Master Master Master
% < 2 Oscillator Oscillator Oscillator
]'>(
@] -
58
% % Measure Z Measure Z Measure Z
ol
4
e E§
o O 43 Accelerometer 1| Accelerometer 1l Accelerometer 2| Accelerometer 2| Accelerometer 3| Accelerometer 3
- @ g Line 1 Line 2 Lane i Line 2 Line 1 Line 2
=
B =]
E 5 B Master Master Master Master Master Master
8 (N) § Oscillator Oscillator Oscillator Oscillator Oscillator Oscillator
&)
i
5 3¢
% % § Measure X-Y Measure X-Y Measure X-Y Measure X-Y Measure X-Y Measure X-Y
[7a]
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COUNTER SETTINGS

CHART II-3

Experiment: Date:
Positions Counter 1 Counter 2 Counter 3 Counter 4 Counter 5 Counter 6
(EnP)m (EnP)m (Znb)m (Znh)™
1 Not Required Not Required
2 _2
53
4
5 -
6
Not Required (an{")i}m (Zn?)g’m (zn'll‘) ?m
7
8
O 9
& 10
° 1
12
13
14
15 A4 v N
T3 €71 (Z7)o1 E7)2s (a1 Cy)5s

[sol B |

:=]

11

12

i3

ACCELEEOMETER
—
o

14

15
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COUNTER OUTPUTS

CHART II-4

Experiment:

Date-

Positions

Counter 1

Counter 2

Counter 3

Counter 4

Counter 5

Counter 6

(E o)™

T3

(£8)%

X

Not Required

Not Required

GYRO

Ta o W |G o |-

Not Required

()]

(8)5

(Ts)5

GYRO

oL
&~

A 4

(Zn.:Lr) fﬁm

(zn)pe"

(Zog) o

T\ Am
(Xny) 55

(£n]) 4

(TaDAP

10

11

A2

13

ACCELEROMETER

14

15




Experiment:

CALIBRATION RESULTS SHEET

Principal Operator:

Date:

CHART II-5

PROCEDURE DESCRIPTION

Survey Results Sheet Used
Resolver Settings Sheet Used
Counter Settings Sheet Used
Counter Quiputs Sheet Used
Special Procedures

RESULTS
Parameter Units Instrument 1 Instrument 2 Instrument 3
Gyros
Ad Deg/Pulse
(G- By)
G;" By)
(G- By)
R Deg/Hr.
By Deg/Hr. -g
By Deg/Hr. ~g
Bg Deg/Hr. -g
Cor Deg/Hr. -g2
Cgg Deg/Hr, —g2
Crg Deg/Hr. -g°
Cog Deg/Hzr. -gz
Cro Deg/Hr., —gz
Qp Hr. /Deg.
QIS Hr. /Deg.
J Hours
Accelerometers
D, (Pulses/Sec)/g
4By
(8- By)
(4;- B3)
D 0 g
D, g/g2
Dy 8/g3




PART I
SECTION 1
CALIBRATION OF GYRO ANGULAR VELOCITY SENSITIVE TERMS

This section describes the procedures to obtain measurement data used in the determination
of the constants associated with the angular velocity sensitive terms of the gyros., This set
of procedures will probably, but not necessarily, be accomplished before the procedures
described in subsequent sections. The measurements described in this section are taken
with the rotation from the test table as the principal kinematic 1nput.

Subsection II-1.1 contains the procedures to obtain data to determine the scale factors of
thethree gyros and the mverse of the QG matrix which transforms from the gyro framse
to the ISU body frame. Measurements are made 1n six positions, dencted as Posifions 1
through 6,

In II-1. 2, the procedures to cbtain data for determination of scale factor nonlinearity
are described, These procedures will be performed as a separate experiment rather than
as a part of a complete calibration.

Subsection II-1, 3 contains the procedures for the evaluation of the Jterms. These pro-
cedures will also be performed as a special experiment, rather thanas a part ofa
complete calibration.

The reader may refer to Section II-5.1, Fundamental Modes, to further his understanding
of the procedures described 1n this section.



II-1.1 Scale Factor and (QC)~1

The procedures to obtain measurement data used to compute the gyro scale factor and the

mverse of the matrix (QG) are listed in Chart II-6. These procedures utitize Positions
1 to 6 as shown on Figure II-1.

Ir-10



CHART II-6

LABORATORY PROCEDURES

CALIBRATION OF GYRO SCALE FACTOR AND (Q%)~! — PoSITIONS 1 TO 6

INSTRUCTIONS V COMMENTS
1) Verify that the data required for the mea- 1) See Section 1I-6.
surements are available on the Resolver
Settings and Counter Seftfings Sheets.
2) Verify that the turn-on procedures have 2) The turn-on procedures are
been performed and the equipment required given in Section I-1,
is operating,
3) Connect gyros, master oscillator, and ro- 3) See Counter Comnections Sheet
tary axis output to frequency counters, for comnection assignments.

4} Set counters to "measure Z' mode,

5) Set 9 to 90°,

6) Set (L n® )m=1 on frequency counters. 6) See Counter Settings Sheet.
Note: All four counters will

be set to the same value,

T Set ¢4 and ¢4 to ¢1§1=1 and ¢21'1. 7) Obtain settings from Resolver
Settings Sheet.

§) Start table rotating and adjust speed., 8) Speed should be adjusted to
just less than gyro saturation
level.

9) Start data collection, 9) After {able has passed resolver

output angle, switch all coun-

ters to operate before the

10) After counters output, switch all counters output angle is again reached

so that fime measured on
to standby and stop table. Counter 1 is the measurement

tune for all gyros.
11) Record counter outputs on Counter Outputs

Sheet,
12) Rotate $g by 180°, 12) This rotation moves table to
Position 2.
13) Start table rotating, Adjust speed to that 13) 1t ¢ can be rotated accurately

used for m=1. with the table in motion, it may

not be necessary to stop the
table.
14) Perform steps 9 to 11 for m=2.
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CHART II-6 (Cont.)

LABORATORY PROCEDURES

CALIBRATION OF GYRO SCALE FACTOR AND (Q%) ™! —~ POSITIONS 1 TO 6 (Continued)

INSTRUCTIONS ,/

COMMENTS

15) Perform steps 6 to 14 for m=3, 4, and
m=5H, 6,
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Up
Rotary Axis

East

Trunnion Ax:s

B

1

Positions 1 and 2,

®

Up
Rotary Axas

East

Trunnion Axis

By

Positions 3 and 4,

®

Up
Rotary Axis

East

Trunnon Axis

Bg

Positions 5 and 6.

®

Up

Rotary Axis
By

~

®

Up

Trunnion Axls East

By aligned with rotary axis in plus and minus sense

Rotary Axis

By

~

Up

®

Trunmion Axis East

Bg aligned with rotary axas in plus and minus sense

Rotary Axas
By

BEast
Trunnion Ax1s

Bg aligned with rotary axis i plus and minus sense

In these positions, §. 1s set at 90° so that the rotary axis
18 horizontal. The table 18 rotating

Figure I-1, Test Table Orientations For Positions 1 to 6
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1I-1. 2 Nonlinearity Experiments

This section describes the procedures to perform the experiments to determine the non-
linearily of the gyro seale factors. The derivation of this experiment 1s described 1n
Section 4, 2, 4 of the Development Document.

Basically, the experiment consists of measuring gyro ouiputs for several speeds of the
test table, plotting the frequency of the gyro output as a function of the angular veloecaty,
and determining the functional relationship between the angular velocity input and the gyro
output from the plot.

The measurements from each gyro are taken when its input axi1s 15 nominally directed

along the table rotary axis. Positions 1, 3 and 5 (see the preceding subsection) will be

used in these experiments. The test table 1s brought to a constant angular velocity and
measurements are made for N whole turns, where N is selected to minimize the quantization
and noise errors. Frequency counters are used to measure the time and the count of

gyro output pulses for the N turns. The process is repeated at several different angular
velocities for each gyro.

Next, the total angular velocity and the frequency of gyrc output is computed and plotted
for each measurement. A separate plot 1s made for each gyro. From these plots, the
relationship between frequency of output and angular velocity can be determined,

The Counter Settings Sheet and the Counter Outputs Sheet are modified as shown in Charts
Ii-8 and II-9 for use during this experiment. A listing of laboratory procedures for the

nonlinearity experiment is contained on Chart Ii-7, Master copies of Charts II-8, and II-9
are available in Part IV.
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CHART II-7

LABORATORY PROCEDURES

NONLINEARITY EXPERIMENTS

INSTRUCTIONS

4

COMMENTS

1} Verify that the data required for the mea-
surements are available on the Resolver
Settings and Counter Settings Sheets.

2) Verify that the turn on procedures have
been performed and the equpment required
1s operating,

3) Connect gyros, master oscillator and
rotary axis outpul to frequency counters.

4) Set counters to "measure Z" mode.

5) Set q’g and ¢, to ¢ and o', Set 9,
to 90%,

6) Set (T n¢) on counters for this gyro and
this speed,

7} Start table and adjust speed for
measurement 1,

8) Swaitch counters to operate.

9) After counter output, switch counters
to standby,

10) Record counter outputs on Counter
Outputs Sheet.

11} Repeat steps 6 to 10 for all speeds for this
gyro,

12) Stop table.

13) Repeat steps 5 to 12 for gyros 2 and 3.

counter setfing )
t

14) Compute w = Sr{ (counter 1 outpu

wE sin A,

1)

2)

3)

4)

5)

6)

7

8)

14)

See Section II-6.

The turn-on procedures are
given 1 Section I-1,

See Counter Connections Sheet
{(Positions 1 to 6) for connection
assignments,

See Resolver Settings Sheet.
Position 11s used for gyro
1 experiment.

m=1for gyro 1, m=3 for gyro
2, and m=5 for gyro 3,

Settings obtained from Resolver
Settings Sheet.

Use Counters 1 and 2 for gyro

1, Counters 1and 3 for gyro 2,
and Counter 1and 4 for gyro 3.
Set from Courter Settings Sheet,

Obtain speed setting from
Counter Settings Sheet,

Make sure that a rofary axis
ouiput pulse does not occur
between the time the two
counters are switched,

wE sm A from Survey Resulis

Sheet. S'{ is scale factor for

master oscillator output, Data
may be recorded on Counter
Outputs Sheet,
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CHART II-7 (Cont.)

LABORATORY PROCEDURES

NONLINEARITY EXPERIMENTS (Continued)

- INSTRUCTIONS ’/ COMMENTS
. T counter i ouiput
15) Compute P = 51 (counter 1 output) 15) Record on Counter Qutputs

i=2, 3, or 4for gyros 1, 2, or 3, respectively

16) Plot P agamnst w on graph paper for
each gyro.

17) Analyze plots to find f where P = f( ),

Sheet,
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LI-H

COUNTER SETTINGS

CHART II-8

Experinment:

(yr0 Scale Factor Nonlinearity

Date,

Positions

Counter 1

Counter 2

Counter 3

Counter 4

Angular Velocity

Not Required

[




81-II

COUNTER OUTPUTS

CHART II-9

Experiment

Gyro Scale Factor Nonlinearity

Date-

Positions

Counter 1

Counter 2

Counter 3

Counter 4




II-1.3 J Term Experiments

The positions to be used during the experiments which determine the value of the J term
are the same as Positions 7 and 11 with the modification that the test table will be rotating,
Gyro output data are collected over a period durmg which the angular velocity of the table

has changed. This experiment is the only calibration experiment that requires evaluation
of the integrals:

o [sineydt
. fcoswz dat

which vary as a function of time, The manner 1n which these integrals are determined will
depend upon the manner in which the test table angular acceleration 13 commanded durmg
the experiment, This cannot be specified until the test table 18 evaluated to discern its
ability to control angular accelerations. For this reason, the detailed procedure listing
for the Jterm has not been completed. After sufficient data has been obtained on the
operation of the test table, an approach to the evaluation of these integrals can be selected.
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CHART 1-10

LABORATORY PROCEDURES

J TERM EXPERIMENT

INSTRUCTIONS

4

COMMENTS

Note: This sheet will be completed
by laboratory personnel after
the test table angular accelera-
tion control has been specified|
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PART 11
SECTION 2
CALIBRATION OF GYRO ACCELERATION SENSITIVE TERMS

This section describes the procedures for obtaining data to determine the gyro acceleration
sensitive coefficients. The positions used in these experiments are 1dentical with those
used in accelerometer calibration (see Section I1I-3). Section I-2, 1 lists the procedures

for the determination of the bias, unbalance, and sguare compliance terms. Section

1[-2.2 contams procedures for the determination of the product compliance terms.
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I-2,1 Bias, Unbalance, and Square Compliance Terms

The procedwres fo obtain measurement data to be used to compute gyro bias (R), unbalance
(BI’ BO, BS) and sguare compliance (CII, CSS) terms are listed in Chart II-11, 'These
procedures utilize test table Positions 7 through 12 shown on Figure II-2.
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CHART I-11

LABORATORY PROCEDURES

CALIBRATION OF GYRO BIAS, UNBALANCE AND

SQUARE COMPLIANCE TERMS

POSITIONS 7 TO 12

INSTRUCTIONS

4

COMMENTS

1) Verify that the data required for the mea-
surements are available on the Resolver
Sethings and Counter Settings Sheets,

2) Verify that the turn-on procedures have
been performed and the equipment required
in operating.,

3) Connect gyros and master oscillator to
frequency counters.

4) Set counters to "measure Z' mode.

5) Set 1 to 09 plus level correction and
85 to 90°,

6) Set ¢s to ¢3 plus level correction
and 8, to 9,977,

r T Gm=T
T) Set (?—lnl )i

8) Start measurement by switching counters
to operate, After counter output, switch
counters to standby.

9) Record data ('Eé\)inzl7 on Counter Outputs
Sheet,

10) Rotate ¢4 by 180°,

11) Repeat 7 to 9 for m=8,

12) Repeat 6 to 11 for m=9, 10; and m=11, 12.

1) See Section II-6,

2) The turn-on procedures are
given in Section I-1.

3) See Counter Comnections Sheet
(Positions 7 to 15, gyro) for
connection asmgmnents,

5} Level corrections are obtained
from test table bubble levels.

6) Settings obtained from Resol-
ver Seitings Sheet.

7) These settings are on the
Counter Settings Sheet.

9) This number may be positive
or negative,

10) This rotation moves table to
Position 8,
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@ Up ?

By

-

Outer Ax15>/

Trunnion Ax1s

Up A

/ East

+
Eas Outer Trunnion Ax1S
Axas

4 Rotary Axis

Positions 7 and 8. By pointing up and down.

® Ueg B

Quter
Axis

Trunnion Axis

Kast

«— Rotary Axas

VB,

Up 4

East

Qut
Axas

<4——Rotary Axis

Positions 9 and 10, B2 pownting up and down.

@ Upp B

Quter
Axis

Trunnion Ax1s

Positions 11 and 12,

&)

Trunnion Ax1s

<“—— Rotary Axas

VB2

Up?

East Outer Trunnion Ax1S
Axis

«4+——Rotary Axis

Bg pomting up and down

East

«+—— Rotary Axis

vBs

In these positions, ﬁl 1s set to 0°, and ﬂz 1s set to 90°

Figure II-2, Test Table Orientations For Positions 6 to 12
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II-2,.2 Product Compliance Terms

The procedures {o obtain measurement data to be used to compute gyro product compliance

terms (Cyq, Cyqs Cg) are listed in Chart I-12. These procedures use test table Positions
13, 14 and 15 shown on Figure II-3.

I-25



CHART H-12

LABORATORY PROCEDURES

CALIBRATION OF GYRO PRODUCT COMPLIANCE TERMS — POSITIONS 13 TO 15

INSTRUCTIONS

4

COMMENTS

1) Verdy that the data required for the

measurements are available on the Resolver

Settings and Counter Seitings Sheets.

2) Verify that the turn-on procedures have

been performed and the equipment requred

is operating,

3) Connect gyros and master oscillator
to frequency counters.

4) Set counters to "measure Z'" mode,

5) Set ¢4 to 0° plus level correction and
¢9 to 90°,

=13
6) Set ¢4 to 93"

m=13
¢4 to ¢4 .

plus level corvection

7) Set & ntlf )Ci}m=13 on frequency counters.

8} Start measurements by switching counters
to operate. Affer counter cutput, swiich

couniers to standby.

9) Record data (T )1111=13 on Counter
Outpuis Sheet.

10) Repeat steps 6 to 9 for m=14; and m=15,

n

2)

3)

)

9)

See Section II-6,

The turn-on procedures are
given in Section I-1,

See Counter Connections Sheet
(Positions 7 to 15, gyro) for
connection assignments.

Level correchions are obtained
from test table bubble levels,

Settings obtained from Resolver
Settings Sheet.

These settings are on the
Counter Settings Sheet.

These numbers may be
positive or negative.
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A Rotary Azis
B]_ /7/

By
East
Trunnion Axis
Quier Axis
Position 13. Bj and By 45° off the vertical
@ Up Rotary Axis
. Bl A’/?/
B3
Trunnion Axis East
QOuter Axis
Position 14, Bl and B3 45° off the vertical
@ Up Rotary Ax
A y 15
- g
Bj3
Bast
Trunnion Axis as
Outer Axis

Posation 15. B‘2 and B3 45° off the vertical

In these positions, ﬁl 15 set at 0°, and ﬂz at 90°.

Figure II-3. Test Table Orientations For Positions 13, 14, and 15
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PART T1
SECTION 3
CALIBRATION OF THE ACCELEROMETERS

Acceleromefer calibration measurementis are made at the same posifions as used to
determine the gyro acceleration sengitive terms (sée Section II-2). Section II-3,1 des-
cribes the procedures for obiaining data for the determumation of all accelerometer
constants other than the third order term. Procedures to obiamn data to determine the
third order term are contained in I-~-3.2, The flow diagram descriptions of all procedures
are contained in -5, 3,
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I-3.1 Scale Facior, Bias, Second Order Terms and (QA)'I

The procedures to obtain measurement data to be used to compute each acecelerometer's
scale factor (Dl)’ bias (DO), second order term (Dz), and the transform from accelerom-
eter to body axis frames are listed in Chart -13. These procedures use test table
Positions 7 through 12 which are illustrated in Figure I1-2 in Section IT-2. 1,
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CHART H-13

LABORATORY PROCEDURES

CAILIBRATION OF ACCELEROMETER BIAS, SCALE FACTORS,

SECOND ORDER TERMS (Q4)~

— POSITIONS 7 TQ 12

INSTRUCTIONS

4

COMMENTS

1) Verify that the data required for the
measurements are available on the Resolver
Settings and Counter Settings Sheets.

2) Verify that the turn-on procedures have
been performed and the equipment required
is operafing,

3) Connect accelerometers and master
oscillator to frequency counters.,

4) Set frequency counters to "measure X-Y"
mode,

5} Set ¢1 to 0° plus level correction
and ¢, to 90°

6) Set ¢q to ¢§n=7 plus level correction
and 9, to ¢I4n=7.

T) Set (27)?; 7 on frequency counters.

8) Start measurement by switching counter to
operate, After counter outpuf, swiich
counters to standby,

9) Record data (T n}l )ﬁnﬂ on Counter Qutputs
sheet,

10) Rotate ¢4 by 180°.

11) Repeal steps 7 to 9 for m=8,

12) Repeat steps 6 to 11 for m=9, 10; and
m=11, 12,

1} See Section;II-6.

2) The turn-on procedures are
given 1n Section I-1.

3) See Counier Connections Sheet
(Positions 7 to 15, accelerom-
eter) for connection
assignments.

5) Level corrections are obtaned
from the test table bubble
levels,

6) Settings obtained from
Resolver Settings Sheet,

7) These settings are on the
Counter Settings Sheet,

10) This rotation moves table
toPosition 8.
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II-3.2 Third Order Terms

The procedures to obtain measurement data to be used to compute the third order term
(DS) of each accelerometer are listed in Chart II-14. These procedures use test table
Positions 13 and 14, which are shown on Figure II-3 in Section II-2.2,
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CHART II-14

LABORATORY PROCEDURES

CALIBRATION OF ACCELEROMETER THIRD ORDER TERMS-POSITIONS 13 AND 14

INSTRUCTIONS

4

COMMENTS

1) Verify that the data required for the mea-
surements are available on the Resolver
Setting and Counter Settings Sheels.

2) Verify that the turn-on procedures have
been performed and the equipment required
is operating,

3) Connect accelerometers and master
oscillator to freguency counters.

4) Set frequency counters to "measure X-Y"
mode,

5) Set ¢1 to 0° plus level correction and 9,
20°,

6) Set # to ¢0=13

and ¢ to 9313,

plus level correction

7) Set (Ey)ﬁl; 13 n frequency counters.

8) Start measurement by switching counters
to operate, After counter cufput, swiitch
counters to standby,

9) Record data (& n'f )ﬁin=l3 on Counter
Qutputs Sheet,

10) Repeat steps 5 to 8 for m=14,

1) See Section L-6.

2) The turn-on procedures are
given in Section I-1,

3) See Counter Connections Sheet
(positions 7 to 15 accelerom-
eter) for connection assignment

5) Level corrections are obtained
from the test table bubble
levels,

6) Settirgs obtamed from
Resoiver Settings Sheet.

T) These settings are on the
Counter Settings Sheet.
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PART 11
SECTION 4
CALIBRATION COMPUTATIONS

Contained herein are the procedures to accomplish the ecalibratien compuiations, and the
equations to be programmed fo determine the calibration consiants. The first subsection
containg the procedures listing to accomplish the computations. The equations for the
gyro and the accelerometer calibration constants are presented in H-4.2 and 11-4. 3,
respectively. These equations are prasented in sufficient deizil to define the program,
The compuiations may be programmed to run on any general purpose compuier. The
program should be consiructed so thai it is general enough to allow compuiations for a
partial calibration. Schematile illustrations of the procedures to accomplish the
calibration compuiations are contained in Section II-5.4.
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II-4.1 Calibration Computation Procedures

The procedures to perform calibration computations are listed in Chart I1-15. Chart

1i-16 contains 2 list of positions at which measurements must be made in order that a
gven constant can be evaluated. Many constants are determined from measurements at
only one or two positions. Many others require a knowledge of other calibration constants.
In all cases, the complete set of required positions are shown on the chart, including
those positions required in the determination of prerequisite constants, which are shown
in parentheses. The scale factor (4@ or Dl) is also required for each other term.
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CHART II-15

LABORATORY PROCEDURES

CALIBRATION COMPUTATIONS

INSTRUCTIONS 4 COMMENTS

1) Prepare data for entry.

2) Enter calibration program into computer.

3) Enter system constants from Survey 3) Includes g, chos}t, wBgin

Results Sheet. and scale factors not
permanently in program.

4) Enter T]ffm,ngtm,Tlg’fm form=1, 3, 5,

13, 14, 15 from system survey procedure,

5) Enter counfer settings from Counter 5} It will be desirable to perform

Settings Sheet. partial calibration so that in
some cases partial data lists
will be entered.

6) Enter counter outputs from Counter Ouiputs
Sheet.

T) I it is desired to calibrate the accelerom-
eter without performing positions 13 and 14,
enter last values of (Dg D) for all
accelerometers,

8) Computer computes and outputs constants.

9) Record all data that is valid on Calibration 9) For partial calibration, refer
Results Sheet. to Chart II-16 to determine
which constants are valid.
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Experiment:

CALIBRATION RESULTS SHEET

Principal Operator:

Date:

CHART II-16

PROCEDURE DESCRIPTION

Survey Resulis Sheet Used
Resolver Setiings Sheet Used
Counter Settings Sheet Used
Counter Qutputs Sheet Used
Special Procedures

RESULTS
Parameter Units Instrument 1 Instrument 2 Instrument 3
Gyros ‘ =
Ag Deg/Pulse 1-6 1-8 1-8
(G By) 1.2 1,2 1,2
((_}i- 122) 3.4 3,4 3,4
(Gy* B) 5,6 5, 6 5, 6
R Deg/Hr. 11, 12 (1 to 4) | 7, 8(3tc6) 7,8, (3 to 6)
By Deg/Hr,-g |18 (1,2) 9,10(3,4) 11,12 (5, 6)
BO Deg/Hr. -g 11, 12 (5, 6) 7.8(1,2) 7,8 (1, 2)
Bg Deg/Hr. -g 9, 10 (3,4) 11,12(5, 6) 9,10 (3, 4)
o Deg/Hr. -g% |1:8(lto 6, 11,13 9, 10(1to8) 11,12 (1 to 8)
Cgg Deg/Hr. -g2 92 10(1t06, 11,19 11, 12(1t08) 9,10 (1 to 8)
Cis Deg/Hr. _g2 13 (1 to 12) 15 {1 to 12) 15 (1 to 12)
Cos Deg/THr. g2 [L5(1to6, 9tol2) | 14 (1t08,11,12) |13 (I to 10)
Cro Deg/Hr, -g2 | 14(1t08, 11,1213 (1 to 10) 14 (1t08,11, 12)
QII Hr. /Deg. Specizl Experiments
Qg Hr. /Deg. Specigl Experiments
J Hours Special Experiments
Accelerometers
Dy (Pulses/See)/gl7,8,13(9,10,Do) | 9, 10, 13, (7,8,Do) [L1,12,14(7,8,Do)
(éi' 121) 7,8 7,8 7,8
(8- By) 9,10 9,10 9. 10
(4 B3) 11,12 11,12 11,12
Dy 4 9,10 or 11,12 |7,8 or 11,12 7,8 0or 9,10
Dy e/8? 7,8 (Do) 9,10 (Do) 11,12 (Do)
Dg g/g8 Same as Dy [Same as Dy Same as Dy
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I1-4, 2 Gyro Computations

The gyro computations are shown on the following pages. The reader should note that

all the equations except those for product compliance (CIS or CIO) contain terms of the
form

@O ot
* (1)
T.Gm T\G(m+1
(Z:nl )1 (L“n1 y

where m=1,3,5,7,9, or 11. This suggests that it may be convenient to perform these
computations as a special routine,

The QG matrix is defined from the misalignment terms as follows:

L By -leyBy)
Q% =|-Gy B)) 1 -GyBy
-Gy B,) ‘(C_;'3' By) 1

The QA matrix 15 defined from the misalignment terms as follows:

1 "(él" §2) '(él' Es)
Q* =|-(a, B)) 1 ~(Ay* By)
(43 By (43 58y) 1
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GYRO CALIBRATION EQUATIONS

Scale Factor and Misalignments

Fik°§1-|2 G, By 2 G, By 2 \-1/2
[A@} = + +
e BB

Gyro One
(235)% (?35)%

oyt (zn])?

1 oy 2
%! @n?)
S¢< + - 23’{ wEsin A

eyt (Ea)?

@) @)

(m7)®  (mah)*

(G- ByY/ 20,

3 b4
€n?)® (zn®)
S';b + - 2S'{wEsm )Y
@] @h?

@) @)

() @)?®
E((_}_l' &3)/&‘5}1 =

(4> n¢)5 (Z}n¢)6
+

s? e 6 -ZS'%‘ wBsm A
(m]° (@)
Gyro Two

@)y  E0)

1 T\2
mpt @D

(EJn‘ﬁ)1 (Z“In‘zs)2
s¢< — -zs'{uEsinA
D D)

[(Gye By)/ 28]y =
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[

LGy

N(e]

* 122)/13@}2 =

¢ EB)/A@]Z =

GYRO CALIBREATION EQUATIONS (Continued)
Gyro Two (Continued)

@) @)y

T3
1)

T4
(ZTn 1)

$\3 B4
S¢ (En*) . (zn") )._ 23? uE .
(m7)®  (@])*
©o);  (Eo)g

(Zn

D @D°
(@ (zn¢)6>_ T E o x}
((rn?)s @D
Gyro Three
ey o)
{(m{)l " (znf)zJ
!:s"" (zn?)? . (zn¢)2> TP {l
((:»:n“.f)i (zn7)? '
@) Eo);
L:n{ﬁ - (mf)“}

A3 a4
SqD &) +(En ) )-28? wE sin A
@D?  @h)?

El)/A@]S =
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GYRO CALIBRATION EQUATIONS (Continued)
Gyro Three (Continued)
@)y @)}
T\5
(Tny)
5 $\6
Tn®®  (zn%
S¢< + - 257 o sin

m7)®  @]°

(n7)®
L-(gs' 33)/A¢]3 =

Bias

ER] = [R/Aa8], [A8]),

Gyro One
1 el @o)i?
ER/A&:]l - +
T y(G11 Gi2
287 | D! @S

- sm x[ BR5[(G +B,)/A®] + TBR5 LGy Bz)//_@]:l

Gyro Two

1 (Eﬁ)g (zﬁ)g
{R/ A@]Z = — +
dS':E (EnT)G.? (mT)GB

- sin A [ Tor [(Gyr By)/AC], + Tan's [(Gye By)/AG] ]

Gyro Three

L [ @) (za)g
ER/AcI:]3=-—

-w® sin x[TBRl [(Gy* By)/AG); + Tort [ (G By)/A] ]
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GYRO CALIBRATION EQUATIONS (Continued)

Unbalance

[B), = (B/A®), [AS],

LBI/A&’jl =

Gyro One
P 8
(26)1 (‘25)1 chos A
- - [(G,- B,)/Ag)
T
11 12
(25)1 (25)1 chos A
T | TG . TG {6y Byl
287 |@5 " @I g
@) e | E
-1 i 1 w cos A
T TG . TG0 | {6y By)/aely
2887 |Enp)y”  @np)y 5
Gyre Two
™ 0 10
1| ®) (Z6)y wPeos A
T Go cio| HGy B/ 80
257 |(7)5° @St e
- T 8
1 (26)2 (26)2 chos A
T| - T.GT o~ T\G8| LGy By)/aely
2g57 |(Enydy " (ny)y ¢
- 11 12
- - ) (G, B)/ A2,
257 (DG (EaDS g
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GYRO CALIBRATION EQUATIONS (Continued)

Gyro Three
™ el 12
1 (85)3 (26)3 chos A
[B/A8), = o - L(Gg- Bg)/22]4
257 |G @SR 8
~ )T 8
[ s B | wfeosn [(G.e B,)/AS]
B A@] = - - . ‘T‘
o/ 4%, 90T | TYGT (5, T\GB g =3 =173
g5 (Zn 1)3 (Zn 1)3
— ey 10
1 (26)3 (25)3 chos A
[Bg/A8)y = — - |- £(G4* B,)/As],
2657 (z:nT)f,fg eS|
Sguare Compliance
LCTy = [C/a®] Las],
Gyro One
. (e @8 .
LCp/as]; = : + - ER/A¢>11
2g28'{ (Enr{)f (En?)‘fa 82
E .
w sin )\
BR1 BR1
- [ E(G Bz)/mb}l + Tgy [(91' 93)/13:5]1]
g
- >t L
[Cqe/A®]; = - — [R/A%],
2gst (En'{)(fe &n 1)(310 o2
osin A
- [ TEX® [(Gy- By)/A%Y + Tyt (G- By /A@]:’
g
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GYRO CALIBRATION EQUATIONS (Continued)
Gyro Two

@), @)

[Cp/A8], = + -—{R/Ag],
2g”s7| @] @S| g2
E_.
w sin A
o BR3 BR3 |
" [ 12 LGy Byasly + T3o™ L(Gy By)/ M’]z}
g
1
) g [ eyt e
[Cgg/A8], = ¥ - —[R/A8),
22T (@D S D012 2
wEsm A

. [ T BR5 [(Gy* By)/AS], + T [(gz° Ez)mq’]z]
g

Gyro Three

ey e |

LCp/asl; = - + -— [R/A%],
2g%s7 |G @DF?| e
Psin 2
- [ TR [(Gye B))/AGT, + TH [(Gye 2)A¢]3]
g
L [es e’ ]
[Cqg/A8T, = + -~ [R/A&),
22T [@D)S?  (mD)G10| g2
oJEsin A

. [ TR [(Gye B)/A0T; + TERS [(Gy B3)/A<I>]:|
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GYRO CALIBRATION EQUATIONS (Continued)
Product Compliance

Gyro One
R Rl vz
[Crg/a8)y == —— | |+ — [}/207, +— [fBI/A@]l - [BS/Atib]l]
g8 ()] g &
20
- g_2 [[gl- B,/a%) [Vi72 cosx + Tf’sz sin A} + [(Gy- By)/82Yy

[1/1/2 oS A+ T]2321u3 sin ?L] + Eglu §3/Aq>]1 [T3B§13 sin )L:l:|

+ LCH/M:]1 + ECSS/Aciw]l

14
(¢ /48] > | & 2[/1 2[t/] [By/ a2, ]
Bl =+ - |R/AD], -— A®), + LBL/A®
I 1 1 By a¢ly
g’sT || ¢ g
247 1 BR14
e [Lgl-gl/mp}l W72 cosa + Ty, *sm A] + [G,- B/ ae),

g

[TERMsin ] + [y By/a®), [VI7Z cos A + Tg5 e A]] - tCn/ath

15
2 035)1 2 c / 2/ 9 t / [ O/
+— CR/A®] +—[— Bo/ae), + LB A‘PJ]
- 1 S 1 1
g’s] |@h)F8 | g2 g

ZwE

BR15
+ —2 |:[§1-]§1/A<I>]l (le s1n ).) + [Gye 13_2/1!}.@]1
g

(\/172 CoS X + leaszsin JL) + £Gy- By/A3) WL/2 cosh + Tg{lssm)\]

+ [CSS/ A@}l
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GYRO CALIBRATION EQUATIONS (Continued)

Gyro Two
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GYRO CALIBRATION EQUATIONS (Continued)

Gyro Three
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GYRO CALIBRATION EQUATIONS (Continued)

Jd Term Equations

The J term equations will be supplied at the time when the procedures for Jterm

calibrafion measurements are specified. At that-time this page will be replaced by
a page containing those equations. A discussion of the procedures to be performed
to ealibrate the J term is presented in Section 4. 2, 4 of the Development Document.
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1I-4, 3 Accelerometer Computations

The computations to be performed t{o defermine the accelerometer calibration constants
are shown on the following pages. The misalignments are the off diagonal terms of the

inverse of the matrix (QA) which transforms from the accelerometer iput axes frame
to the body axes frame.

The form of these equations suggest that it might be convenient {o compute the terms

€)% @)j1
oD ek

and the sums and differences of these terms in a special routine that is performed be-
fore the specific calibration constant determination.

The accelerometer third order term cannot be separated from the scale factor by a
chowce of positions. In the following set of equations there are two equations given for
each accelerometer that relate the scale factor term [D1 (él-gl) Ji 1o the third order term
(D1D3) i If a simultaneous solution of the two equations 1s used to determine the scale
factor and the third order term, then the scale factor will be sensitive to errors in

the bias and the second order term., These terms appear on the equation listed second
in each of the three sets of two equations, This may be avoided hy determining the
third order term (}31D3)i (by simultaneous solution or other methods) and using this
value to solve the first equation for [Dl(éi- El) .- Ths value 1s subject to the accuracy
of other terms only through the extremely small term containing D3. (Dl) 1s then
given by the square root of the sum of the squares of [D1 (él- 1_33)] for;=1,2,3.
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ACCELEROMETER CALIBRATION EQUATIONS

Secale Factor and Cubic Term

Accelerometer One
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ACCELEROMETER CALIBRATION EQUATIONS (Countinued)

Bias and Second Order Term
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ACCELEROMETER CALIBRATION EQUATIONS (Continued)

Accelerometer Three
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ACCELEROMETER CALIBRATION EQUATIONS (Continued)
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PART 11
SECTION 5
FUNDAMENTAL MQDES

In the previous sections. the procedures to be-performed to accomplish calibration were
delhineated by use of Laboratory Procedures Sheets. Those histings of procedures present
the detailed steps to be performed. They do not, however, present the total picture of
what is being accomplished in the laboratory, for they do not present an integrated view
of the entire system. This section is included to illustrate that integrated view.

The partitioning of the presentation corresponds to the preceding Sections 1 through 4
as follows:

*  Subsection I-5.1 Calibration of Gyro Angular Velocity Sensitive Terms
* Subsection II-5.2 Calibration of Gyro Acceleration Sensitive Terms

*  Subsection II-5.3 Calibration of the Accelerometers

*  Subsection II-5.4 Calibration Computations

The presentation utilizes laboratory flow diagrams to schematically illustrate the
procedures. (A master copy of the diagram and defimtions of 1ts elements are con-
tained in Section 1.2 of Part IV.) In a mode of operation where the computer is not
being used, that portion of the diagrams has been omtted. In the calibration compu-
tation discussions, the laboratory computer is schematically represented, although
the computations might be accomplished on any general-purpcse computer. The
system monitor functions shown in diagrams for measurement or sefup modes repre-
sent momtoring devices which are not specifically defined at the time of this writing.
They are, therefore, not discussed in detail. B

As shown in the calibration diagrams, all calibration measurements are made using
the frequency counters, rather than the computer interface. Freguency counters are
requred for all accelerometer measurements to allow sampling of the leading edge of
oufput pulses, for the purpose of reducing quantization error. During gyro angular
velocity term determination, the test table rotation data must also be collected by the
frequency counters to reduce guantization error, To completely free the laboratory
computer during calibration, NASA/ERC has decided to use frequency counters for all
other gyro measurements, which otherwise could be accomplished by the computer
interface.
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Six frequency counters are available for data collection. This is an insufficient number
to allow for a simultaneous measurement of gyro and accelerometer data in those posi-
tions which are common to both calibrations. Therefore, measurements to determine
gyro acceleration sensitive terms and accelerometer constants are performed in series;
although they use the same test table positions {7 to 15), and could be performed
simultaneously 1f enough data coliection devices were available. This would resull in

a considerable savings in calibration time at no loss of accuracy.
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Ti-5.1 Calibration of Gyro Angular Velocity Sensitive Terms

In order to determine the gyro angular velocity sensitive terms, measurements are made
utilizing the test table rotation as the principal kinematic input. There are three experi-
ments which utilize the rotational capability of the table. The first experiment obtains
measurement data in six positions (denoted as Positions 1 to 6) required for the determi-
nation of the gyro scale factors and (QG)_I. The second experiment obtains data from
each gyro at several choices of test table angular velocity for the purpose of determining
the scale factor nonlinearity. The third experiment evaluates the J term by a use of the
accelerating capability of table. The procedures to be accomplished for either of the

first two experiments in any position or for any anguiar velocity are illustrated in Labora-
tory Flow Diagrams 4 and 5. Flow Diagram 4 illustrates the setup steps required

before measurement, and Flow Diagram 5 illustrates the daia flow during the measurement
process.

After the operator has verified that the system 1s properly operating, and he has the
information he reguires on the Resolver Settings and Counter Settings Sheets, he begins
the experiment by connecting instruments to the frequency counters, setting the frequency
counters, and setting the test table resclvers as shown in Flow Diagram 4. The gyros,
master oscillator, and rotary axis resolver are connected fo the frequency counters as
shown., The ouiput from the rotary axis resolver is connected to the Z input of Counters 1
to 4, The master oscillator is connected to the X input of Counter 1, and the bipolar out-
puts of gyros 1 to 3 are connected to the X-Y inpuis of Counters 2 to 4.

Each counter 1s set to the mode which measures (in terms of counts on the X-Y input)

the duration of N counts of the 7 inpui. Counters 2 {o 4 wall be used to measure the
gyro output pulses for a number (N) of complete revolutions of the test table; Counter 1
will be used to measure the time period over which the measurements are made (the lime
required for the N revolutions). In order to make the time counted on Counter 1 valid
for the measurements on Counters 2 to 4, all of these counters should be set to the same
count as Counter 1. The count 18 obtained from the Counter Settings Sheet.

Next, the test {able is set to the correct position. The settings for outer and inner axis
resolvers (¢’3 and ¢4) for each position are obtained from the Resclver Settings Sheet.
The trunnion axis resolver, @1, is set to 90°. The table is then commanded to.rotate
and adjusted to the desired speed. For measurements at Positions 1 to 6 this speed
should be just less than the speed causing saturation of the gyro ouiput, and equal for
each pair of measurement positions (1 and 2, 3 and 4, and 5 and 6). The speed of each
measurement will be specified on the Counter Settings Sheet for the scale factor non-
linearity experiments.
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LABORATORY FLOW DIAGRAM #4
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The measurements are then initiated by switching the counters from standby to operate.
The operator should switeh all counters at some fime between consecutive output pulses
from the rotary axis resolver. This is required so that all measurements are made over
the same time period. The frequency counters collect information as shown in Flow
Diagram 5. After the first output pulse from the rotary axis resolver, each input pulse
train is summed in the frequency counters until N rotary axis pulses have been received.
When this occurs, the frequency counters wiil print the counts of their X-Y inputs,
clear their counters, and continue counting. The operator then terminates the procedure
by switching the counters to standby and he then records the output of each counter on

the Counter Outputs Sheet. The output from Counter 1 is a count of time pulses which
represent an elapsed time. Counters 2 to 4 outpuis are pulse train counts from gyros 1
to 3 for the N test table revolutions.

The operator repeats the above steps until data has been obtained from all required
positions (or angular velocities in the case of nonlinearity experiments).
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II-5.2 Calibration of Gyro Acceleration Sensitive Terms

In order to determine the acceleration sensitive terms of the gyros, gyro measurements
are made using earth environment inputs only. The procedures to accomplish these
measurements are listed in Section 2. The steps to obtain measurement data at each
position are shown in Laboratory Flow Diagrams 6 and 7.

After the operator has ascertained that the data required for the experiment is available
on the Resolver Settings and Counter Settings Sheets, and that the equipment 15 ready
for operation, he connecis the instruments to the freguency counters, and sets the
frequency counters and test table resolvers.

The operator connects the gyros and the master oscillator to the frequency counters as
shown on Flow Diagram 6. The master oscillator line is connected to the Z input

of Counters 2 to 4. Gyros 1 io 3 are connected to the X-Y inputs of Counters 2 to 4,
respectively, as they were in the calibration of angular velocity terms for the gyros.

each counter is set fo count gyro pulses during the time period required to receive N
time pulses. N is then set on each counter from the Counter Settings Sheet. The time

of measurement equals N times the period of the input pulses from the master oscillator.

The counters are being used to count gyro data over a fixed time period. The alternative
of counting the time for a fizxed number of gyro counts would have a smaller quantization
error; but in many cases the fixed number to be used would be difficult {o predetermine.
The predetermination would require a good prior knowledge of the constant to be calibrated.

The test table trunnion axis resolver (9 1) is set to 0 and corrected by the bubble level
correchon. The rotary axis resolver (952) is set to 90°, and the 1nner and outer axis
resolvers (¢>3 and ¢ 4) are set from the Regolvers Settings Sheet. 953 1s corrected for
level irom the bubble level data shown as auxiliary data sources in Flow Diagram 6.

The measurement procedure 1s started by swiiching the counters i operate and data is
coilected as shown in Flow Diagram 7. Each counter counts gyro pulses until receipt
of N time pulses. Then the counter prints out. clears its counters, and continues
counting. The operator terminates the measurement process by switching the counters
to standby. The data is then recorded on the Counter Quiputs Sheet.

The steps above are repeated for all positions required. After all required measure-

ment data has been obtained, the calibration computations (Section II-5.4) will be
performed.
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LABORATORY FLOW DIAGRAM #6
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LABORATORY FLOW DIAGRAM #7
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II-5.3 Calibration of the Accelerometers

The measurements made for accelerometer calibration are taken from Positions 7 to 14.
(Recall that these positiong are used 1n the calibration of the acceleration sensitive terms
in the gyro.) The procedures listings for accelerometer calibration measurements are
continued in Section II-3. The steps involved in obtaining measurements are shown in
Laboratory Flow Diagrams 8 and 9. The following discussionsdescribe the contents

of these diagrams.

The operator first verifies that the turn-on procedures are completed. He then verifies
that the information required on the Resolvers Settings Sheet and the Counter Setting
Sheet are available. After these steps, he performs the measurement setups as shown
on Flow Diagram 8. The counters are set to measure the time reqguired to receive a
preset number of counts from each string of the accelerometer. The master oscillator
output is connected to the Z input of Counters 1 to 6. The output from string 1 of
accelerometer 1 is connected to the X input of Counter 1 and the output from string 2
is connected to the X input of Counter 2. Similarly, outputs from strings 1 and 2 of
aceelerometer 2 are connected to Counters 3 and 4, respectively; and outputs from
strings 1 and 2 of accelerometer 3 are connected to Counters 5 and 6. The test table
resolvers are set as described in the previous subsection. ¢1 is set to 0% plus the
level correction as given by the test table bubble level, The angle ¢'2 is set to 90°,
Angles $q and ¢, are set from the Resolver Settings Sheet for each position and $q is
correcied for level.

Measurements are then initiated by switching the counters from standby to operate. The
data is collected as shown in Flow Diagram 9. BEach counter outputs the number of time
pulses (elapsed time) required fo accumulate the preset number of accelerometer counts,
This data is recorded on the Counter Qutputs Sheet.

The above process must be repeated for each position. After all measurements have
been completed, the operator will initiate the calibration computations by performing
the steps deseribed in the following section.
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LABORATORY FLOW DIAGRAM #9
ACCELEROMETER CALIBRATION - MEASUREMENT
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11-5.4 Calibration Computations

After all measurement data has been obtained, the operator will inithhate the computations
of the calibration constants. The procedure listings to accomplish this task are contained
in Section 4.

The operator initiates these modes of operation by verifying that he has all required data
including:

1. g, wE sin X, mE cos A from the Survey Results Sheet

2. The value of any resolver or clock scale factors not permanently in the

program

3. Elements of the body to rotary axis frame for selected positions T%Rm,
ngRms and Tg’sz, m=1,3,5,13,14, 15 from the current System Survey
Procedure

4, Counter settings from the Counter Settings Sheet
5. Counter ouiputs from the Counter Guiputs Sheet.

The calibration computations may be programmed for any general-purpose computer.
To initiate the computations, the operator prepares the data by putting it in the proper
entry format, loads the computer with the calibration computations program, loads the
data, and initiates the run (see Flow Diagram 10).

The computation subroutines are indicated in Flow Diagram 11. The specific computations

are listed in Section I1-4. The outputs of the program are the ealibration constants,
which are recorded on the Calibration Results Sheet.
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LABORATORY FLOW DIAGRAM #11
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PART 11

SECTION 6
RESOLVER AND COUNTER SETTINGS

This section is concerned with two important activities required prior to calibraiion data
collection, The first subsection discusses the accuracies required mn setting the test

table resolver angles, The second subsection describes the selection of frequency counter
settings for each calibration position.
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II-6.1 Table Resolver Settings

This subsection is concerned with the precision requirements on the test table resolver
settings. The least allowable precision is dictated by the required precision of calibration;
more specifically, the precision of the Q matrices. The most desirable precision is the
most precise setting which 1s attainable by the test table resolvers. The actual require-
ments will probably lie somewhere between these two limits; assuming, of course, that

the maximum attainable precision is greater than the precision dictated by the calibration
requirements. In the following paragraphs we will discuss how the actual precision
requirements will be arrived at.

In deciding upon the actual requirements there are a number of points o consider.

. From a precision standpoint the resolvers should be set as accurately as
possible. It is certainly advisable to make the calibratiorn as immsensitive as
prossible to table setting imprecisions.

» From a logistic standpoint it would be advisable for the seiting precisions
to be the same for all calibration positions, This requirement would tend
to minimize human error.

e From a time standpoint there may be a limit to the amount of time available
for settings., In other words, the maximum attainable precision may take
an unfortunate amount of time.

. Setting precision requirements (as given by the specifications of calibration
accuracies) vary between an order of one degree to an order of an arc
second. The least precision is required for gyro scale factor calibration,
and the most is required for the determination of the @ matrix,

» The gyro calibration, in total, reguires a lesser precision in resolver
settings than the accelerometer calibration.

d All calibrations, and consequently, the table settings will vary in their
precision requrements from week fo week depending upon the experiment,

These considerations result in a multitude of precision reqmirement alternatives. It
appears, however, that the following options should he the only ones considered:

Ii:
» The maximum possible precision 1s attainable in a reasonable time,
Then:
. All setting precisions should be the same, and equal to the maximum
precision.
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If not:

¢ The accelgrometer calibration will nevertheless require the highest precision
settings, in order to achieve the calibration precision specifications. (This
a,fssume)s, of course, that the resolvers can be set to an order of one second
of are,

With the "if not" condition, the gyro calibration positions require the following setting
options.,

If:
¢  There exists a setling precision which is higher than the QG matrix precision
requirements, and which is attainable in a reasonable tume.
Then:
* All gyro calibrafion positicns should utilize that precision.
I not:

* The gyro calibration, with the exception of the scale factor calibration, will
nevertheless require table sefting precisions which are higher than the

QG matrix requirements. The scale factor positions can be set to a precision
of the order of one degree,

The above comments result in either one, two, or three separate precision requirements.
It must be noted that the position used to determine the scale factor for any given gyro

is uged for a QG matrix element for the other two. Therefore, the requirement for a
small precision in the settings for gyro scale factor determination assumes that the

scale factors are the only constanis of inferest.

On Chart IT-17, which confains the magnitudes of the resolver settings, there are
references to bubble level corrections for Posifions 7 through 15. These corrections
must be consistent with the table resolver setting requirements. In other words, all uses
of Positions 7 through 12 for accelerometer calibration should always mmplement bubble
level corrections. Additionally, assuming that the maximum amplitude of the {able
motion relative to the earth is below the gyro calibration precision requirement, these
corrections need not be implemented during gyro calibration. It might be noted, however,
that 1t would be advisable to get in the habit of making such corrections for all positions,
50 as to minjmize the chance that he will overlock the corrections when needed. See

Section 4.4. 4 of the Development Document for further discussion of bubble level
corrections.
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TL-11

TEST TABLE RESOLVER SETTINGS

CHART II-17

Position 1 Position 2 Position 3 Position 4 Position 5 Posation 6
$; | 90° 90° 90° 90° 90° 90°
qbz Rotating Rotating Rotating Rotating Rotating Rotating
1 o 3 5
b3 qﬁs + 180 ¢3+180° 28 +180°
¢ 1 3 5
4 4 & b4
Position 7 Position 8 Position 9 Position 10 Position 11 Position 12
¢1 QO 00 * 00 00 * 00 * 00 ®
¢2 90° 90° 90° g0° a0° 90°
1 2, 3 4 5 6 .
4’3 <i£,3 ‘#3 4,3 953 ¢3 4’3
1 1 3 3 5 5
4’4 ¢4 4’4 ¢4 ¢4 4’4 ¢4
Position 13 Posation 14 Position 15
¢, ©° 0° 0° *
4’2 90° 90° 90°
%, «
4’4
£

* Requires bubble level correction,




I-6.2 Counter Settings

All calibrations in this document utilize the frequency counters for mertial instrument,
clock, and resolver data collection. Each of these counters have the ability to count
the number of pulses from any device occurring in the interval of time 1n which a pre-
determined number of pulses are outputted from any other device. The control of each
cahbration experiment is given by those predetermined numbers set in the counters.
The predetermined numbers must be recorded in the Counter Settings Sheet before the

calibration procedures are initiated, In this subsection we describe how these numbers
are found. >

The basis of any counter setting is a required accuracy of calibration. In Section 2.2

of the trade-off document it was shown that calibration accuracy is a function of data
collection time. The counter settings can, therefore, always be dictated by a duration
of time. The mechanics of determining a required setting is as follows: 1) decide upon
a required accuracy of calibration, 2) use the accuracy versus time charts to determine
the time of data collection, 3) equate the time to the predetermined number of counts,
and 4) record the predetermined number of the Counter Settings Sheet, In the following
paragraphs we will show how these steps are accomplished for each calibration. Asa
reference for discussion, the Counter Settings Sheet and the accuracy versus time
charts are included as Charts II-18 through I1-24,

Positions 1 through 6 are used exclusively for the determination of gyro angular velocity
coefficients. The time versus accuracy chart for this gyro calibration 1s Chart II-18,

We see that relatively high precisions can be attained in very short times, This is due
primarily to the high speed attainable by the table, The control setting is a number of
whole turns in Positions 1 through 6. Each whole turn equates to approximately 24 seconds
at the speeds used in these positions. We see from Chart II-18 that only one turn is
regqured for the required precision of 10'4. Since the noise curve i Chart I-18
represents a standard deviation and not a worst case, and since time 18 no problem in
these positions, it i1s probably advisable to take a number of whole turns of data.

Gyro Positions 7 through 15 are used in determining the gyro acceleration sensitive terms.
Chart II- 19 yields the time versus accuracy information for those positions. A reasonable
data collection time of ten minutes yields a precision on the order of 0.02 deg/hr for R,
Bg, and ng. (We say "on the order of' because the noise curves represent standard
deviations.) The counter settings in Chart II-20 are 1n terms of a number of clock counts,
The tume is converted to counts by simply dividing the time of data collection by the scale
factor of the clock., The number of counts in each counter for each position will nearly
always be the same.
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Si-1

COUNTER SETTINGS

CHART 11-20

Experiment: Date;
Positions Counter 1 Counter 2 Counter 3 Counter 4 Counter 5 Counter 6
(anb)m (Zn¢)m (En‘#)m (ZnP)™
1 Not Required Not Required
© 2
5
5 3
4
5
6
Not Required (znrlr)?m (Zn'f)gm (ZHIT) 3Gm
7
8
) 9
£ 10
© u
12
13
14
15 y v v
N1 E)is TNy C )9 (TP5 )32

0

11

12

ACCELEROCMETER
—
o

13

14

15




The determmation of the accelerometer settings are a little more difficult to explain.
This is primarily due to two facts.

1. The noise errors predominate over the gquantization errors for horizontal
positions.

2. The times must be converted to accelerometer output counts.

The second fact is dictated by the necessity for reading the leading edges of the accelerom-
eter pulses. Reading the leading edges results i a quantization error an order of magni-
tude less than if a clock was used as the control.

Positions 7 through 12 have accelerometers in erther a horizontal or vertical orientation.
The vertical positions are used exclusively for scale factor determination; and the horizon-
ial positions are used for bias, QA matrix, and second-order term defermination.
Accelerometer one is in a vertical orientation 1 Positions 7 and 8, accelerometer two
in Pogitions 9 and 10, and accelerometer three in Pogitions 11 and 12, Referring to
Chart I1-21 we see that ten minutes of data collection will yield a precision of less than
two parts in a million for vertical instruments. To convert that time to pulse counts
we simply multiply the time by the basic freguency of the accelerometer (in units of
pulses/umt of time). An example would be:

20, 000 counts

tf = 10 minutes x —m ™ = 1,2 x 106 counts
sec

(Note that the basic frequency, and not the accelerometer scale factor is the conversion
factor.)

For the horizontal instruments, Charts I-21 and II-22 show precisions of approximately
100 parts in a million where bubble corrections are not applied. That accuracy is
{(apparently) not & function of time, Fortunately, the low frequency noise can be reduced

by use of bubble levels. In Charts II-23 and II-24, we see a reduction in the error by

two different assumptions as to how the bubble level corrections reduce the noise.

(These reductions are explained in Section 2.2 of the trade-off document.) The time to

be used for data collection depends upon a subjective decision as to the accuracy of

these assumptions. In any event we see thai calibration precisions of six parts m a

million are probably available in less than 30 minutes of data collection. Whichever time
is used, the conversion to pulse counts is the same as indicated in the preceding paragraph.
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In Positions 13 and 14 the envircnment noise would be somewhere between the limits
shown in Chart II-21 for horizontal and vertical positions. (Two of the accelerometers
are at 45° orientations in each of these three positions.) It 1s suggested, however, that
a worst case is assumed, and the horizontal orientation noise graphs be utilized,

In summary, the accelerometers for all positions can be assumed to be in either a hori-
zontal or vertical position, In the vertical positions, ten minutes of data can be assumed
{o yield precisions of two parts in a million. In the horizontal positions, 30 minutes

of data will probably yield six parts in a million. To convert those times to counter

settings, simply multiply the time by the basic frequency of the instrument (in pulses
per unit of time).
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LABORATORY PROCEDURES MANUAL

PART [11
ALIGNMENT
-1 MIRROR ALIGNMENT
PROCEDURES
COMPUTATIONS

FUNDAMENTAL MODES

Ii-2 ACCELEROMETER LEVEL AND MIRROR AZIMUTH ALIGNMENT

PROCEDURES
COMPUTATIONS
FUNDAMENTAL MODES

II1-3 GYROCOMPASS ALIGNMENT

PROCEDURES
COMPUTATIONS
FUNDAMENTAL MODES
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PART I11
ALIGNMENT

The function of alignment is to determine the matrix (T) which transforms instrument
outputs from the ISU body frame to the earth fixed frame. These frames of reference are
defined in Section IV-1, Aiignment is accomplished by one of three technigues.

. Mirror Ahgnment
. Level Alignment
. Gyrocompass Alignment.

Mirror Alignment uses autocollimators to measure angles of two ISU mirror normals
with respect to the earth axes. This procedure 1s described in Section 1,

Section 2 describes Level Alignment. Accelerometer data determines the body frame

components of the gravity vector which, together with an azimuth angle of an ISU mirror,
determaines the alignment.

Gyrocompass Alignmentl, described in Section 3, uses accelerometer and gyro data to
find the body frame components of the gravity and earth raie vectors, which are then
used to determine the alignment.

The alignment program must be able to inferface with the navigation program for the
purpose of initializing the altitude matrix, This requires that the computer Interface
Electronics Unit be used for alignment data sampling, rather than the frequency counters
used in calibration.

Each of the alignment procedures utilizes the Alignment Resulfs Sheet, Chart III-1. On
1Ihis sheet the inputs for the type of alignment to be performed are recorded as are the
table resolver settings, table bubble level correchions, and the T mairix.



CHART III-1

ALIGNMENT RESULTS SHEET
Experiment:
Principal Operator:
Date:
Procedure (Check one): Accel. Level]:] Gyrocompass D Mirror Align, D

GYROCOMPASS INPUT
Calibration Constants Identification

Filitering Parameter Identification
Intersample Time, At

Number of Measurements, X

ACCELEROMETER LEVEL INPUT
Calibration Constants Identification
Filtering Parameter Identification

Intersample Time, At
Number of Measurements, K
Azimuth Angle, oy

MIRROR ALIGNMENT INPUT

Autocollimator 1 Autocollimator 2
Azimuth, ey Azimuth, @9
| Elevation;. 8y Elevation, 94

TABLE POSITICN
q61 ‘tb_z
b3 b4

Bubble Level 1
Bubble Level 2

RESULTS
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PART [11
SECTION 1
MIRROR AL IGNMENT

Marror Alignment is accomplished by obtainmmg the azimuth and zenith angles of the normals
of two mirrors on the ISU and utihzing this information to compute the ahgnment matrix,

T. The procedures are contained in Section III-1. 1 and the computations 1n III-1, 2,

Section HOi-1.3, Fundamental Modes, 1s included as an aid to understanding the Mirror
Alignment procedures.



-1, 1 Mirror Alignment Procedures

The procedures to be performed for Mirror Alignment are given on the Laboratory
Procedures Sheet for Mirror Ahignment, Chart III-2,



CHART DI-2

LABORATORY PROCEDURES

MIRROR ALIGNMENT

INSTRUCTIONS

4

COMMENTS

1) Verify turn-on procedures are completed,

2) Align autocollimators to mirrors,

3) Turn on computer and load mirror align-
ment program,

4) Enter azimuths (¥, and ¢,) and zeniths

Gl (and@ ) from autocollimators on
Alignment Results Sheet,

5) Enter 2, &y, © 1» and €, into computer-

6) Computer computes and outputs alignment
matrix (T).

T) Record T, test table resolver settings,
and bubble levels on Alignment Results
Sheet.

1) See Partl, Section 1 for
turn-on procedures,




II-1.2 Mirror Alignment Computations

The computations for Mirror Alignment are shown on Chart IT-3. These computations use,
as inputs, azimuth and zenith angles of the normals to two ISU mirrors. The output 1s the
matrix, T.
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CHART III-3

MIRROR ALIGNMENT MATRIX

Inpuls 61, czl, 62 and ocz

From these quantities the aligniment matrix 1s given by:

- _(g-n_fw % 00y 5 Mp)  (EXN-(M; xMy)
1y % M, | M| x M, |

T = (E.Ml) (MIXE)-(L_&]_XMz) (Exg).(l\i‘[lxlgz)
1My 2 30| Iy % My |

(N'I\_’Il) @:_11 X I,‘_I_)(I\_fll X I\_/Iz) ([_} x E-)(l\.gl x 1},_12)
My x M, | |M; x My

where
1M, x Mo| =01 - (M- 1\"_12)2]1/2

(My + My) = (M- U)(Mye 0) + (M- B (M, B) + (M- DM, 1)

(g-l}_fil) cos 84 (U-M,) cos 92
(E'Ml) = | cos @, sin 6, (g-lgz) = |cos%, sind,
_(15.'1‘_41{ _sin @, sin @ 1 (N-M,) s &, sm 6,

An optional technique might utilize the value of Il\LI1 X Mzi from a previous alignment
thus eliminating the aforementioned dot product and square root operations.




OI1-1,3 Mirror Alignment Fundamental Modes

The steps to be performed durmg Mirror Alignment are shown in Laboratory Flow Diagrams
12 {0 14, -

The set-up procedure includes acquiring the mirror with the autocollunators by a trial and
error procedure and loading the program into the laboratory computer as shown in Flow
Diagram 12, Next, the azimuth and zenith angles of the normals of Mirror Oneand Mirror
Two are read out, recorded on the Alignment Results Sheet, and mput to the computer (see
Flow Diagram 13).

The computations are performed as shown i Flow Diagram 14 and the T matrix is output.
T may also be supplied (o the navigation loop program, The T matrix, the bubble levels,
and the resolver settings are then recorded on the Alignment Results Sheet (Chart I1-1).
Bubble levels and resolvers setfings have been included on this form for convemence in
using the resulis of the Alignment, They are not required by the Alignment procedure.
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LABORATORY FLOW DIAGRAM #12

1/0 Console

MIRROR ALIGNMENT - SET-UP

Turn on Computer and Load Program

Computer

- Aux. Data Sources
QOperator
o FET Autocollunators
Acquire Mirrors with
Autocollimators
Resolvers
#1
1 LX)
System Control ¢ 3
and Monitor P4
Freq. Couniers Master Osecillator
c1
Gyros
c3 G2
G3
c4
Accalerometars
Chb Al
AZ
Ccé
A3

Syatem Momtor

FOLDOUT FRAME

/c
Pagm.

Input
Memeory

IEU

iRy

IEU
Inter-
face
Pgm.

Output
Memory

FOLDOUT FRAME of
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1/0 Console

LABORATORY FLOW DIAGRAM #13

MIRROR ALIGNMENT - MEASUREMENT & DATA ENTRY

a;, ay, 91, 92

Computer

2

Operator

System Control
and Monitor

FOLDOUT FRAME

/0
Pgm,
Aux. Data Sources
Input
Mentory
X, Doy 91 s 33 Autocollimators
b
Resolvers
¢ 1 23
Pg
P 3 81
by [-P)
Freg. Counters Master Oscillator IET IEU
Inter-
c1 :[ face
Pgm
Gyros
c2 :I
Gl
cs as 1
G3 l:
c4
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C5 Al
A2
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Al

Ctput
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LABORATORY FLOW DIAGRAM #14
MIRROR ALIGNMENT - COMPUTATIONS

/0 C 1
2 —_— COMPUTER
4 T Matrix ;
/0 4
Pgm,
* A Data Spurces
Operator Tnpat ! QOutput
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PART 111
SECTION 2
LEVEL ALIGNMENT

In Level Alignment, data from the accelerometers are used in the estimation of the body
axis components of g. (This determination 1s sometimes referred to as "leveling”.) The
level information, along with the azimuth angle of an ISU fixed mirror, 1s used fo compute
the alignmenf matrix. Procedure listings for Level Alignment are contained mn Section
II1-2, 1, and computations are listed i Section III-2,2. Section II-2. 3 contains schematic
diagrams of the procedures being performed.
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II-2.1 Level Alignment Procedures

The Laboratory Procedures Sheet (Chart II1-4) contains the procedures to be performed
for Level Alignment,
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CHART IIT-4

LABORATORY PROCEDURES

LEVEL ALIGNMENT

INSTRUCTIONS

4

COMMENTS

1) Verify turn-on procedures and Alignment
Results Sheet completed,

2) Verify master oscillator and accelerometers
are connected to the IEU,

3) Set sampling rate on IEU panel,

4) Acquire ISU mirror one in azimuth with
autocollimator,

5) Load level ahgnment program.,

6) Load calibration constants from current
Calibration Results Sheet.

7) Enter number of measurements, K, and
intersample time, At, from Alignment
Results Sheet.

8) Enter parameters from parameter
gvaluation program for chosen K and
t.

9) Initiate alignment,

10) Enter azimuth angle, ®,, from autocollima-
tors on Alignment Resul s Sheet and into
computer.,

11) Enter test table bubble levels and resolver
readouts on Alignment Results Sheet.

12) After computer output, enter T matrix on
Alignment Resulis Sheet,

1) See Part I, Section 1for turn-
on procedures,

8) See Part I, Section 3,
Not required if averapge esiima-
tion technigue is used,
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Oi-2.2 Level Alignment Compuiations

The Level Alignment computations are accomplished on the laboratory computer, and
utilize the laboratory executive and navigation programs for control, input/output, and
sampling of accelerometer and timing data. Inputs to these computations are the calibra-
tion constants; the number of consecutive accelerometer data samples to be taken (K); the
time duration of each of these samples (At); and the azimuth angle of ISU Mirror One (ozl).
In addition, the Posterior Mean technique requires the M and b outputs from the Alignment
Parameter Evaluation Routine (see Section I-3).

The computations program 1s segmented into three routines. The Preprocessing Routine
converts accelerometer data into mtegrals of input acceleration along the ISU axes. The
second routine estimates the body components of the gravity vector from these miegrals.
The final routine computes the alignment matrix from the gravity estimate and oy. The
computations to be performed by the three routines are presented on Charts III-5, II-6,
and TH-. )
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CHART II-5

PREPROCESSING COMPUTATIONS

Inputs &Y Jyg, &)y s and(zn%‘) fork=1, 2, 3

t+AL

The outpuis t (a- lik)dt (k =1, 2, 3) are given by the following computations:

. P = [@7)yy - @Y)]

At = §T (zng)

L(ar ék)At] =P ﬁ/ (D Vi ~ Pt

. (2-4) = [(a-ApAtl/At

J’:+At(ioék)dt - [(a-AAt) - (Dy) (- Ap)At - (Dg) (- A At

A
J‘:’“ fa-Bat = 2 I:""At(e-é;,)dt

where
1 ~(A;By)  ~(A;By)
o Q=] «4BY) 1 -(8,By
(Ag'By) -(AgBy) 1
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CHART HI-6

ESTIMATION ROUTINE COMPUTATIONS — LEVEL

Inputs: Preprocessed accelerometer measurements, X, estimation matrix, M,
and vector, b

AN
Qutput: Estimate of acceleration components in body frame, go_@l , 1=1, 2, 3
at time t*
The basic estimation computation 1s
FaN
E- §1 ()
VAN
g Bt*)} = MX+ b
N\
g+Bs {t*)
where
T At 2 AL Kat At
X = |[ a-Bydt, [ a-Bjdt,--+ [ a-Bydt,[ a-Bydt,---,
0 At (K-1) At 0
KAt KAt
E‘Egdt,"' J‘ a-B,dt .
(K-1) At (K-1) At
At = Intersample i1me
K = Number of samples

¢  Posterior Mean Techmque (Instantaneous): Computations of b and M from
the Estimation Matrix Computation Chart

e Simple Average Technique:

b=0
®at) L. gapL 0
M = ®ay) L. map 1
0 ®a)™L- gapt
i —— S an g "
K K K
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CHART II-7

LEVEL ALIGNMENT MATRIX

Inputs (_gf §1), (g' 52), (E' 33) and 4

From these guantities the alignment matrix is given by:

= — e -— —

1 0 0 0 1
T =10 sinﬂil cos &y 0 0
i (1\_@1’1_1)
0 -cosﬂil Sinﬂil ll\_fIlXT._TI lb_l;lxgi
where
¢ (MU =(U-B)
o IMxUI=01- (Lglong/z
o (U:BJ=(@B/e
. g=[(g B)? + (g By? + g+ By)?1H/2

(1\_’.[1-1_]) = COg 61

to two.

An optional technigque might utilize any of the following additional inputs:

o The zenith angle (61) of mirror one might be utilized to find (Ii.[l + U) from

¢ The magnitude of gravity (g) might be supplied from a local survey., This piece
of information can be utilized to reduce the number of required accelerometers
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mI-2,3 Level Alignment Fundamental Modes

The siteps required to accomplish level alignment are shown i Laboratory Flow Diagrams
15, 16 and 17, The procedures illustrated utilize autocollimator and accelerometer
measurements fo determine the alignment T mairix, The autocolbmator measures the
azimuth of the normal to ISU Mirror One while the accelerometers measure components
of the gravity vector.

The operator verifies first that system {urn-on has been completed, and that values of
the parameters required for alipnment have been chosen. These include the number of
samples to be taken (X), the duration of each of the K gsamples (At}, the accelerometer
calibration constants, and the estimation routine parameters (see Chart I-8). Next, the
set up 1s performed as shown on Flow Diagram 15. The operator acquires ISU Mirror
One in azimuth with an autoeollimator, He verifies the master oscillator and accelerom-
eter connections to the IEU, and gets the IEU sampling rate on the IEU panel The align-
ment program and the navigation loop program (if a navigation experument is to be done)
are loaded into the computer. The current calibration constants, At and K are also
loaded,

The operator must select one of the two programmed gravity vector (g) estimation
techniques: the posterior mean or simple average.

Selection of the posterior mean requres input to the computer of previously computed
elements of the M matrix and b vector via magnetic or paper tape. The required tape

will be accompanmed by an Alignment Parameter Evaluation Sheet (Chart I-8). The operator
must verify that the input parameters on this sheet agree with those specified for the
subject experiment., If a tape with accompanying sheet cannot be found which does so agree,
then the operator should produce one by following the procedures of Section I-3.

I the sumple average technique 18 selected, the M matrix and b vector do not have to be
fed into the computer. In this case, the M matrix 1s only a function (as shown in Chart
IIi-6) of the chosen K and At, while the b vector is identically zero. The computer can
therefore generate M and b from X and At which was input earlier in the procedure.

Following the imitial set up and data enfry into the computer, the operator initiates the
measurement mode shown in Flow Diagram 16. During this mode, he must record the
azimuth angle (ocl) of the normal to Mirror One (28 measured by the autocollimator) on the
Alignment Results Sheef. This angle must also be enfered into the computer,
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I/0 Console

LABCRATORY FLOW DIAGRAM #15
LEVEL ALIGNMENT SET-UP

Load Program, Current Calibration Constants, Intersarmple Time {At),
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LABORATORY FLOW DIAGRAM #16
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The accelerometer outputs are accumulated in the counters of the IEU until the IEU time
counfer has counted a number of master oscillator time pulses equal to the selected
sampling period. These counts are then automatically input into the computer, where
they are summed together until the total elapsed time is equal to At. The computer saves
this accumulation and begins a new accumulation. This process of accumulating samples
over the At interval 1s continued by the computer until K such accumulations have been
obtained.

The computations for level alignment are shown in Flow IDnagram 17, The preprocessing
routine converts the measurement data into integrals of acceleration in body coordinates.
This same funciion 1s required in a navigation program. Thus, alignment may use the
program as developed for navigation. The outputs of this routine are K sets of f(g- 121) dt,
for the K consecutive measurement periods.

The estimation routine receives the oufputs of the preprocessing routine and determines
an estimate of the g vector in the body axes frame (g- ]il) by application of the M matrix
and b vector.

The final routine computes the T matirix from oy and the components of g. The estimate

of this matrix 1g output by the computer program and 1s recorded by the operator on the
Alignment Resulis Sheet., This T mairix also mmtializes the navigation program,
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PART 111
SECTION 3
GYROCOMPASS ALIGNMENT

In Gyrocompass Alignment, the body components of the gravity and earth rotation vectors
are estimated from accelerometer and gyro data. These are then used to determine the
Alipnment mairix, Procedure listings for Gyrocompass Alignment are contained in
Section HOI-3. 1 and the computaiions are given in IM1-3.2. The Fundamental Modes,
Section ITI-3. 3, contain schematic illustrations of the Gyrocompass Alignment Procedures.
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1-3.1 Gyrocompass Alignment Procedures

The procedures to be accomplished for Gyrocompass Alignment are shown on Chart III-8.
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CHART III-8

LABORATORY PROCEDURES

GYROCOMPASS ALIGNMENT

INSTRUCTIONS

4

COMMENTS

1) Verify turn-on procedures and Alisnment
Resulis Sheet are completed,

2) Verify master oscillator, gyros and
accelerometers are connected to the IEU,

3) Set sampling rate on IEU panel,

4) Load gyrocompass program.

5) Load calibration constants from current
Calibrations Result Sheet.

6) Enter number of samples, K, and inter-
sample time, At, from Alignment
Results Sheet.

7) Enter parameters from parameter
evaluation program for selecied K and At,

8) Imtiate alignment,

9) Enter test table bubble levels and resolver
readouts on Alignment Results Sheet,

10) After compuier output, enter T matrix
on Alignment Resulis Sheet.

1) See Part I, Section 1{for
turn-on procedures,

T) See Part I, Section 3. Not
required Jf an average
estimation technique is used.
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m-3.2 Gyrocompass Alignment Computations

The gyrocompass alignment computations are performed on the laboratory computer. The
program will interface with the other laboratory programs which are used for control,
input/output, and sampling of wstrument daia, The alignment computations require the
following inputs:

The Calibration Constants
The time duration of each sample of mstrument data (At)
The number of samples to be used (K)

Estimation parameters required (only) for the Posterior Mean gravily
estimation technique.

The computations are segmented into portions to be performed by three routines. The
first routine, Preprocessing, determines integrals of the acceleration and angular
velocity applied to the ISU from the accelerometer and gyro ouiput data. The Estimation
Routine processes sets of these integrals to obiain estimates of the body axes components
of the gravity and earth rate vectors. These estimates are used by the final routine to
compute the alignment matrix,
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CHART II-Y

PREPROCESSING COMPUTATIONS

Inputs (By)yg, (£7)y, (£6),,and (Enrzr‘)for k=1, 2, 3

The outputs J'tt+ at (id-gk)dt and J‘tt'*' At (a- ]ék)dt (k=1, 2, 3) are given by the following

computations
. PR = (@), - (57))
G .
. Py =(zﬁ)k
P if S
. at =si(Eal)

. [(E.gk)gt] =

. [(g-.gk) At =

P(f{(m)k - (R), At

A
P/ Dyl - Dp)y At

. (G = [{w-Gy) AI/At

. @ 4 = La-4) at)/at

¢ @G GAY
[0 o 17][@A])]

. @0 =|1 ¢ 0ll@a,)
10 o]|@Ey)
[0 -1 07[@ &)

. (g-—§k) =({0 0 4 (_:2-‘5)
01 0{|@A4)

. ..[.tt+¢t(°—"'§k) dt =

t

1

. t::l'.-hﬂt(g_ 'ék) dt

(@G AL (B @G+ (B &0+ By, @F) 1at

[ @ G + (Cgg)y @ 877 at

[(Cighefar Gy Ma-8)) + Cogle @ 0@ 5 + (Cy o), (a-G, ) (-0 ) 14t

Q@ G)? + Qe @0 @8y 14t

@ &AL - (D), (@ B )%t - (Dy)y (A4t

. J‘tt“'m(ﬁ-]}k)dt - EQ?{L jtt“‘“(g. G, Jat
. Itt+At(g.§l{)dt = EQ{:L j\tt+At(§- é{) it
where
1 (G- By -{G-By
o o%=|-(G, B 1 -Gy By
"(93' §1) “(§3' B,) 1
1 -(4;By (4 By
A
s Q"= "(éz’ EI) 1 ‘(éz‘ 'ES)
~(45"By) -{Ag By 1

Hr-29




CHART IIi-10

ESTIMATION ROUTINE COMPUTATIONS — GYROCOMPASS

Inputs: Preprocessed accelerometer measurements, X, estimation matrix, M,
and vector, b

N
Outputs- E/%t@ates of gravity and earth rate components in body frame, g* Ei and

GE.B, 1=1, 23

The basic estimation computation 1s

-~
£ B
N
gDy
5{?3
= MX + b
E’E‘l31 I
B
w Dy
&)
w™ - By
where
T At KAt At Kat
X = j’ 3°_1dt, -,J' a* B, dt, J arBydt, s a-Bjadt,
0 (K-1) At 0 (K-1) At
At Kat K AL
[T Bt e, [ weBiat, e, [ weBydt
0 {(K-1) ot (K-1) At
At = Intersample time
K = Number of samples
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CONTINUATION OF CHART II-10

¢ Simple Average Technique:

b=0
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CHART OI-11. -

GYROCOMPASS MATRIX

- o

lwxul

where
[ )

(W-U) = (W.B)U-B))+ (W-By)(U- By) + (W-Bg)(U- By)

WxU

Iputs (g By), - By), (g+ By), (0™ By) (w™ By) and (- By)

From these quantities the alignment matrix is given by:

o [ w=mp (W By) (WBy |
1

lwxul| (U-By) (U'By) (U'By)
0 | |(W=xU)(Byx By (WxD)(BgxBy) (W U)+(BxBy)

lwxy| =[1- W.0)?V/2

W-BY = (. B/
(U-B,) =(g-B /g

oF =[P §1)2 . (@"E. §2)2 . (EE_ §3)231/2

g =[(g-B)? + (g By)? + (g- By 2

The local latitude (A) might be utilized to find (W* U} from

The magnitude of gravity (g) might be supplied from a local survey.

The magnitude of earth rate (wE) might be supplied from a local survey.

An optional technique might utilize any of the following additional inputs:

(W.U) =cos A

A use of all additional inputs could reduce the number of necessary instruments to three
(either two accelerometers and one gyro, or one accelerometer and two gyros).
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HI-3.3 Gyrocompass Fundamental Modes

The steps required to accomplish Gyrocompass Alignment are illustrated in Laboratory
Flow Diagrams 18, 19 and 20, The procedures illustraied utilize gyro and accelerometer
measurements to determine the alignment matrix. The gyros sense components of the
earth rate vector (L_UE) while the accelerometers sense components of the gravity vector
(g). The Estimation Routine computes a best estimate of the body components of L_:J_E and g
which may then be used direcily 1n the computation of the T Matrix,

The set up required for Gyrocompass Alignment 1s Shown on Flow Diagram 18. The master
oscillator, accelerometers and gyros must be connected to the IEU, and the IEU sampling
rate set. The navigation and alignment programs are loaded. The current calibration
constants and the intersample time (At} are entered into the computer,

The operator must select one of the two programmed estimation techniques, for processing
of accelerometer data the posterior mean or simple average. )

Selection of the posterior mean requires an wnput o the computer of previously computed
elements of the M matrix and b vector via magnetic or paper tape. The required tape
will be accompanied by an Alignment Parameter Evaluation Sheet {see Chart I-8). The
operator must verHy that the input parameters on this sheet agree with those specifiad
for the subject experiment. If a tape with accompanying sheet cannot be found which does
so agree, then the operator should produce one by following the procedures of Section I-3.

If the simple average technique is selected, the M matrix and b vector do not have to be

ied into the computer. In this case, the M matrix is only a function (as shown in Chart ITI-6)
of the chosen K and At while the b vector is identically zero. The computer can therefore
generate M and b from the K and At which are input earlier in the procedure,

The measurement mode for Gyrocompass Alignment 1s shown in Flow Diagram 19. Master
oscillator timing, gyro and accelerometer data are collected in the IEU registers until

the IEU tume regisier reaches a value equal to the IEU sampling period., It is then dumped
into computer memory and summed under computer control with previous samples until a
total time At has elapsed. If K#£1 the process is repeated mntil the required number of
samples are obtained,

The computations performed are shown in Flow Diagram 20, The routine converts the

measurement data into integrals of acceleration and angular velocity 1 bedy coordinates,
This same function is required for a navigation program. Thus, alignment may use the
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same program as navigation. The preprocessing routine most probably will be repeatedly
performed while data is bemng accumulated, The outputs of this routine are K sets of
[le B,) dt and I(QE- B,) dt, for the K consecutive measurement periods.

The estimation routine receives the outputs of the processing routine and determines an
estimate of the g and w® vectors in the body axes frame by application of the M matrix
and b vector.

The final routine computes the T matrix from the estimate of the body axes components
of g and QE. This matrix is output by the computer program and must be recorded by
the operator on the Alignment Resuits Sheet. This T matrix also initializes the
navigation program.

The operator will record the test table resolver settings and readings from the bubble
levels on the Alignment Results Sheet to complete the record of the alignment,
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PART IV
DIAGRAMS AND FORMS

This part of the document contains supplementary information on the ISU, the laboratory,
and terminology used in this presentation. In Section 1, some of the charts and figures
from the Development Document are repeated so that they are readily available for use 1
the laboratory. The Master Laboratory Flow Diagram 1s also contained in Section 1,
with descriptions of each of the elements which are on the diagram. In Secticn 2, there
are masters of the forms to be used during the calibration, alignment, or related
procedures.
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PART 1V
SECTION 1
SYSTEM DIAGRAMS

This section coniains the master flow diagram, along with several figures and charts
selected from the Development Document.



LABORATORY FLOW DIAGRAM

The Master Laboratory Flow Diagram is shown on the following page. This diagram has
been used throughout this manual to describe procedures. The elements of this diagram
are defined as follows:

Input/Quiput Console — The input/output console consists of the equipment that provides a
manual computer interface. Included in the input/output console are: Computer control
panel, keyboard and typewriter, paper tape reader and punch and the display panel.

Operator — The operator in this system must perform many of the tasks of conirol and
data transfer. The box "operator' mcludes not only the person(s) directing the laboratory
but his work sheets, instructions, and notes.

Systems Conirol and Monitor — This box represents the equipment, capability, and activity
used to monitor and control the system during calibration and alignment,

Freguency Counters — Six frequency counters are available for use in calibration to
measure instrument output. These counters measure the number of counts on one pulse
train for a fixed number of counts on another. One of the two trains may be a difference
train formed from two Inputs. The frequency counters are used in calibration because
they can read the leading edge of one pulge frain, and thus substantially reduce the
guantization error relative to the use of the computer registers.

Auxiliary Data Sources — These mclude data sources available to the operator but not
sufficiently well defimed as equipment or measuring devices to be represented individually
on the system flow diagram. Examples of these sources are bubble levels, and survey
information on the magnitude of g and ;u_SE.

Autocollimators — The two-degree-of-freedom autocollimators are available to measure
the orientation of the ISU mirror normals relative to earth fixed space.

Resolverg — These resolvers measure the orientation of the test table. The angles ¢ 1
¢ and 9, are static resolver readouts on the trunnion, outer and inner axes of the test
table. The angle ¢2 1s a rotary axis readout which-can be used in either a static or
dynamic mode.



1/0 Console H
LABORATORY FLOW DIAGRAM :’ Computer
/o H
Pgm :
Aux. Data Sources .I
Qperator 1
Input . Qutput
Memo M
Autoeollimators bk { emery
'z
Resolvers t
¢ ) |
$ 3 |
System Control ¢ 3 :
and Monttor ¢ 4 H
|
Freq, Counters Master Cseillator IETT IEU ,
' Inter- f
C1 face :
|
pgm. i
Gyros 1
o2 o 1 |
G2 1
& L1 |
Cc4 |
Acceleromeaters }
B Al
:
!
c6 A2 '
A3
V-4
FOLDOUT FRAME - FOLDOUT Frawme o]



Master Oscillater — This is the central timing source of the system. The master
oscillator includes countdown circuitry.

Gyros, Accelerometers — These are the instruments contained within the strapdown ISU.

Interface Elecironics Unit (IEU) — The IEU allows the computer to sample outputs of the
inertial instruments and timer. The IEU coniains accumulating registers for each of

the inputs shown in the diagram, and the capability to periodically interrupt the computer
to allow for sampling and resetting (without loss of data} of each of the regigters,

Computer — The computer schematically indicated in the system diagram is the laboratory
computer Honeywell DDP-124, Other portions of the data procegsing shown may however
be performed on other computers at the discretion of the programmers and operators.
Blocks shown within the computer represent functions used in both calibration and align-
ment, Shown are programs to input and output data from and to the console; a program

to input data from the IEU; and memory buffers for input data and oufput data (the results
of computations). Space has been left within the computer block to allow representation

of the various data processing tasks.



Figure IV-1. Instrument and Mirror Axes
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Figure IV-2. Body and Mirror Axes
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CHART IV-1

THE FUNDAMENTAL ACCELEROMETER MODEL

THE ACCELEROMETER MODEL IS:

t
b
Joofyat- [ fydt = (Ng-N) + Eg = Dy I (a-aat
t, t, t,
% P 3.1
+ Dy 4 [DytDy(a-A)*+Dgla-A)"ldt
"t (
WHERE:

a is the acceleration applied to the accelerometer
. ta st< t, 18 the time interval over which a 18 measured
* A is a unit vector directed along the 1nput axis of the accelerometer

» Nl and N2 are the number of zero crossings detected in t, =t= ty
from both strings of the accelerometer

® Eq 1s the instrument quantization error due to the fact that ta and tb
do not correspond to zero crossings

. D1 is the accelerometer scale factor
. D0 is the accelerometer bias
L] D2 15 the second order coefficient

] D3 13 the third order coefficient

. f2 and fl are string frequencies in pulses/second




FROM

O is a unit vector along the output axis as defined by

the gimbal,

G = O x S is the sensitive axis of the gyro.
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Figure IV-4. A Schematic Diagram of the Gyro



CHART 1IV-2

THE FUNDAMENTAL GYRO MODEL

THE GYRO MODEL IS:

N N i 2 W2
83| 26| =[N (wGdt+ | |ReBa-G) + Byla-0) + By(a:S) + Cpyla-G)” + Cggle-S)
A g &6 ) a-G a0 @8 a-G. a;

+ Cigla-G) @-8) + Cpgla-9) @8 + Cipa-G) @ 0)

d
+ QH( o g)z + QIS(Q-(E) (w8} +J a& (w ggldt + An + Eq

WHERE

. . 18 the angular velocity applied to the gyro

() a is the acceleration applied to the gyro

. tg =t =ty 15 the time mterval over which a and « are measured

. tN - t0 = Nrs where N 15 an integer, andT 1s the gyro sampling
period

. 815 & umt vector along the spin axis of the rotor

. 0 15 a umt vector directed along the output axis as defmed by the
gimbal

. G 1s a umt vector along O x § (that 1s, the sensitive axis of the gyro)

. Gk 1s the kth gyro pulse, equal to +1, -1, or 0 for positive, negative,
or no pulse

. Ad 1s the gyro scale factor

. R 1s the gyro has

. B; By and Bg are the gyro unbalance coefficients

. Cq CSS Cig Cog and CIO are the gyro compliance coefficients

. Qg and QII are dynamic coupling coefficients due to gimhbal defiection
and scale factor nonlinearity, respectively

. J 1s the angular rate coefficient

. An 1s the effect of gyro noise over the [to, tN:I nterval

. Eq 1s the gyro quantization error
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CHART IV-3

DEFINITICN OF FRAMES

LABORATORY FIXED FRAMES

¢ EyEy By
* 55, 8

* i E T

TEST TABLE FRAMES

* K1 Ey I
* I3 Ty T4
* Ry Ry Ry

* 070,03

ISU FIXED FRAMES

* LLL

* By By By

A triad of unit vectors directed up, east, and
north, respectively

A trmad of unmit vectors defined by the two optical
lines of the autocollimators

A triad of unit vectors fixed to the base of the
test table

A triad of unit vectors fixed io the base of the
test table

A triad of unit vectors fixed to the body con-
taining the trunnion axis
A triad of unit vectors fixed to the body con-

taining the rotary axis

A tmad of unit vectors fixed io the body con-
taining the outer axis

A triad of unit vectors fixed to the body con-
taining the inner axis

A triad of unit vectors fixed to the body con-
taining the inner axis

A triad of unit vectors defining the body axes
as defined by the mirror normals (see
Section 2,2, 1)

w-13



FI-AI

‘g-AT SINSTI

semleI 9)eUTPIO0) AI0jBIOQET

AUTOCOLLIMATORS

fn

TEST TABLE
s IN "ZERO'
ORIENTATION

!

7|4
P2 *)4--: ROTARY AXIS
= E3 Ey
S TRUNNION
ROTARY A T AXIS
AXIS ; /" E2
DRIVE -2 /




Figure IV-7. Earth and Mirror Axes
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PART LV
SECTION 2
MASTER FORMS

The master forms to be duplicated and used in the procedures are conwained in this section.
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SURVEY RESULTS SHEET

Identihication:
Date:

Operator;
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CALIBRATION RESULTS SHEET
Experiment-
Principal Operator:
Date:

PROCEDURE DESCRIPTION

Survey Results Sheet Used

Resolver Settings Sheet Used

Counter Settings Sheet Used

Counter Outputs Sheet Used
Special Procedures

RESULTS
Parameter Units Instrument 1 Instrument 2 Instrument 3
Gyros
A Deg/Pulse
(G By)
Gy B,)
(G;- B)
R Deg/ Hr.
B; Deg/Hr. -g
% Deg/Hro —g
Bg Deg/Hr. -g
Ch Deg/Hr, -g2
Cgg Deg/Hr. -gz
C Deg/Hr. -gz
08 9
Co Deg/Hr. -g
Qp Hr. /Deg.
Qg Hr. /Deg.
J Hours
Accelerometers
D, (Pulses/Sec)/g
(é_i' 1§1)
(& By)
(A4 Bg)
D 0 g
D, g/g2
D3 g/ g3




TEST TABLE RESOLVER SETTINGS

Pos:ition 1 Position 2 Position 3 Position 4 Position 5 Position 6
$q | 90° 90° 90° 90° 90° 90°
Rotating Rotating Rotating Rotating Rotating Rotating
2
1 o 3 Q 5 ]
b3 ¢, + 180 b5 + 180 ¢+ 180
¢ 1 3 5
4 S64: <1’4 ¢’4
Position 7 Position 8 Pogition & Position 10 Position 11 Position 12
¢ @ 0° * 0° 00 * 0° 0° *
4)2 a0° 90° 90° 90° aQ° 90°
1 2 3 4 5 6
* *
3| ¥ ¢ by * $s ¢ by *
1 1 3 3 5 5
by | P4 Py by Py by by
Position 13 Position 14 Position 15
¢>1 0° 0° 0°
¢2 90° 90° 90°
Py
Py

* Requires bubble level correction.




COUNTER SETTINGS

Experiment: Date:
Positions Counter 1 Counter 2 Counter 3 Counter 4 Counter 5 Counter 6
(EnP)m Enh)m (Zaym (Tn)™
1 Not Required Not Required
O 2
&
o3
4
5 \
6
Not Required (ZH?)?m Z D1T)gm (zn;r) gm
7
8
O 9
& 10
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COUNTER QUTPUTS

Experiment’

Date:

Positions

Counter 1

Counter 2

Counter 3

Counter 4

Counter 5

Counter 6

T

s

(23)5

=55

Not Required

Not Regquired

GYRO

(=230 [0 0 [TN (L 3 (LR o

Not Required

(Z8)7

(£5)5

GYRO

(an3ffn

(o) e

(Tng ) A0

T, Am
(Zoy) 5y

v
(£ n]) 4
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COUNTER SETTINGS

Experiment-

Gyro Scale Factor Nonlinearity

Datea,

Positions

Counter 1

Counter 2

Counter 3

Counter 4

Angular Velocity

Not Required




COUNTER OUTPUTS

Experiment:

Gyro Scale Factor Nonlinearity

Date*

Positions

Counter 1

Counter 2

Counter 3

Counter 4




COUNTER CONNECTIONS

Counter 6

Date:

Experiment;
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COUNTER SETTINGS

Experiment:

Date:

Positions

Counter 1

Counter 2

Counter 3

Counter 4

Counter 5

Counter 6




COUNTER OUTPUTS

Experiment-

Date:

Positions

dounter 1

Couhter 2

Counter 3

Counter 4

Counter 5

Counter6




AIIGNMENT PARAMETER EVALUATION

Operator. , Output Reel No
Date

INPUT PARAMETERS

K At Sec
[ 2] Ft./Sec? o Ft /Sec?
vg Rad.
TPBEsT.) -

NOISE COVARIANCE FUNCTIONS

Time Accelerometer Noise Environmental Environmental
(Seconds) » Acceleration ¢, Rotation  $g




ALIGNMENT RESULTS SHEET
Experiment:
Principal Operator:
Date: 2
Procedure (Check one): ~ Accel. Levell___l Gyrocompass D Mirror Align. I:I

a*
GYROCOMPASS INPUT
Calibration Constants Identification

Filtering Parameter Identification
Intersample Time, &t

Number of Measurements, X

ACCELEROMETER LEVEL INPUT

Calibration Constants Identification
Filtering Parameter Identification

3y

Intersample Time, 4t
Number of Measurements, K

Azimuth Angle, oy

MIRROR ALIGNMENT INPUT

Autocollimator 1 Autoeollimator 2
Azimuth, o4 Azimuth, 09
Elevation,. &1 Elevation, g4
& TABLE POSITICN
953 ¢4

Bubble Level 1
Bubble Level 2

RESULTS




