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Preface

The introduction of the laser gyroscope has provided the

characteristics needed for further development of atrapdown

inertial navigation systems. This design project represents a

very straight-forward and inexpensive application of obtaining

digital data from a laser gyroscope strapdown inertial measurement

unit for error analysis. Since it was my first experience with

laser gyros and a strapdown system, it represents a very grati-

fying and educational experience.

In this thesis, I tried to explain the operations of the

IMU, the designed interface equipment, and an application of the

data obtained from the IMU. I have also provided detailed

schematic diagrams of the designed interface equipment and a

descriptive computer listing to aid other users.

I would like to acknowledge the help and guidance of my

thesis advisor, Major Salvatore Balsamo, and the advice of

Dr. Gary Lamont in overcoming many problems. I would also like

to thank Mr. Robert Durham of the Department of Electrical

Engineering Laboratory for his support in the laboratory set-up.

I also wish to acknowledge my indebtedness to my wife for her

assistance in the preparation of this report.

Robert S. Lawrence
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Abstract

~~~ A digital data acquisition system was developed to obtain

data from a Sperry laser gyroscope strapdown inertial measurement

unit for error model verification. The system consisted of a

laboratory test set-up with the inertial measurement unit (IMU)

on the Genisco rate table and input/output interfaces such that

meaningful IMU sensor data was recorded on magnetic tape with

absence of a microprocessor. The recorded data was processed

on the CDC 6600 digital computer by a specially developed

program which formats the data in accordance to desired specifi-

cations. The calibration sequence for error model verification

was a 6-position dynamic test for the laser gyros and a 6-position

static test for the accelerometers. The result is a reliable

and flexible system that can obtain data from the IMIJ In the

laboratory for analysis. ~.
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ERROR MODEL VERIFICATION FOR A TIfflEE AXIS LASER GYRO

STR APDO~’(N INERTIAL MEAS UR EMENT lIMIT

I. Introduction

Background

The strapdown inertial measurement unit under consideration

in this thesis project is a self—contained assembly designed to

sense incremental displacement about its axes and velocity iricre—

ments along the axes and transmit these signals in the form of

discrete pulses to a digital computer in order to pe:~form the

function of:

1 • Calibration and/or alignment

2. Navigation

3. Guidance

The system is mechanized by mounting three gyros and

three accelerometers solidily onto the main frame of the

vehicle in which it is used. One of the most promising and

serious competitors to the conventional spinning-mass rnechan—

ical gyroscope for measuring angular rotation rates In the

strapdown configuration is the laser gyroscope. This gyro

has a number of desired characteristics, such as performance

being unaffected by hlgh-g enviroment, the absence of rotating

par ts, and rapid turn-on time. Also the laser gyroscope can

provide the charactertics needed for further development and

exploitation of strapdown systems, particularly for applica4 ions

which demand high rotation rates.

Sperry Gyroscope which developed the first laser gyro,

I . . 
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built a strapdown 1as~ r gjroscope inerti al r~ea surement unit

that permits three laser gjros, with tneir sensitive axes

orthogonall~j orientect , to be fabricated in a singl clu3ter.

This IMU (Part number 14331-701492) contains three Sperry model

SLG—1, Laser gjros and three Sundatrad Q—flex accelerometers,

which is exper imentall~i set up to be evaluated in tnis thesis.

Purpose

The purpose of this wor~c is an experimental verification

of an error model for tu e Sperr~,i strapdo~n inertial measurement

unit. An extensive effort was necessary initially to set—up

the inertial measurement unit (IMU) on the Genisco rate table

and design the re quir ed input/out put interfaces such that mean-

ingful I~iU sensor data can be recorded on magnetic tape. A

detailed calibration sequence was developed and a series of

test executed to obtain the required data. This data will be

utilized to determine the coefficients of the models developed

for the calibration sequence.

Scope

This report contains six chapters. Chapter II is a de-

scription of the Sperry strapdown IMU used in the experiment.

Chapter III contains the laboratory test set-up with descrip-

tions of the equipment designed to interface the IMU to the

magnetic tape recorder. Chapter IV gives a description of the

FORTRAN computer program to process the recorded test data on

$ a digital computer. Chapter V is a description of the calibra-

2
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9 tion test and data analysis developed for the gyros and accel-

erometers . Chapter VI contains results and recommendations .

Appendix A includes schematic diagram s of designed inter-

face equipment. Appendix B is a listing of the computer pro~

gram to process the recorded data tapes.

4,

— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ . TI~~



—

~~~~~~~~ 
—

~~~~~ —-~~~~~~ 
- ——-- —- -—-

~-~
..-. 

~~~~~~~~ ~~ 
.

II. Inertial ~1easurement Unit Characteristics

General Description (Ref 1:1)

The Sperr~ strapdown laser gyro inertial measurement unit

(IMU) consists of two separate assemblies; a sensor assembly

and an electronics assembly as shown In Figure Il-i . The sensor

assembly contains three Sperry model SLG—15 laser gyros and

three Sundstrand ~-Flex accelerometers mounted on a common

orthogonal structural element. The electronics assembly contains

the electronics modules necessary for laser gyro control and

signal processing, accelerometer signal processing and a custom

interface module to accommodate 111U interfacing with a system

digital computer.

- 

Sensor Assembly (Ref 1:114-18)

The sensor assembly which contains the gyros and acceler-

ometers are in a unique intergrated design. The three laser

gyros are machined into a single block (optical cavity) of CER—VIT

(low expansion ceramic vitreous material) so that their optical

paths are interweaved. The three force rebalanced accelerom—

eters are also mounted on the optical cavity. The optical

cavity is mounted in an evacuated case and protected by a

multi—layer magnetic shield.

The three gyros are identical. Figure 11—2 is an optical

schematic diagram of the laser gyro. The gyro optical path is

approximately an equilateral triangle, five inches on a side,

defined by three mirrors. The gyro input axis is normal to

14
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the plane of the triangle. Mounted in one leg of the triangle

is a glass—metal plasma tube filled with a low pressure mix-

ture of helium and neon gas. At each end of the tube is a

glass window to permit the light to pass through the tube

(and therefore through ~he gas mixture). The gas is excited

by passing an electrical current through it. This excites the

neon atoms and results in the establishment of a clockwise and

a counterclockwise beam within the optical cavity . The neon

resonance frequency employed has a wavelength of 1.I~ microns

and is in the ingrared region.

When the optical cavity is not rotating, the clockwise

and counterclockwise waves have the same frequency. When the

cavity is rotating, one optical path length is increased and

the other is decreased. The conditions for lasing require that

the total path length around the cavity be an integral number

of wavelengths , and therefore the particular wavelength selected

by the cavity for the clockwise beam is slightly different from

the wavelength selected for the counterclockwise beam. The

constancy of the velocity of light requires that the optical

frequencies change also, and the resulting difference between

the clockwise and counterclockwise optical frequencies are pro-

portional to input angular rate. The count resulting from

summing this frequency is therefore proportional to the total

angle through which the gyro has been rotated. The relation-

ship between input angle and output count depends upon the size

and shape of the optical path and the wavelength of the optical

beam, as shown:

7
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where
- Optical Frequency Difference

- Wavelength of Light

L - Length of the Optical Cavity

— Area of the Optical Cavity

- Input Angular Rate
• - Input Angle

P4 — Output Count

The mirrors defining the optical cavity each have addit-

ional functions which are:

1. The output mirror is used to extract optical informa-

tion from the gyro.

2. Tha perimeter control mirror is adjustable to servo

the cavity perimeter, to make it an integral number of the

particular wavelengths for which the neon lasing medium has

maximum gain. This insures maximum output and eliminates a

medium dependent source of error.

3. The bias mirror is used to introduce an apparent

rotation in the gyro to bias the clockwise and counterclockwise

frequencies away from each other. This avoids energy-couping

8
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between the waves (~thicri tends to make the waves lock to the

same optical frequenc y ) that ~ould result in a laser g~,ro lower

rate threshold.

The t.riree accelerometers are identical as shown in the

e.~.ploded view of Figure 11—3. ~ach is a complete, self—contained ,

miniature servo-mecnanism in whicn the torque arising from

linear acceleration on a pendulous seismic element is precisely

opposed b~ an equal capturing torque. This torque is accurately

proportional to the level of DC current generated b~ the servo

in an electromagnetic torq~~r. By automatically maintaining

the pendulum in this condition of “force-balance” the servo

accelerometer provides a high level voltage output signal, ~hich

is an accurate and continuous measure of the sustained and dynamic

specific force to which it is subjected. The IMU electronics

assembly contains circuitry to convert the analog signal to

precise digital increments.

E~.ectronic Assembly (Ref 1:22-214)

The IMU electronics assembly is functionally divided into

three major areas as shown in Figure Il-i are:

1. Signal Conditioner

2. Laser Gyro Control

3. Power Supply

The signal conditioner operates on laser gyro and accel-

erometer output signals to condition the signals for multiplex—

ing intc the digital computer. The laser gyro signal condi-

tioning consists of bias and scale factor compensations to

9 ‘I
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translate gyro output signals into scaled body angle increments.

The accelerometer conditioning consists of a pulse converter

to digitize the accelerometer analog outputs. The accelerometer

outputs are digital representations of body axis incremental

velocities since the pulse rate is proportional to specific

force.

The signal conditioner also contains a customized inter-

face to accoinodate gyro and accelerometer data transfer into

the system ’s general-purpose computer. Upon address by the

computer, the gyro and accelerometer angle and velocity m ere-

ments are multiplexed in 12-bit parallel form into the computer.

The laser gyro control contains the circuitry necessary

for satisfactory operation of the three laser gyros. Each

laser gyro requires the following three closed loop control

servos: optical bias current regulation, cavity path length

control, and gas discharge tube current regulation.

The power supply contains regulated dc-to-dc converters

for all of the primary IMU power requirements. This system

operates off a 28 volt D.C. external power supply fused at 6

amperes.

1’
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III. Laboratory Test Set-Up

System Description

The system block diagram of the laboratory test set-up to

obtain and process digital data from the IMU is shown in Figure

111—1 . The sensor assembly fixture, data monitor controller,

multiplexer, and programmer were designed to interface with

the Genisco rate table, IMU electronic assembly digital computer

interface, and Cipher magnetic tape recorder. Then with the

IMU in desired positions, data is recorded on magnetic tape and

processed by the FORTRAN program on the CDC 6600 digital computer.

Utilizing the electronics assembly computer—compatible

interface module that converts the sensor information to veloc—

ity and angular rotation increments, operation of the IMU was

controlled in the absence of a computer by the data monitor

controller. It permits each of the gyro and accelerometer output

registers to be sampled for intervals selected by the pulse

generator , and present the registers contents in octal form on

an output display. These six data words strobed by the data

monitor controller are multiplexed from the IMU via parallel

data lines, with a data format in two’s complement negative

numbers, 11 bit plus sign.

The multiplexer, after receiving the register contents,

buffers the data words and processes the twelve bit words into 6

parallel data lines required by the magnetic tape recorder. The

multiplexer also attaches an octal code word (‘i~i’j’i) to each data

4 - group which will be used by the CDC 6600 digital computer to

12
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identify a data group.

The magnetic tape recorder operating in the continuous

mode (Boo bytes/in) records the data at a rate of 200,000
characters/sec. To meet requirements imposed by the CDC 6600

read capabilities , the programmer applies an inter-record gap

every 10 seconds or 200,000 characters.

The recorded magnetic data tape is processed on the CDC

6600 digital computer by a FORTRAN search ro.itine for the octal

code (1414L1.14) attached to each data group strobed by the data

monitor controller. Each group is then sorted into gyro and

accelerometer data to be printed or further processed according

to specific test requirements.

Equipment Description

IMU/Digital Computer Interface (Ref 1:30-32). The digital

computer interface was designed by Sperry to aceomodate IMTJ

interfacing with a digital computer. Upon command the gyro and

accelerometer angle and velocity increments are multiplexed in

12—bit parallel form with identities for each of the six data

words generated. The interface block diagram is shown in Figure

111—2.

In operation the pulse output of both the laser gyros

and accelerometers are summed in six individual up/down accu-

mulators whose sums represent body angle and velocity increments.

The gyro accumulators have 11 bit plus sign summing capability.

The gyro angle increments are scaled to approximately 13.3 arc

seconds which is 7.56 degrees for full accumulation. Then with

• i Ll.
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the output data rate of 100 readouts per second, which is a 100

Hz sampling rate from the data monitor controller, provides 756

degrees per second accumulator rate handling capability.

The accelerometers have six bit plus sign summing capabil-

ity. Accelerometer plus scaling is approximately 0.01420 feet

per second which is 2.65 feet per second for full accumulator.

Again, the output data rate of 100 per second provides a 265

foot per second squared acceleration handling capability which

is greater than 8 g.

These accumulators operate continuously to gather all the

gyro and accelerometer output data. On receipt of a data request

discrete from the data monitor controller, each of tho c.ix accu-

mulators have their contents transferred onto storage registers

— and are cleared ready to continue counting without loss of data.

When the transfer to the holding registers- is comp leted

the interface module generates a data ready discrete that is

used by the data monitor controller to indicate the data trans-

fer into the multiplexer and output display. Also the data

address lines are set to identify the on-line data as gyro “A”

output. Data monitor controller clock pulses are then received

at 5 micro-second intervals that multiplex the contents of the

six data registers with their appropriate data identification

as shown in Figure 111-3. This data transfer sequence is re-

peated every 0.01 seconds when the data request rate is 100 Hz.

In addition to data interface described above, the inter-

face includes three other IMU condition descretes:

1. IMU “ON” discrete , has a high state when the IMU is

16
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operationally ready.

2. BITE discrete, has an output that stays low when all

of the 11W BITE (Built-In-Test-E quipment) monitored

signals are satisfactory .

j . TEST discrete, on receipt of a low signal (steady

level) the six data accumulators are preset to fixed

data increments .

Data 1•lonitor Controller. The data monitor controller, which

— is a modified Sperry design, was built to obtain digital data

from the IMU via the I~U/Computer interface in the absence of a

computer. This equipmcnt permits each of the three gyro regis—

ters and each of the three accelerometer registers to be sampled

for intervals selected on the pulse generator. The six data

words are transferred to the multiplexer for processing and any

desired register content is presented in octal form on an output

display. Also IMU operating discretes are monitored and the test

discrete controlled. The block diagram for the data monitor

controller is shown in Figure 111—14.

J In operation the pulse generator is set to the desired

rate in which the 11W is to be sampled. The minimum rate is a

function of the accumul ators handling capability of the IMU/Com—

puter interface and the maximum rate (800 Hz) is due the multi-

plexer. Throughout this thesis 100 Hertz has been selected as

the desired rate. This generates the data request discrete every

0.01 seconds and when received by the IMU/computer interface a

data ready discrete is generated. Upon receiving data ready the

18
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data monitor controller initiates clock pulses to multiplex data

from the holding registers. When the contents of the six data

registers are removed, the data ready discrete is removed until

the next data request is received as shown in Figure 111-3. The

reason the data words are strobed within 30 microseconds of the

0.01 second sample rate is to obtain data from all six instru-

ments at essentially the same time. The assumption then is that

the data taken within a 30 microsecond period is instantaneous.

The data word desired to be displayed in octal form on

the output display is selected by processing the clock pulses

through an up/down counter and controlling the display rate.

The data address is also displayed to indicate that the correct

data word has been selected.

The test mode enable discrete is selected on the data

monitor controller which permits fixed test words wired into

each register of the IMU/Computer interface to be displayed.

The chart on Table 111-I shows the values of the test words for

the octal displays according to data address. Also the binary

form is shown, which was used extensively in designing the

multiplexer and CDC 6600 FORTRAN Program. Figure 111-S presents

the signals in the test mode to show the relationship between

data request, data ready, clock pulses, data address and dat a

words. The IMU “ON” and BITE discretes are monitored by light

indicators and a schematic diagram of the data monitor controller

is shown in Figure A-I and A-2 of Appendix A.

Multiplexer. The multiplexer, a completely new design,
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was built to buffer and multiplex the six, 12 bit, data words

t to interface with the 7 track Cipher magnetic tape recorder.

It consists of four major elements: -

1 • Decoder

2. Buffers

3. Multiplexers

14. Binary Counter

The functional relationship of these elements are shown in the

system block diagram in Figure 111-6.

The decoder operation within the 0.01 second sampling

period receives the 3 bit binary data addresses and produces

six clock pulses as shown in Figure III-?. Using the clock

pulses as identifiers, the six data words are transferred into

12 buffers (6 bits per buffer) and maintained until cleared by

‘~ JJ LFLFL
(Dc,rc~ J~~1 1 E
~O~~R~ SSE$) 

:0 ‘L~~~~~~~
—

~c’~srs Y2 -

y
~~

_ —u —

y
~

_
~~~~~~~~~~~

—

vs LI
Figure III—?. Decoder Signals 
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the binary counter. Upon removal of the data ready discrete ,

which signals that all data is transferred to the buffers, the

binary counter is activated.

The counter using the 20K Hertz clock from the magnetic

tape recorder strobs( 14 bit binary ) the 6 multiplexers which are

hard wired in logical sequence to the buffers. When all the

data is multiplexed into the tape recorder via 6 parallel data

lines , the buffers are cleared.

Since each multiplexer contains 16 inputs and only 12 were

required , a code was wired into each multiplexer. This octal

code word(14)~~J4) was atteched to the end of each data group of

six data words. Figure 111-8 shows the signal relationship of

the data ready, tape clock, binary counter and multiplexed data

words with the test mode selected by the data monitor controller.

Also a schematic diagram of the multiplexer is shown in Figure

A-3 thur A-9 of Appendix A.

As shown the multiplexer required approximately 600 micro-

seconds to multiplex the data after being tratisferred within

27 micro-seconds from the IMU. In total 630 micro-seconds max-

imum is required to process data from the IMU within the 0.01

second sampling period. Therefore, the maximum sampling period

determined without dat a overlapping is approximatly 800 Hertz.

!~~~raJnmer. The programmer, a completely new design , was

built to control the functions of the Cipher(model 85ff) magnetic

tape recorder when operating in the continuous recording mode .

Its requirements were due to read (Buffer-In) capabilities of the

25
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CDC 6600, which processes the recorded data tapes, and the

recording mode selected to handle the data rates from the multi-

piexer. Figure 111—9 is a block diagram of the functional rela-

tionship of the programmer to the Tape recorder.

The Cipher, Model 85H, high performance computer-compatible

Magnetic tape recorder Is a seven-track system; six (6) of the

tracks are data channels while the seventh is the parity channel.

The continuous recording mode was selected, since the minimum

time to generate an inter-record gap was required, to reduce data

loss when the IMU is sampled at high rates.

In the continuous mode the run command is given which

accelerates the tape. When operating speed is reached (25 in/sec),

the busy indication is removed and the 20KHz write clock is

enabled. Data is then clocked onto the tape at 20,000 characters

per second (i.e. 2~ in/sec x 800 bytes/in). When the desired

record length of 200,000 characters (10 sec) is reached, an

interrecord gap is generated without stopping the tape. This

is eccomplished by adding up 200,000 clock pulses and generating

a pulse to make the Insert Check Characters (ICC ) input true.

This input produces a busy indication and inhibits the write

clock. After the inter-record gap has been generated the busy

output is removed and the clock output returned. Since the busy

signal is 0.03 seconds there was a loss of three data groups,

which is related to the sampling rate (0.01 sec) of the data

monitor controller.

The next record is then started and the sequence is repeated

for as many records desired. When the desired amount is recorded
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the run command is removed to stop the tape. If a file gap is

desired after a number of records, it must be initated by the

manual controls on the tape recorder. Also a file gap must be

initated to enable the rewind sequence. The signal relationships

are shown in Figure 111-10 and a schematic diagram of the pro-

grammer is in Figure A-? of Appendix A.

Test Fixture. The test fixture was designed and built to

allow the IMU sensor assembly to be oriented in any desired

position while attached to the Genisco rate—table. It is a two

gimbaled aluminum structure that maintains the IMU center of

gravity aligned with the rate-tables axis. The fixture is shown

in Figure 111—li with the sensor assembly.

The outer gimbal was bolted to the center of the rate-table

which can be rotated about the local verdcal at any desired rate.

The inner gimbal can be positioned at any angle within the outer

gimbal and the sensor assembly can be rotated within the inner

gimbal. Therefore, the sensor assembly sensitive axes can be

positioned in any desired orientation for static testing and

rotated for dynamic testing.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 
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IV. Test Data Processing

Computer Program Description

The following FORTRAN Program was developed to process the

data recorded on the magnetic tapes by the CDC 6600 digital

computer. The major steps in the computer program are:

1. Read in the control data to determine the number of

records and files to be processed and units of the output

data.

2. Buffer in the data records (20,000 octal words per

record) from the magnetic tape and determine the record

and file number.

3. Process the data records, using a search routine for

the code attached to each data group and summing the data

to obtain the desired output information.

Li.. Write out the results, along with enough of the infor—

3 - mation to identify the record, file, and data units.

The flow chart for the major steps listed above is shown in

Figure IV-1 which illustrates that each record on tape is read,

processed, and written in sequence until all specified control

data is completed.

The control data which specifies the number of records,

files, and units of the data to be processed is accomplished

with a data statement. Since the number of files and the records

per file is determined when the tape is recorded, then all data

record2 to the specific file and record specified on the data

statement will be processed. The units of the data have a direct

32
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relationshiP to sampling rate of the IMU selected by the data

monitor controller. For example, if the sampling rate were 100

Hz then there would be 1000 groups of data words per record .

Then if every 100 groups of data were summed after being processed ,

the units would be pulses per second , and 10 groups of data in

pulses per second will be listed per record .

The Buffer-In statement causes one record of data (20,000,

60 Bit, Octal words) to be transmitted fron the magnetic tape

to a storage location. Also designed is the fact the magnetic

tape is 7-track and recorded in binary (odd parity). The unit

function checks the buffer in operation for an end-of-file to

indicate different files that were recorded . The length of the

record is ascertained through the length function which deter-

mines the number of 60-bit words read.

The processing of a record of data involves a search

routine which samples every 20,000 octal words in sequence for

the octal code (14.LIMLI.) attached to each data group. This is

accomplished by using the intrinsic functions, SHIFT and MASK ,

and logical expressions which essentially samples the entire

60-bit word every 6 bits and checks the 6 bits for the octal word

(1414). If the octal word (1414) is located then the next 12 bits

are checked for the code word (144144).

When the code is located the subroutine SORT is called

which seperates the 12 bit gyro and 7 bit accelerometer data

from the data group. This data group usually is located within

three 60 bit words, and a starting point is given to SORT to

indicate where the group is located . When the data is sorted,
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then subroutine ASSIGN is called which transforms the binary(
data to integer values. Since the data is in the form sign

plus two ’s complement, all gyro data (11 bits + sign) and

accelerometer data (6 bits + sign) are checked for polarity

before assigning an integer value.

Then the numerical value (according to the IMU sampling

rate) for each gyro and accelerometer is sorted in an array

until the speci.fic number IADD is obtained. When IADD is

obtained , which means the specified number of data groups lias

been stored , then subroutine ADPULSE is called . ADPULSE sums

the number of data groups stored and printed is the number of

pulses per unit time selected in the control data for each gyro

and accelerometer. A more detailed flowchart of the program is

shown in Figure IV-2 and a computer listing is in Appendix B.

Typical Test Data

Typical test data recorded from the IMU is shown in Table

IV-I. When the data was recorded the sampling rate of the IMIJ

was 100 Hertz and for processing the control data IADD was set

to 100 to sum every 100 data groups which produces units of

pulses per unit as indicated . Since each record is 10 seconds

then 1000 data groups should be recorded per record . However,

the value of total sorted indicated at the end of each record

is the exact number of data groups recorded in that specific

record. Therefore, due to the accuracy of the pulse generator

used with the data monitor controller, the number of data groups

per record may vary slightly as shown in record two.
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Record one contains 9 seconds of data with the IMU operating

in the test mode selected by the data monitor controller. The

values processed for the gyros and accelerometers are equal to

100 (IADD) times the decimal values in the test word chart of

Table Ill-I. This indicates that the laboratory set-up was

functioning properly .

Record two contains 10 seconds of actual test data with

the IMU orientated to allow equal components of gravity along

the sensitive axes. The total sorted was 999 which allowed

only 9 summed groups of data to be listed. This demonstrates

the requirement for an accurate sampling rate to properly

process test data. Also gyro ‘IA” indicates a bias problem .
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V. Calibration Test

Model ~guations

The calibration sequence was developed to determine the

bias and scale factors for the gyros and accelerometers b~

positioning the ThU with respect to a master reference. The

model equation selected (since only bias and scale factor were

of interest) was first order which expresses instrument output

in terms of bias, scale factor, and the reference input. The

accelerometer model equation is:

(V- i)

( V — 2 )

where

— Accelerometer Output (pulses/see)

— Bias (pulses/sec)

— Scale Factor (pulses/f t /see)

— Specifi c Force Along Input Axis (ft/sec/sec)

— Acceleration Along Input Axis (f t/ sec/ soc)

— Gravity Component Along Input Axis (f t/ sec/see)

The gyro model equation is:

( V-3)

where

— Gyro Output (pulses/sac)

— Bias (pulses/sac)

— Scale Factor ( pulaes/I~c)

— Rotation Rate Along Input Axis (ac/sec)

L~.1
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Assuming the sensor axes are orthognal within the IMU

sensor assembly as shown by Sperry in Figure V-i . The accel-

erometers require a static 6—position test and the gyros a

dynamic 6—position test to determine the model equations coeffi-

cients. These tests will allow the three gyros or accelerometers

~to be calibrated simultaneously in one complete sequence.

Static 6—Position Test

Test Description. The static 6-position test was conducted

to determine the accelerometers bias and scale factors by posi-

tioning the IMU with respect to the earth ’s gravitational field.

The earth’s gravity vector was positioned with respect to the

three orthognal accelerometers as shown in Figure V.-2. The

angles 9 and ~ were used to define the components of gravity

S

Figure V—2. Accelerometers Reference Position
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along the input axis for each accelerometer. Since the angles

9 and are unknown the following non-linear equations were

developed from model equation (V-i)1

7~ <~~~ -i.~ç~~ ~ 
(V~LI-)

(V-5)

( v-6)
With 3 equations and 8 unknowns it was required to position

the IMU in the 6 positions shown in Figure V-3. This generates

18 equations with 18 unknowns as shown in Table V-I.

Since the number of equations is equal to the number of unknowns

then an approximate solution , due to data error, of the coeffi-

cients can be determined. This data error will be estimated in

the Data Analysis.

The magnitude of the local gravity vector was calculated

by two methods using the geographic latitude (39 LI.7’17 ’N),

longitude (84 05’45”W) and allitude above sea level (830ft).

Method one was using the gravity model of Reference (3) which

considers the earth ’s shape an international ellipsoid . Consid-

ering only the up component of normal gravity , the value calculated

was -32.i.5’496C ft/sec/sec. Method two was using the spherical

harmonic point-mass gravity model program of Reference (4).

It’s value for the up component of gravity was -32.154328 ft/sec/sec.

Both values are acceptable , however, method two was selected

since the gravity model was gencrated from satellite data.

Test Procedure. The IMU sensor assembly was positioned

in the six shown in Figure V-3 using the analog accelerometer

114
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readings scaled at 1 VDC/g. These signals are obtained from

the accelerometer module card (P3) of the electronics assembly.

The rate-table was locked and digital data was recorded for 60

seconds in each of the six positions . The reason for selecting

the 60 seconds will be discussed in Data Analysis.

Dynamic 6-Position Test

Test Description. The Dynamic 6-position test was conducted

to determine the gyros bias and scale factor by positioning the

IMU with respect to the rate-table axis and rotating the table

at a constant rate. Earth rate was considered and rejected as

a reference since rotating the rate—table at greater than or

equal to 2 degrees/second was required to provide sufficient

parameter sensitivity. This will be discussed in the Data Analysis.

The rate-tables axis, assuming aligned to the earth ’s

- , gravity vector, was positioned with respect to the gyros as

shown in Figure V-14. The angles and were used to define

the components of rotation rate along the input axis of each

Figure V-14. Gyros Reference Position
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gyro . Then rotating the rate—table at a constant rate clock-

wise with the angles ~ and Oc unknown the following non-linear

equation were developed from model equation V-3:

~~ (V.-?)

t)3~~ us.) Co~~~Co’sc~ (V-8 )

~~~~~~<oc 4~~ c ~s~s . ) C~ S12 S~~~o( (V-9 )

With 3 equations and 8 unknowns it was required to position

the IMU in the 6 positions shown in Figure V-s. This generates

18 equations with 18 unknowns as shown listed in Table V-It.

Since the equations are similar to the accelerometers equations

of Table V-I, an approximate solution, due to data errors, of

the coefficients can be determined. This data error will also

be estimated in the Data Analysis.

Test Procedure. The IMU sensor assembly was positioned

in the six positions shown in Figure V—s, which is the same as

the static 6—position test, using the accelerometers analog

* values. Data was recorded for 60 seconds in each position when

the rate-table reached a constant speed of approximately 2 deg/

sec. The actual rate of the table was determined by timing

160 degrees of table rotation. Also the reason for selecting

60 seconds as the data recording time and rate-table speed is

discussed in Data Analysis.

Data Analysis

The data analysis was performed to determine the optimal

length (integration time) of’ data for the static and dynamic

14.8
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6—position tests. Also the estimated data error was determined

at the selected integration time to aid in solving for the

coefficients of the accelerometers and gyros model equations.

The optimal data length for the calibration tests was

detormined by calculating the standard deviation for different

integration times. This was accomplished by recording data

from th~ IMU in a fixed position for eight minutes. Then the

test data was processed from the magnetic tape for different

integration times. The standard deviation computed was an

unbiased estimator of the form

Standard Deviation (~) = — 

t~(t-~-~) 
(V-b )

where Y~ 
is data with units of pulses pa’ second and ‘N is the

number of data samples per integration time. The results are

shown plotted in Figure V-6 for the accelerometers and Figure

V-7 for the gyros. The number of data samples per integration

time selected. was 10 which was determined by analysis of ~,10,

15,20,30, and 1.i.0 samples at various integration times.

The graphs indicate an expected data trend and 60 seconds

was selected as the intergration time for the calibration tests.

Also since there is approximately 1000 feet of magnetic tape

per reel, all six positions of the static or dynamic test can

be recorded on one reel for more convenient data processing.

Therefore, with 60 seconds of data recorded in each position,

the estimated data error was 0.0~ pulses per second for the

accelerometers and 0.01 pulses per second for the gyros.

- 51
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The estimated error of bias and scale factor to data error 
- -

was determined by analysis of the model equation. Considering

the accelerometer model equation V-i , the perturbation equation

can be expressed as

~~~~~~~ 
+~~~~~~; \<, ( v - i l )

which express error in acce1eromc~ter output in terms of’ error

in bias , scale factor  and input specific force. Assuming bIas

and scale factor  are independent , and specific force error can

be neglected the following analysis can be performed:

(1) assuming ~,‘0 and ~~~~~ then

(v-12)

(2) assuming~~~~ o and ~~~~~ then

~~ ~ f-% /~~ (V-13)

This indicates an approximate relationship ~,sensitivity) between

the accelerometer output error and bias scale factor error.

The same analysis can be applied to the gyro model equation

V—3 to obtain the perturbation equation

(V- 114)

then assuming the input rotation rate error Is negligible

produces the following results:

(1)  assumIng ~ K,:c, and S~3~tI~ then

~~~~~~~~~ - •~~~~~~~~
•
-• 

~~~~~~~~~~ ~~~~~~~ ~~~
- -

~~~~
- -

~~
.‘.5’ ~~~~~~~~~~~~~~ ~~~~~~~~~~ a-——-
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~T I :~~~~~~~~~::~~~~

_

~~~~~~~~ ~~~~~~~~~~~~~~~~

= (v-15)

(2) assuming ~\ç0~o and -3~~S~ 
then

(v-i.6)

This indicates an approximate relationship between the gyro

output error and bias or scale factor error. Figure V-8 is a

plot of scale factor error for different rotation rates using

equation V-16. The graph indicates scale factor error is

decreased by applying a rotation rate greater than earth rate

(1.5.OLI.1067 sec/sec). This is the reason the dynamic test, with

a rate greater than or equal to 2 deg/sec, was selected for the

gyro calibration sequence.
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VI. Results and Recommendations

Results

The initial raquirement was to set-up the inertial measure-

ment unit (INU) on the Gen~sco rate-table and record meaningful

sensor data on magnetic tape. This effort was accomplished by

designing a test fixture, the data monitor controller, multiplexer,

and programmer . The test fixture allowed the capability to position

the INU sensor assembly in any desired orientation. The data

monitor controller, a modified Sperry design, was required to

control the operation of the fl-lU to obtain digital data in the

absence of a computer. The multiplexer buffered and multiplexed

the digitia]. data to interface with a Cipher magnetic tape recorder.

The programmer was needed to control the functions of the tape

recorder due to the requirements of the IMU data sampling rate

• and the read capabilities of the CDC 6600 digital computer.

Chapter V discusses the above effort in more detail.

The next requirement was to process the data recorded on

the magnetic tape. This required the development of a FORTRAN

program to process the recorded binary data and output the data

from each instrument in a desired usable format. The program

involved a search routine for an octal code word (~4~J~t~) attached

to each data group by the multiplexer. Once the code is located

the data is sorted and converted from binary to a numerical 
—

value for each instrument. ChapterlV discusses the functions

of the program in more detail and Appendix B is a listing of

the program with comments throughout to aid other users.
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The final requirement was to determine the bias and scale

factors for the laser gyros and accelerometers . This was to be

- - - accomplished by the calibration test developed in Chapter V.

The dynamic 6-position test for the gyros was not completed due

to a problem with gyro “A” . This gyro would not respond to any

rotation rates from the rate-table thus, the output data required

to solvt for the gyros coefficients was not available.

The static 6—position test for the accelerometers was

completed and the output data (Table Vi-i) was processed for

integration time of 60 seconds . This data and the local gravity

magnitude (32.1~ L~328 ft/sec/sec ) was used with an AFIT subroutine

(NSOIA) to solve the system of nonlinear calibration equations

of Table V-I. The best results obtained by the routine is shown

in Table VI-Il to an accuracy of approximately O.7~ pulses/second .

The desired accuracy was 0.01 pulses/second, which was determined

from the data analysis shown in Figure V-6.

A sample problem was developed tc initially verify the

routines capability with the calibration equations. Gaussian

random numbers with a 0.01 standard deviation was applied to the

sample problem data. The estimated solutions were obtained to the

desired accuracy which validated the routines capability. There-

fore , the accelerometer model equation was determined to be m ade-

quate for the test data and a higher order model must be considered.

Recommendations

Several recommendations can be made for further work. One

is to develop a more adequate model for the accelerometers.
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This would include non-linearities and a different approach to

determine the additional coefficients. Also the dynamic 6-position

test  for the gyros shou ld ~be completed when the problem wi th

gyro “A” is corrected.

A microprocessor, if available, could be interfaced with

the electronic assembly to control the IMU operation. This

operation can be divided Into four phases as follows :

(1) Initial start up

( 2 )  Warm-up

(3) Checkout and Calibration

(1k) Navigation

which are described in more detail in Reference (1). Also the

microprocessor would allow more efficient storage of IMU data

on magnetic tape by online processing before recording .
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Table VI—I. Accelerometer (Static) Test Data

POSITI ON 1

= -L~11.1.633333 Pulses/Second

= ,..ji42.166667

= -t~~2.L~66667

POSITION 2

= L~42.~ 333 33 Pulses/Second

= 14~3...,OOOOO

= L4~2.9OOOOO

POSITI ON 3

= —Li~31.93333~ Pulses/Second

= L46.550000

= L~45.966667

POSITION L~,

= L~,1.816667 Pulses/Second

= -L~36.833333

= -1~36.7OOOOO

POSITION 5
P,c~ = i~47.35OOOO Pulses/Second

= L447.O~00OO

= -L~33.O5OOOO

POSITION 6

= L~45.311111 Pulses/Second

= -!i.32 .~~~88889



r 
T~~~~:T~~T~~~ J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table VI-Il. Accelerometer Calibration Equation Solutions
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Table L-I. Data Monitor Controller Parts Listiflg
SCHEMATIC PAR TS LIST

Data Monitor Controller

Ref
Desi g Descri ption Part Number
Cl Capacitor l O Opf

C2 l 000pf

C3 l000pf

C14. l OOpf 
.5

C~ l OOpf

Ri Resist or 1K ohms
R2 6.8K

R3 6.8K

3.3K

3.3K

R6 1i . 7 K

R7 14.7K

R6 14.7K

R9 14.7K

RiO 2140

Ru 2140 —

R12 Resistor, Variable SOK

Dl LED

D2 LED

D3 LED Display HP 5082-73140

DL4.
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Table A-I. (Cont.)

SCHEI~ATIC PARTS LIST

Data Monitor Controller

Ref
Desig 

— 
Description Par t Number

D5 LED Display HP 5082-73140

D6

Dl

S-i Switch, Toggle SPST

S2 Switch , Toggle SPST

33 Switch, Rotary 3P—6P03

Al Dual Line Driver 96114

A2 Dual Line Receiver 961~

A3 Monostable Multivibrator 3N7143121

AS

A6

A7

A8 Dual D-Type Flop-Flop SN714S7L7Li.

A9 4
AlO Up/Down Binary Counter 3N7143191

All Quad 2—Input NAND Gate 3N714371400

A12 Hex Inverter 3N7145714014

_ 
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Table A-Il. Multiplexer Parts Listing

SCHEMATIC PARTS LIST

Multiplexer

Ref
Desig Description Part Number

.5 

Dl Decoder/Demultiplexer SN714S1 38

.5 
131 Hex/Quadruple D-Type Flip-Flops 5N714S1 714.

132

B3

B1~.

135
136

137

B8

B9

Bi 0

1311

1312

Ml Data Selectors/Multiplexers 3N714150

142

M3

1414.

MS

146

Fl Binary Counter SN714LS1 97

F2 J-K Flip-Flops SN714101

7S
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Table A—Il. (Cont.)

SCHEMATIC PARTS LIST

Multiplexer 
_______________

Ref
Desig Description Part Number

F3 Hex Inverters SN714OIi.

F14. Hex Inverters SN714014.

Quad 2—Input AND Gates SN71409

P6 Dual 14-Input AND Gates SN71421

a
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Table A-Ill. Programmer Parts Listing
SCHEI-IATIC PARTS LIST

-

~~ Programmer
-

~ Ref
Desig Description Part Number

- 

P1 Binary Counters SN714176

P2

P3

P14

H
P6

- 

Gi Quad 2-Input AND Gates SN71408

02 4, 4,
Hi Hex Inverter SN714014

Si Switch,Toggle SPST

.5
-

_______________________________________________ ________________________________________________________________________________
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