o

£y 7

DA G LL Y

-

AFAL-TR-77-75

BD - RO 257

DESIGN, DEVELOPMENT, ANALYSIS, AND
LABORATORY TEST RESULTS OF A KALMAN
FILTER SYSTEM-LEVEL IMU CALIBRATION
TECHNMNIQUE

Richard &. Kitzerow
Reference Systems Branch
keconnaissarce and Weapon Delivery Divisicr

June 1977
TECHNICAL REPORT AFAL-TR-77-75

Final Report for Period July 1973 to November 1975

iApproved for Public Release; Distribution Unlimited

BEFRODUCED T o
MATIONAL TRCHNICAL

HFORMATION >EF‘\'H E
[ im P RIEHT OF COAMERG
PEINGEELL YA “m

ATR FORCE AVIONICS LABORATORY
AR FORCE WRIGHT AERORAUCTCAL LAGORATORIES
AMEOFGHEE SYSTEMS COMMAND

RRIGNTRAYTERLNGN &TR FORCE BASE, ONIO 454353

\
st

S Ry :
wmwmﬁmwmim LN




IMeLe:

NOTICE

When Government drawings, specifications, ox other duta are used for any purpose
other than in connection with a definitely related Government procurement operatiorn,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the fact that the government may have formulated, furaished, or in
any way supplied the said dJdrawings, specifications, or other data, is not to be
regarded by implication or otherwise as In any marner licensing the holder or any
ather person or corporation, or conveying any rights or permission to manufacture,
ase, or sell any patented irnvention that may In any way be related thereto.

This report has been reviewed by the Information Office (ASD/OIP) and is re-
leasable to the National Technicadl Information Service (M?I‘). At NTIS it will be
available to the general public, including foreign nations.

This technicai report nas been reviewed and is approved for publication.

ﬁéZ@ LA, &; .XL'},»&-«J'

RICHARD A. KITZEROW
Project Engineer

FOR THE COMMARGEDR

| QR

g nff«" cetes = «f"‘? J’X T

RONALD L. RING
Chief, Reference Systems Branch
Reconnaissance and Weapon Delivery Division

: mmu..ra L mv z‘e\fm.té'm‘ w&fm&s ,:msmm 48 regulrad g ssouriy




NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED
FROM YHE BEST COPY FURNISHED US BY
THE SPONSORING AGENCY. ALTHOUGH 1T
[S RECOGNIZED THAT CERTAIN PORTIONS
ARE ILLEGIBLE, IT IS BEING REIEASED
IN THE INTEREST OF MAKING AVAILABLE

AS MUCH INFORMATION AS POSSIBLE.




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Futered)

READ INSTRUCTIONS

REPORT DOCUMENTAT'ON PAGE REFORE COMPILETING FORM
1. REPORT NUMBER 2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
AFAL-TR-77-75
o, TI.TLE (and Subtitle) 5 TYPE OF REPORT & PERIGD COVERED
Design, Development, Analysis, and Laboratory Test |Firal report.
Results of a Kalman Filter System-Level IMU July 1973 to November 1975
Calibration Technique 6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(as) 8 CONTRACT OR GRANT NUMBER(s)

Richard A. Kitzerow

9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. i:gGAR&/‘mOEAKE”SINTTYN?JRMOggFEST' TASK
Air Force Avionics Laboratory ; e
Wright-Patterson Air Force Base, Ohio 45433 60951508

1. CONTROLLING OFFICE MAME AND ADDRESS 12, REPORT DAYE

Air Force Avionics Laboratory dJune 1977
Wright-Patterson Air Force Base, Ohio 454233 B JUMBER OF PAGES
14. MONITCRING AGENHCY NAME & ADDRESS(If ditferent from Controlling O!I'ire)‘ 1S. SECURITY CLASS. (uf this report)
UNCLASSIFIED
[ 15a. DECL ASSIFICATION. DOWNGRADING
SCHEDULE

l

16. DISTRIBUTION STATEMENT (of this Report)

Approved for Public Release; Distribution Unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in 3lock 20, if dl(!erpn} from Report)

N/A

18. SUPPLEMENTARY NOTES

N/A

19. KilY WORDL (Continus on reva;v side §f :,ecssaar_v wd identify by blo sk number)

KT-73 IMU Error Model Error Model Develonment

IML Calibation Labcratory Test Results

Kalman Filter Gyros, Accelerometers

IMU Simuiation IMU Mainienance and Acceptance Tests
Navigation

20. ABSTRACT (Coriftnue un raverse side If ne ~oasary ana Identify by block aumt.er)

The United States Air Force Avionics Laboratery at Wright-Patterson Aiv
Force Base, Ohio, is presently conducting inhouse advanced aided-inertial
navigation scftware devetlopment proarame,  This renoil describes the design,
deveiopment, analysis, and fahoratory test results of an IMU -alihrarion and
error model developmeint methodology formulated to suppert the design and
test of irertiel navigation software and asscciated Kalman Filters. The
IMU error analysis methcdology 1nzorporates a $3-ctate Kalman Filter and uses

DD , 522"73 1473 EOITION OF 1 N9V 6515 0BSOLETE UNCLASSI FIED

SECURITY CLASSIFICATICN OF THIS PAGE (Whan Data Entere)

0 TR IR

-




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Enturad)

20. Abstract (Contd)

only system-level IMU velocity and gimbal angle measurements taken during a two
and a half hour, twelve-platform attitude test to estimate IMU significant

error sources relative to the inertial instrument random disturbances. The
Kalman Filter incorporates a number of error model residual states which provide
a measure of the degree to which the test article conforms to the assumed IMU
error model. IMU error parameter estimation can be accomplished either on-line
in real time or off-line using recorded IMU measurements. Results cobtained from
both & CDC-6600 computer simulation of the IMU calibration problem and a
laboratory development program indicate that the technique is conceptually more
comprehensive and accurate, and requires less specialized test equipment and
test time than conventional calibration methods. The technique appears to be a
likely candidate for IMU acceptance and intermediate and depot level

maintenance tests,

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Dars Entered)

SRol TR Gl S ‘;“'\—a SRS L

R . ca A T PR
, L Za 3 . T o " & v
. " n




AFAL-TR-77-75

FOREWORD

An inhouse study was initiated in March 1973 to investigate static
and dynamic tests and associated data reduction and analysis computer
programs that could potentially assist the Reference Systems Software
Group in accomplishing its mission: development and evaluation of
aided-inertial navigation software. Study emphasis has been in the
areas of error modeling to support the development of the navigation
KaTman Filter and the definition of tests and development of data
reduction and analysis computer programs that have the capability of
separating hardware and real-time software errors and isolating these

errors within their respective classes.

The IMU calibration technique reported herein is the first in a
series of six tests defined in the study. Development of the calibration
methodology, computer simulation, and a data reduction and analysis
computer program was accomplished in the June to December 1973 time period.
Development of the real-time test software, integration of the test
equipment, and experimental verification of the calibration technique
were accomplished during the September to December 1974 time period.
Several refinements to the test software, equipment, and data analysis

computer program were made in 1975,

The author acknowledges the assistance of Mr. D. Kaiser who was the
Task Engineer responsible for the integration of the laboratory test
equipment and development of the real-time test software. Capt P. Howe
and Lt H. Vassar also contributed to the development of the real-time
test software. Mr. R. Clark refined and assembled the equipment
associated with the IMU gimbal angle measurements. TSgt E. Edgecomb
conducted many of the calibration tests.
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SECTION 1
INTRODUCTION

1.7 BACKGROUND AND NEED

As part of the Air Force Avionics Laboratory's Reconnaissance and
Weapon Delivery Division, the Reference Systems Branch mission is
concerned with conducting exploratory and advanced development of
navigational reference subsystems, analyzing new concepts for reference
subsystem data processing and software cevelopment, and developing new
techniques for subsystem integration. The Branch's Reference Systems
Software and Evaluation Groups support its mission by conducting in-house
analysis and evaluation of navigation reference subsystems, with emphasis
in the areas of inertial navigation software and subsystem integration
via Kalman Filtering. The Evaluation Group maintains a laboracory and
instrumented Greyhound bus for both static and dynamic hardware/scftware

evaluation.

In accomplishing this mission, the Software and Evaluation Groups
have and continue to encounter numerous mundane problems associated
with the design, development, test, and evaluation of aided-inertial
navigation software. Some of the more notable problems are: How g an
inertial measurement unit (IMU) error model, suitable for Kalman Filter
des.gn and comprehensive subsystem convariance error analysis, developed
and/or verified? Considering that inertial navigators are among the
most precise of all electro-mecnanical devices, how is it readily
determined that the IMU is operating within its specification prior to
conducting software evaluation tects? At the beginning of a reference
subsystem test, what is the IMU platform alignment accuracy considering
the wind buffet and personnel loading perturbating motion effects on thre
greyhound bus? How are the potential sources of aided-inertial navigation
subsystem errors: hardware, alignment and software separated a* the
conciusicn of an evaluation test? How can the various classes of
software errors, coding, equatiors, inexact algorithms, etc., be
distinguished so that software development projects can progress in
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an orderly fashion? What is the best approach for establishing a position/
: veiocity/attitude reference for the aided-inertial navigation subsystem
f;fﬁ under evaluation: by an on-line real-time or by an off-1ine after-
: the-fact data reduction/analysis computer program apprvoach using
recorded data?

1.2 OBJECTIVES OF THE STUDY

e From the preceding discussion, it is clear that aided-inertial

;_' navigation software projects can require extensive analyses, test

;fi procedures, and supporting data reduction and analyses computer programs
if comprehensive development and evaluation efforts are desired.

e

Recognizing this need, the Reverence Systems Software Group undertook
the development of a series of tests and supporting data reduction/
analyses computer programs to facilitate its software development and

evaluation projects.

Table 1-1 indicates the types of tests that are currently planned
and are under development. Al1l tests have several major points in
common. When a test is conducted, test data is stored on a magnetic
tape for subsequent processing by a large off-line scientific computer.
The councept of off-line non-real time data reduction/analyses computer
programs introduces a time delay in obtaining test results but affords

Ty computer programs that are more comprehensive and easier to develop and
7} . change than those resultant from on-line real-time approaches.

The performance analysis, error diagnostic and evaluation concept
for each data reduction/analysis program is a large dimensional
Kalman Filter operating in parallel with deterministic logic and
. navigation software programs. This is a state-of-the-art approach
o that ensures the optimum use of the test data, minimum test time, and
lﬂ_ utmost error estimation accuracy. The extent to wnich Kalman Filters
can be used for error source detection and isolation is a major finding

to be deterimined by the study.
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TABLE 1-1

AIDED-INERTIAL NAVIGATION SOFTWARE DEVELOPMENT AND
EVALUATION TESTS

Kalman Filter

lest ___States Test Location
(1) IMU falibration 68 SEL
(2} MEL Suspension 35 MEL
(3) Scorsty Table Platform Alignment 39 SEL
(4) Tilt Table Static Navigation 37+ SEL
\5) MEL Perturbed Base Alignment 39+ MEL
(6) MFL Dynamic Navigation 43+ MEL

SEL - Software Evaluation Laboratory
MEL - Mobile tvaluation Laboratory

+ - Final Filter State Size Wiil Be Somewhat Larger

The majcr objectives of cach of the tests are as follows. Thz IMU
calibration test addresses the problems associated with: IMU error model
development and validation, calibration of random bias type IMU
hardware errors, estimation of time-varving error scurces, and IMU
hardware status assessment prior to sottware developmental testing.

The MEL Suspension Test utilizes three orthogeonal strapdown
accelerometers mounted in the greyhound bus (MEL) to obtain data relevant
to the perturbed base platform aiignment problem: MEL suspension
physical characteristics including mass, spring and shock absorber data,
IMU relative mounting data, manloading-engine-wind perturbating motion
magnitudes, and statistical modeling of these disturbances.

The Scorsky Rate Table Platform Alignment Test is designed to
evaluate Kalman Filter alignment software in an environment where the
Trequency and magrrtude of base motion perturbations are accurately

' controlled.

RO 2 TR ARSI e =
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The Tilt Table Stutic Navigation Test addresses initial Kalman
Filter/inertial navigaticn software and IMU/computer hardware integration
problems in a highly controlled environment. Emphasis is placed on the
ability of the data reductiun/analysis computer program to detect and
isolate the potential errors. Special tests such as determining
navigation perfermance as a function of gyro heading sensitivity can be
conducted.

The MEL Perturbed Base Alignment Test assesses the ability of the
alignment software to both align the platform axes and estimate gyro
drifts for multi-position platform alignment schemes in the presence of
real world MEL base perturbations and inertial instrument temperature

transients.

The MEL Dynamic Navigation Data Reduction/Analysis Program is
larg2ly a composite of the previous programs and utilizes much of the
data generated by them. The overall objective is to assess aided-inertial
navigation subsystem performance and separate the associated errors into
their respeclive classes: hardware, alignment and software. Hardware
and alignment errors are separated by the inherent operation of the
Kalman rilter. Software errors are further separated into: coding,
equation, inexact algorithm, inertial navigation and Kalman Filtering
by "ideal inertial navigation equations" operating with logic in
conjunctinn with the large dimensional Kalman Filter oi the data
reducticn/analysis program.

tach data reduction/analysis computer program has been developed
and exercised against a computer simulation of the appropriate test
subsystem in its expected environment. Simulation results have been
encouraging especially in the area of error detection and isolation.

The IMU calibration data reduction/analysis computer program has
additionally been exercised against real world IMU test data as collected
in the Evajuation Group's Software Evaluation Laboratory (SEL). The
experimental results obta‘ned clearly indicate the value of the Kalman
Filter as an effective tool for detecting, isolating, and accurately

estimating the error sources in complex navigation subsystems,
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1.3 REPORT OVERVIEW

This report is concerned with the design, development, analysis,
and laboratory test resuits of the IMU calibration technicue. The
remaining five data reduction/analysis computer programs in the aided-
inertial navigaticn software development and evaluation test series are
to be reported after they are exercised against read-world data.

In Section 2, the ground rules and versatility and accuracy goals
for the IMU calibration technique are discussed. The IMU calibration
methodology formulated in response to the restrictions and goals is
presented.

In Section 3, an error model for the IMU is given and the error
equations governing its operation during the calibration test are derived.

Section 4 contains a discussion of the conceptual approach used for

separation of the IMUJ error sources,

Section 5 contains a description of the Kalman Filter mechanized for

estimation and calibration of the IMU error sources.

Section 6 presents and discusses theoretical results obtained from a
CDC-6600 computer simulation of the IMU, Kalman rFilter, and calibration
test.

Section 7 discusses the laboratory hardware, computer software,
and the test procedure used in testing the IMU.

Section 8 contains the "lessons learned" from the initial IMU
calibration tests and the subsequent IMU error model refinements.

Section 9 presents & pictorial tabulation of the results obtained
from the IMU calibration tests. IMU error source calibration accuracy,
as obtained from the Kalman Filter's covariance matrix, is given in
addition to the recovered error source magnitudes.

— L IR S O N R ats - = -+ T e e e ¢
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Section 10 points out several applications for which the developed
IMU calibration technique appears to be well suited.

Appendix A contains the CDC-6600 computer FORTRAN IV program listing
to assist those attempting to develop a Kalman Filter and associated

algorithms for a similar application.
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SECTION TI

IMU CALIBRATION METHODOLOGY

2.1 GROUND RULES

The IMU used by the Reference Systems Softiware and Evaluation
Groups in conducting aided-inertial navigation software development and
evaluation tests is a Singer-Kearfott K7-73 four-gimbal, all-attitude
unit which contains gyroscope and accelerometer inertial instruments and
associated electronics. This IMU is also a part of the A-7D aircraft
avionics suite and is calibrated at the operational bases by the Singer-
Kearfott ASM-375 testset. The IMU is maintained by the Aerospace
Guidance and Metrology Center (AGMC), Heath AFB, Newark, Ohio. AGMC
employs numerous digital IMU (DIMU) testsets for calibrating the units.

Initially, serious consideration was given to perijodically
calibrating the IMU by one of the above testsets. This approach was
subsequently discarded for several reasons. Funding was not available
nor was it considered cost-effective, procurement costs of the ASM-375
testset were roughly one million dollars each, to buy and maintain a
testset for the periodic calibration of one IMU. Aithough acceptable,
turnaround times for having the IMU caiibrated at Heath AFB were
undesirable. Finally, the sixteen parameters calibrated by the testsets
were considered insufficient for comprehensive IMU error modelling

studies.

The grourd rules established for developing the calibration technique
were necessitated by the manpower skills and equipment available in the
Evuluation Group and its Software Evaluation Laboratory. The available
skills and equipment precluded disassembiing the IMU for special testing.
"No disassembly" implies that only easily accessible system-Jevel IMU
quantized velocity pulses and gimbal synchro angle output measurements
couid be used. No specialized AGE was to be required other than that
aiready available in the laboratory: digital computers, tilt and
scorsby tables, a Singar-Kearfott ASN/90(V) iner+ial navigation system
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test equipment rack, etc. A final ground rule was tnat the solution to
the calihration problem be practically implementable on a general

purpose digital computer.

2.2 PERFORMANCE AND VERSATILITY GCALS

A major limitation of contemporary IMU calibration concepts is their
limited diagnostic capabilities. FPresent test concepts assume a priori
the major sources of IMU errors, usually ten to twenty, with the test
being designed to sequentially determine the magnitudes of the assumed
error sources. A deficiency of this approach is that the test results
cannot provide any indication as to whether or not the test article
conforms to the assumed error model. It is entirely possible for an IMU
te contain significant error sources other than those assumed and for
them to go undetected at the conclusion of the calibration test. Adequate
KaTman Filter design and comprehensive navigation subsystem covariance
error analysis are dependent upor having an accurate IMU error model.

One goal of the study is therefore to devise an IMU calibration concept
that affords a capability for IMU error model development and/or
validation. Simply stated, the calibration test results should provide
some indication of the degree that the test article conforms to the

assumed error model.

It is desirable that the calibration concept be versatile in regards
to botn IMU mechanizations and data processing approaches. The present
study is largely concerned witn the gimbalied KT-73 IMU although future
Reference Systems Branch projects may involve a strapdown IMU. A
versatile methodology will permit adaption to the strapdown mechanization
with a minimum of modifications to the test procedures and data reduction/

analysis computer programs.

Off-line after-the-fact and on-line real-time data processing
approaches are both desirabie. An off-1line approach to IMU calibration
greatly facilitatec the development of the Data Reduction/Analysis
Computer Program since it can be written in a higher order language and is




W
0

AFAL-TR-77-75%

not subject to the numerous real-time software developnent problems.
Off-1line data reduction/analysis programs hosted on large scientific
computers can also be more scphisticated than on-line versions due to
the Targe computer resources available. On-line real-time approaches
offer the advantages of real-time IMU closed loop control and provide

test results immediately upon conciusion of the test.

IMU calibration performance goals are to provide a comprehensive
calibration with optimum accuracy and to minimize IMU test time. Since
static IMU hardware error sources can be compensated for in the operational
flight computer program, it is desirable to estimate each significant IMU
error source to an accuracy such that the navigational accuracy acnievable
with the IMU would be Timited conly by uncompensatable randcm disturbances.
Totai test time of a few hours or less is desirable to allow aided-inertial
navigation software tests to be conducted on the same days as the
calibration tests.

2.3 FORMULATED CALIBRATION METHODOLUGY

The performance and versatility goals dictate that a generalized IMU
calibration methodology be formulated which is based only on the
essential functions an IMU performs. These functions are to permit
the establishment and maintenance of a reference platform coordinate
frame and measurement of the instantaneous specific force vector. Noting
that calibration is an error estimation process, the IMU error analysis
methodology formulated can be understood with the fuollowing rationale.

If the orientation of the platform of an error-free IMU were initially
precisely known with respect to the physical earth rate and agravity
vectors, then both the orientation of the platform with respect tu these
vectors and the platform coordinatized speciftic force vector could be
deterministically calculated as a function of time. Any differences
between the ideal time-dependent platform orientation and accelercneter
cutputs and those of a real IMU must be caused by either IMU error
sources or arn initiai platform misalignment. This fact is true

regardless of initial platform orientation and can be employed for the

Tt L o
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derijvation of system-level IMU error equations relating measurable
IMU performance parameters to IMU and platform misalignment angle

error quantities.

Application of the generalized metnodology to & fixed-base gimballed
IMU can be illustrated by the IMU line schematic of Figure Z2-1. The
fundamental function of the gyros, gimbals, and servo feedback control
sysiem is to maintain a reference platform coordinate frame relative
to an inertial frame. If the gyro triad of an ideai IMU were commanded
to precess in equality with the earth's angular rotation vector, then
the angular velocity of the piatform with respect to an earth fixed
reference frame would be identically zero. This ideal IMU performance
would result in a fixed angular orientation of the gimbals relative to
each other and constant system-level synchro gimbal angle and
accelerometer measurement outputs. The exact angular orientation of the
platform frame with respect to the earth rate and gravity vectors must
be known for a priori computation of the required gyro precession rate
torquing magnitudes. In the real world, inexact initial platform
attitude information and IMU error sources preclude the above ideal
IMU performance and synchro gimbal angle and accelerometer measurements

exhibit a time dependency.
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Figure 2-1. Gimballed IMU Line Schematic
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SECTION IT1
ERROR EQUATION DEVELCPMENT

3.1 INTRODUCTION

The essential task involved .n developing the error equations is
the derivation of analytical expressions relating system-ievel IMU
gimbal synchro angie and velocity medsurements to IMU and platform-to-
navigation frame misalignment angle erro. quantities. These derivations
are relatively straightforward and follow directly from the physical
vector equations expressing the physical relationships implicitly implied
by the generalized methodology.

A prerequisite for these derivations is an IMU model explicitly
containing each IMU error source's functional dependency. As stated in
Section 2.1, a Singer-Kearfott KT-73 IMU was chosen for the calibration
methodology application largely because it is used in the MEL as part of
the Reference Navigation System and requires periodic stlatus validation
and calibration. Reference 1 contains an error model for the IMU which
reportedly contains all pertinent error sources.

Te achieve the stated performance goals, the "finalized IMU error
model" must contain all IMU error sources that are significant relative
to the gyro and accelerometer inectial 1nstrument random disturbances.
Tne phrase "finalized IMU error model" is used to emphasize that the error
model given in Reference 1 need not be strictly accurate in the sense
that it contains all error sources that are significant relative to the
inertial instrument random disturbances. The error model of Reference 1
needs only to represent a qood starting point since a major objective
of this study is to develop a conceptual approach to IMU error model

development and validation.

The conceptual approach to IMU error model development and validation
that will be nursued in the study contains two basic premises: (1) Esti-

mation of the [MU error sources in a simultaneous or parallel fashion

12
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rather than the sequeniial or serial manner of contemporary techniques
will permit discrepancies between the assumed and actual error model to be
detected. And, (2) by adding error model residuals or additional error
sources possessing very broad functional dependencies to the assumed

error modei, it should be possible to determine specific functional
dependencies through correlation analysis. The method of implementing
this conceptual approach will be described in the sequel.

3.2 GIMBAL SYNCHRO ANGLE MEASUREMENT EGQUATIONS

The gimbal synchro angle measurement equations express the time
rates of change of the IMU gimbals relative to each cother. The key
point that must be recognized in order to derive these expressions is
that the gimbals rctate in such a manner as to isolate the IMU's
platform angulu: velocity from that ot its case. Before these relation-
ships can be determined it is however necessary to define: various
reference frames, the relationship between their angular velocities,
gyro torquing rates, and & gyro drift model.

3.2.1 Reference Frames and Their Angular Velocities

The platform frame is defined as the innermost IMU gimbal upon which
the gyro and accelerometer inertial instruments are mounted. The inertial
frame is considered as a frame that is nonrotating relative :o the stars
and has its origin at the earth's center. The angular velocity vector of
the platform frame relative to the inertial frame coordinatized in
platform frame coordinates is given as:

P p_q
Vips CoW g
where
Cg is a small-angle nonorthogonal error transformation matrix that ¥

accounts for the physical misalignments of the gyro input axes
from the platform reference frame axes. The elemencs of this
matrix are shown in Figure 23-1.

13
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Figure 3-1. Relationship Between Gyro (G) and Platform (P)
Reference Frame Axes
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! “Bu Bxy‘;
p
e =l By " By
l'Bzy -Bzx !

W? g is the angular velocity vector of the gyro frame relative to the

inertial Trame ccordinatized in gyro frame coordinates.

Wi,g is composed of two basic vectors. The first represents the
angular velocity at which the gyros are commanded to precess relative
to inertial space W&,C' The second represents gyre frame cngular velocity
relative to inertial space due to all gyro imperfections and is commonly

referred to as gyro drift W& D

b

=9 _ =9 =@
¥re® Yic t Yo
To maintain the gyro frame stabilized at approximately a constant
attitude with respect to the navigatinn frame, it is necessary to torque
the gyros correspording to the best a pricri infornation of the coordini-
zation of the earth rate vector in the gyro frame.

— P N
Pe = [Ke] PRF = cpg Che Chne ¥

W p6 “rRs “case VI,

I1,C
where
[KF] is a 3x3 diagonal matrix of the loaded gyro scale factors. The
true IMU gyro scale factors [KFT] differ from the scale
factors loaded into the digital navigation computer [KF] by
an error designated as [AKF].

. PRF is a three-state vactor of the gyro torquing pulse repetition
« N frequencies.

W? N is the angular velocity vector of the navigation frame relative

to inertial space couordinated in the navigation frame.
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2 c(r)
3 N
YN T ©
B £ s{L
:;?i §2 is the magnitude of the earth rate vector.
: L s the latitude.

y C{-) and S(:) represent the trigonometric cosine and sine functions.
ff ngSE js the IMU case to roll (outer) gimbal frame coordinate
e transformation matrix.
W [ | 0 o
e RG »

0 —5(9,() C(e,,)
. ng is the rcll gimbal to- pitch (middle) gimbal frame coordinate
“ transformation matrix.
@) o -s@,
PG .

B s(8,) 0 c(8,)

i CEG is the pitch gimbal to azimuth (inner) gimbal or platform
. frame coordinate transformation matrix.

: c(8,) s(6;) G
- P
3 c = |-5(8 c\8 ©
i’ (6) )
7 0 o i J
f§3 0, dy, and 62 are the nomirai gimbal! synchro angle readings which N

are obtained by subsequent rotations abnut the roll, pitch,

A3 and azimuth gimbal axes.
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}f The KT-73 IMU 15 a four-gimbal unit with an outer to inner gimbal
;; progression of cuter roll, pitch, inner roli, and azimuth. The inner
o roli gimba! is not instrumented with a synchro device and is slaved to

g coincide with the outer roll gimbal by a reluctance E-bridge. Tne

irner roll gimbal rotates out of coincidence with the outer roll gimbal
to prevent gimbal-iock when the pitch gimbal exceeds :70 degrees fiom

its neutral position. The inner roll gimpal is not corsidered in the
above gimbal frame coordinate transformailions because its angular
orientation cannct be measured at system-level. The only penalty
associated with this approach is that the IMJ canno¢ be tested with pitch
gimbal more than +70 degrees from its neutlral position.

3,2.2 Gyro Drift Mudel

The ayru drift vector is an error quantity composed of all gyro
error sources that are significant relative to and including the random
disturbances or gyro noise.

- — — — — —_ — e

W

A is the platform-tu-IMU case attitude dependent gyro bias drift

vector. This error source is not listed in Reference 1 by the
e IMU manufacturer, but has, however. been added, as ciscussed
in Section 3.1, to account for the possibility of a significant
discrepancy between the Reference 1 and the true gyro error
model. Note that the error source has no specific functional
v dependency other than attitude relative to the IMU case.

i

B is the constant gyro bias drift vector.

i

= " is the gyro mass unbalance drift vector.
LA i
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Mg O Mrx -9

=] 0 Mg, M I
?Ql 0 ~Mp, Ms,;

MSx’ MSy’ and MSZ are the gyro spin axes mass unbalance coefficients.
MIx’M‘y’ and MIz are the gyro input axes mass unbalance coefficients.
. Gyrc input, output and spin axes, and mass unbalance

orientations used for deriving the mass unbalance matrix

shown above are given in Figure 3-2. The vector equation
equating the cross products of the mass unbalance position
and specific force vectors to the gyro angular drift and
angular momentum vectors establiishes the sign conve .tions.
1"2 is the specific force courdinatized in the gyro frame.
e 79 _ 9 .P PG .RG .CASE 7N
i s * CpCpcCre Ccase N s
‘1
s ~CASE . . .
e Cy is an orthogonal small angle navigation to IMU case frame
- . coordinate transformation matrix.
, b, -y

CASE _ |_

N =1, KA

"?, N i

. fﬂ: is the specific force coordinated in the navigation frame
.;‘ 0
i o
’gi -9
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g 1is the magnitude of the earth's gravity vector.

Wé is the gyro anisoelastic drift vector.

r.K . 19 v fg

0, Sy Sz
- 9 g
Yo %0, ¢ fsx * ts:
9 9

i K and K are the anisoelasticity coefficients for the
Kox’ “oy and K, e S N

X, ¥, and z gyros.

wT is the gyro thermal transient drift vector.

-(r - 7o)
Vlr = W e rg'

W, is the initial gyro warm-up drift vector.

T is the time from power turn-on to the start of fine gyro-
compass alignment.

t is the time from power turn-on.

gt is the gyro warm-up drift time constant.

WﬁL is the long correlation time exponentially correlated gyro
random drift vector.

th is the short correlation time exponentially correlated gyro

random drift vector.

- W, (1) R
Wp (1) = - "E?g_—+ % \/{-_%-N(t)
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g and 1 ; are the Tong and short gyro random noise correlation

times.

O, and %45 are the Tong and short correlation time random drift
standard deviations.

N(t) is unity variance white noise.

3.2.3 Gimbal Angular Velocity Isolation

The foregoing ecuations for the IMU error sources, IMU case-to-
navigation frame misalignment angies and gyro frame commanded angular
velocity permit calculation of the angular velocity of the platform frame
relative to an inertial frame. The IMU gimbals and closed-loop servo-
control mechanism function so that this angular velocity is isolated
from that of the IMU case. Assuming that the IMU is rigidiy mounted to
a static test fixture, IMU case angular velocity is simply that of the
rotating earth. To achieve IMU platform-to-case angular velocity
isolation, the gimbals must rotate relative to one another in a manner

dictated by the following eguation.

=P p :
Wi,0 = Wpg.p * Cpg [WRG,PG +Cre \¥ *Coase N W

PG pG (RO RG  CASEgN ]
CASE,RG I,N

where

=RG . N 4 . _
WCKSE,RG 15 the angular velocity vector of the roll gimbal frame

relative to the IMU case coordinatized in the roll

gimbal frame.

55,
_RG
Wease,re | ©
0
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i

ng PG is the angular velocity vector of the pitch gimbal frame

refative to the roll gimbal frame cuordinatized in the

pitch gimbal frame.

0
/‘ PG .
eo,pe = | oy
0
P

PG.P is the angular velocity vector of the platform frame relative
to the pitch gimbal frame coordinated n the platform frame.

i o

P

Weep® | ©
; égx’ égy’ and 6 , are the time rates of change of the roll, pitch,
N and azimuth gimbal angles.
e RG PG . p . W .
N CCASE’ CRé’ and CPG are the three-roll, pitch, and azimuth gimbal

frame coordinate transformation matrices as defined
previously except that the trigonometric function arguments

are now the @ , and ng gimbal angles rather than

, 0
_ gx' gy
the nominal gimbal synchro angle readings.

:;“ The roil, pitch, and azimuth synchros provide a measuiement of the
corresponding gimbal angles relative to each other or the IMU case. The
absolute accuracy of the KT-73 IMU synchro devices is characterized by a
b-arc-minute standard deviation. The synchros are, however, capable of

-
v

ﬂ“ﬂ b-arc-second precision for sufficiently small deviations about any
T nominal gimbal ancle. To fully utilize the synchro angle measurement
information, each gimbal angle is subdivided into three components.

- B 6,(1) = 8 + AG + 4B(1)

et ko2 b
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where

eg(t) is the total time-varying gimbal angle.

) represents the nominal synchro gimbal angle used in orientating
tha platform relative to the IMU case. 0 is considered
fixed after initial platform orientation.

A8 represents a six-arc-minute bias angular error inherent

between O and the actual gimbal orientation, due to

synchro measurement accuracy limitations.

Gao(t) represents the differential time-varying gimbal angle
component measurable to 5-arc-sacond accuracy by using the
inherent precision of the synchros.

3.2.4 Linearized Error Equations

The foregoing system of equations given in Sections 3.2.1 through
3.2.3 can be manipulated to yield a set of three simultaneous noniinear
stochastic differential equations which relate IMU crror sources and
platform-to-navigation frame misalignment angles tc system-level gimbal
synchro angle measurable quantities. The nonlinear nature of the
equations preclude a rigorous-solution and for fhis reason & first-order
linearization of the equations is assumed tn be an accurate approximation.
This is, of course, a major assumption that will be justified in the
sequel. The manipulation and linearization of the system of eguations
by the use of partial derivatives is a straightforward process but is
involved and tedicus, and for these reasons is not iilustrated here.

The set of three simplified simultaneous stochastic differential
equations that result from this process is given below for the
differential roll, pitch, and azimuth gimbal angles.

23
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dBy = 0(91)[ Wax +Wgy+ wa+wRLx+wRSx] /C(6y)
-s\Gz)[wA,+wBy+wT,+wRLy+wRSY] /C(8y)

+C(8,)[~a, Mg, +9,M, ]/Ci6y)

+5(6,)| ayMgy-09, M, ] 7C(8Y)

+C16,)9y 9, Kox/C(8y)-S(87) 9,9, Koy’ C(8y)

+C(8;)PRF AKF, /C(8,)-S(8,) PRF AKE, /CLE,)

+C(8)[-Wey Baz +Wes Byy) 7C(8y)
+5(8,)[ -Wex Byz +Wez Bya) / CiBy)

-2 T(B,)S(9x)[S(L)(qx+A9,+d9x) - C(L)llz]
+Q[T(9,)C(9,)C(L)+S(L)] Ry
+{r8p[ctawe,-s(6,we,] 7y

"."'@‘ +Qc8asiizc?By}[a6,+a6, ]

-[stewc + b we, (26, +46,]/ci6,)

d, = 3(9,)[wm W) tWTy tWR |+ wRSx]
C(8,) [wAy +Wgy * Wt WRix +wRSxJ

+5(07) (-0, Msy+9;Mix |

+C(8,)[-qu3y*°lev]
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+S(92)‘JygzKOx*C(az)gxgzKOy
+S(GZ)PRFXAKFX+C(BZ)PRF),AKFY
+S (92)['wCysz +We, Bxy]
+C{@8 |
(G2) WoxBxz-Wez Byx]
-8 C(el)[S(L)(nﬁAG,+d9,)—C(L)nz]
E -Q sGyciin,

+[C(92) Wex— S(az)wcy][A92+ de’}

d8, = -'T(BY)C(BZ)[WAx Wy +Wr tWR « +WRsx]
+T(ey)S(ez)[wAy+wBy+wTy+wRLy+wRSy]
+ [wAz"sz"'sz*wRLz "WRSZ] +g, Mg, -9yM(;
+T(8,)C(6) 9, Msx-0,M, ]
+T(6y1S(0p) -0y Mgy +a,My, ]
- T(B)CI82) 9y 9, Koy + T18y) S(8;) 0y 9, Koy
+ 9y 9y Koz~ T(8,)C(8;) PRF, AKg,
+ T(8y) S(B,) PRFy AKE +PRF; AKe,

+ T(B,)C( 81){ch.8uz —We, Bxy]
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+T(6,) 5(9,>[wa Byz "WCszx]
‘WCszy +Wey Bzx

+Qs<6x)[S(L)(n,+A9x+d9,)~C(L)nz] /C(8y)

-1 CBycit) nysc(ly)
-{[C(ez)wc,—swz)wcy]/02(8,)

-2 18y ctBusi et} a6,+a8,]
+T(8,1[ S8 Wex+ C (8 wey |[ 282 +96, |

where S{-},C{Yand T!{-)represent the trigonometric

sine,cosine, and tangent functions.
9 :g[C(ex) 5(6,)0(82)—3(8,)5(92)]
9y =-~Q[C(9,)S(9y)8(92)+5(9‘)0(91)]
9z =-aC(6¢C(8y)
Wey, =Q{C(L)C(91}C(9y)
-s(L)[c18,)518,)C18,)-518,1 (8,
Wey = {-crLsi;)¢(6y)
+si[s(8,1 56,16, +C16,)5(60] }

We =Q{czus<9,) + S(L)C(G,)C(G,)]
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Sign conventions for the error equation development assume that the
‘i navigation frame x, y, and z axes are originated north, west, and up,
. respectively. The IMU roll, pitch, and azimuth gimtal neutral positions
are coincident with the v. vy, and z navigation frame axes, respectively.
A1l gimbal! rotations have positive directions as specified by the right-
hand ruie.

3.3 VELOCITY MEASUREMENT EQUATIONS
3.3.1 The Specific Force Equation

- Derivation ¢f the equations r2lating system-ievel MU velocity

EL measurenents to IMU error sources and platform-to-navigation frame

‘ misalignment angles follows direcciy from the specific force equation
coordinatized to the accelerometer frame. Since the M'''s case will be
rigidly fixed to the earth during calivraticn testing, the navigation
frame is considered fixed to *the =arth end the appropriate spa2cific force
equation is given as follows.

h_ LA f2- A e . B A
el (pNRNA) (zwmxpNRNA)
where

RNA is the position vector from the navigation frame origin to the

accelerometer test mass.

p is the derivative with respect to time tarken relative to the
navigation frame.

{ The Jast two terms on the right-hand side of ihis equation repiresent
tangential, centripetal, and corioiis acceleration specific force
components produced by a finite accelerometer test mass displacement
from the origin of the accelerometer frame and both an aagular acceieration
2l ~rd velocity of this frame relative to the earth fixed navigation frame.
| These components can, however, be shown to be insignificart relativa o

the accelernmeter inertial instrument ratdom 4disturbances tor the XT-73 (MU.

{
- &
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Under these conditions, the accelerometers provide a measure of the earth's

gravity vector coordinatized in the accelerometer frame.

-
e

is the platform-to-ac :lerometer frame non-orthogonal transformation
matrix to account for prysical misalignments of the acceler-
ometer sensitive axes from che ptatform axes.

i _ o

o ' );z -‘);y

T yx

Y Definitions for the elements of ¢his matrix are similar to those
ol given in Figure 3-1 rtor the gyrc-to-piatform nisalignment matrix. The
firsi subscript refers to the misaligned axis ana the second subscript

refers *o the axis about whichk a smell angular rotatinn has occurred.

3.2.2 Acceleromeler trror Mode!

In addition to ideally providing a measu~e 5f the specific force
vactnr, the acceierometer oulputs arc corrupted by various hardware
induzed errors. The cowmposite acceleromefer oulput siagnals are nct,
hovtever, measurable at systew-level for the XT-73 IMU.  In the harcdware
mechanization of this [MY, the accelerometer output signals are
integrated in rapacitive reser integrators which inde. velocity registers
with delta velocity puises. The accomelated velocity puises ave
subsequently muliipiied by airborne computer loaded accelerometer scale

R g
0,“5 b

@

tactors Lo ootain total velocity in the desired units.

The digitizacion cf the accelerometer ocutput signal inte a train of «
g pulses whose rate represents the magnitude of the accelaration int duces
N a velncity quantization lovel which represents the change in velocity ver
2 pulse. Since anclog velocity data is not continuously avaiizole ot any
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o instant of time, the quantization process introduces an error., If
;gi the guantization effects are treated as errors in the system-level [MU
i velocity measurements, then the accelerometer output signais can be
usea tu define an artificiail time derivative velocity vector nodeled

as fotlows.

N §~[K]?A+E + A +K}
“Lfall’s T g R Py
,ﬁ_; [KA] is a 3x3 diagonal matrix of the airborne computer loaded

accelerometer scale factors. The true accelerometer scale
factors [KAT] differ from the loaded ones by the sum of

& two errors, [AKA] and [AKAA]. [AKA] is considered as the
e nominal accelerometer scale factor error as specified in
Reference 1. [AKAA] is an additional error source showing
S a platform attitude dependency which has been added to the
?ﬂ; Reference 1 error model to account for potential discrepancies
i between the assumed and actual accelerometer errar models.
t;” Since AKAA] can acquire new values each time the platform
(2 c¢hengas attitude with respect to the IMU case, uthcr

s assumptions regarding the origin of this error model
residual would be equally acceptable.

L8 AB is trie accelerometer bias errar vector.

ﬁb is the exponentially correlated accelerometer random noise
\

vector.

B - K (') -
. Agl) =- ———-F;o + g «/-—,2—-;' N(1)

N T is the random noise correlation time.

o] is the random noise standard deviation.

N{(&) s unity variance white noise.
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ﬁf is the accelerometer thermal warm-up bias vector.
A )
T
Ar = Age AT
ﬁé is the initial accelerometer warm-up bias vector.
TO is the time from power turn-on to the start of Fine gyro-
compass alignment.

t is the time from power turrn-on.
TAT i< the gyro warm-up drift time constant.

A srecial hardware feature of tne KT7-73 IMU is the availability of
toth high and Tow gain accelernmeter scale factors. The nigh gain
accelarometer scale factor or 100,000 pulses-per-second per "g" (pps/g)
is used for fine platform alignmeat to redv e velocity quantization errors
and thereby shorten the nccessary alignment imes. The low gain scale
factor or 1,003 pps/g i used for pavigation since high accelerations
would saturate the high gain capacitive reset integrator's maximum
ouveput of 10,000 pfs. High gain scale facter modes are mechanized only
as required on the two level-axis acrelerometers and separate accelerometer
bias errors are asscciated with the nigh and Tow gain scaie factor modes.
This TMU mechanization *esults in four, two bias and two scale factor,

acdditional accelercrierar errors tc be calibrated.

3.2.3 Linearized trror Equatiors

In contrast to the gimbal angle time rates of chanye, ihe
accelerometer outpnts dc not hove an error-free value ¢f zero. A zero
mean accnlzrometer error vector equation can, however, be defined as
follows.

o = P PG RG —N
AV =V -Cos Cos Coase

A1l tarms ace as previcusly defired with the gimhal frame coordinate
transformatiins being computed as functions of the initial 6,» ey, and
az synchro avgle settings.
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: The system of eguations given in 3.3.1 through 3.3.3 can be solved
to yield a set of three simultancous nonlinear stochastic differential

) equations which relate the IMU ervor sources and platform-co-navigation
ﬁﬁ frame misalignment angles to system-level IMU veiocity measurements.
3}_ These eguations are manipulated and linearized, in a nanner similar tc
.f that for the gimbal synchro measurement equaticns, such that a solution
»{} can be obtained. The resultant error equaticns for the x, y and z
if‘ platform axes velocity measurements are given below.

AV, = - 9[0(61)5(6‘,)5(9,) + 5{8,) c(e,)'] 7,

3 + o[ c18,)c(6,)]

3 ]
gj C{ z c( y Jq,y

"'f.a.". - 9[3(6,)0(8,) + c(ez)s(‘?,'ssi&‘)][zwu + de]

’l.‘ -

+g “c(GZ;C(e,)c(GK)][AG, + de,]

> -

- g _3(91)5(8,)0(9,‘) +C(6;) s(e‘.)][Aez + aaz]

R + 9[c(6.)5(8,1c(8,) - 56,1980 | Ak, + EKep, ]

: - o[ s(8,1518,10(8,) + cif,)5(8,)] 5

- ’) C'\O,)C(eu)] yxy

N *Agy t Apyx + Ay
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K
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: B, = o[58, 58,1516, - C(8,)C(8,)] 7.
- o[516,1c(8,] n,
+9[5i6,1516,)518,) - c18,) c16,) ][ 26, + 46,]
- ofst8yci8,1c080][ A6, + a6]
+ 9[516,)5(6,) - ¢(8,15(8,) c(6,)] [ 28, + 48, ]
- o[c16,1518,) + 518, 58,1 ci8,)|[ Ak, + Bk, , |
i +g jc(ﬁz) 5(8y)cl8,) -s(8,) s(G,)] Y2
' - o[ci8, 18],
+Ag, + Ap, + Aq,
Av, = 9[c(8,)5(6,)],
+ 9 S(B‘,)ny
+q[ct8,1580]7 06, + 8]
+g|s(6,)c(8,)][ 26, + a6]
- g[cBpcip][aK,, + Bk, ]
+ o[c(8;)5(8,)c(6,) -5(8,) 516,
- o{s(6,)5(8,)(8,) + (8, 5(8,] 5,
) l_-" + Ag, + Ap, + Ay, .
32
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The functional dependencies for the level-axes high and low gain
accelerometer scaie factors and corresponding biases are, of course, the
same. In the above equations. only one error source is explicitly shrown
but is considered to represent either the high or low gain errcr,
depending upon which mode is being used at a particular instant during
the test.

Note that while the velocity error equations appear somewhat simpler
than those for the corresponding gimbal angles in the above formulation,
the velocity error equations are functions of the differential gimbal
angles and, therefore, functions of all the IMU and platform alignment
error sources.

33
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SECTION IV
SEPARATION OF IMU ERRORS

4.1 CONCEPTUAL APPROACH TO ERROR SEPARATION

The preceding derivations have resulted in a set of six general
simultaneous eguations relating the six-system-level IMU measurable
quantities to roughly sixty error sources. Although a maximum of six
measurements and, hence, equations are available, IMU calibration tests
could be conducted where only some of the measurements were utilized.

If, for example, the gimbal synchro angle measurements were not made, then
only the three-welocity-measurement equations could be employed to solve
for the error sources. Since a set of six or fewer specific simultaneous
stochastic differential equations cannot be solved for sixty unkrowns,

a means functionally separating the error quantities had to be formulated.
In view of the stochastic nature of the equations and IMU measurement
noi-2, stochastic estimation of the error quantities is the best solution

possible.

The conceptual approach to error source separation is to generate
multiple sets of specific simultaneous differential equations from the
basic set of six general ones. If not all the available IMU measurements
are to be used, then the basic set of general equations would be
correspondingly reduced. By generating enough multiple sets of specific
equations such that the total number of equations is equal to the
number of unknowns, accurate stochastic estimation of IMU error sources

should be possible.

The generation of the multiple sets of specific equations is
accomplished by angularly orientating the platform at various attitudes
relative to the earth rate and gravity vectors. Note that a given
platform attitude relative to these vectors is obtained by a specific
set of gimbal angle rotations. The specific gimbal angles used, when
inserted into the set of general equations, results in a set of specific

equations. This approach follows directly firom the observation that the




i
i

- e O——

A et e L T TR S

AFAL-TR-77-75

measurable IMU parameters are functions of both the IMU error sources

and the coordinization of the akove vectors in the nlatform and inertial
instrument reference frame.

In developing this approach, it is convenient to group the arror
quantities into three groups:

(1} The first group consists of the IMU error sources which are
modeled as random biases anid instrument thermal transients which are
commonly denoted as calibration parameters.

(2) The second group consists of those angular misalignment errors
associated with platform-to-navigation frame alignment.

(3) The third group consists of the stochastic processes modeling
the inertial instrument random disturbances.

4.2 IMU CALIBRATION PARAMETERS

A necessary, but not necessarily sufficient, condition for separation
of the IMU error sources is that the mulviple sets of system-Tlevel IMU
measurement equations must be solvable for the IMU calibration parameters
after the equations are simplified to contain only the calibration error
sources. This simplification is accomplished by omitting the ervror
sources associated with the above second and third groups from the
general error equations. Performing this simplification reduces the
set of six simultaneous stochastic differential equations to a system
of six simultaneous ordinary differential equations.

This system of ordinary differential equations can be indefinitely
expanded by positioring the platform at new attitudes as pointed out
Section 4.1. A determi:istic solution to the multipie sets of the
ordinary differential equations can be attenpted by application of
Lapiace transforms and using the initjal and final IMU measurements for
each attitude.

¥
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X To confirm the conceptual approach to error source separation ana
:;ﬁ to determine the most relevant IMU platform test attitudes for conducting
the calibration tests, a solution to the simplified systemn of equations
was attempted as described above. To facilitate the analysis, several

B additional error soudrces - ~e omitted. The gyro and accelerometer thermal
transient warm-up errcrs :re deleted since they decay rapidly with time.
Only Tow gain accelerometer scale factor and bias errors were considered
since tke errors associated with the high gain mode could be separated

in a similar model. By necessity, the gyro and accelerometer error

model residuals, which had oeen added to allow for the possibility that
B the actual IMU error model is significantly different from that assumed,

‘ were deleted since they assume a new value for each new platform attitude
used and would thus prevert solving the system of equations.

é*r Table 4-1 illustrates how the MU calibration error sources become
::}' separable as a function of the cumulative number of platform test
attitudes employed. Both sets of velocity and gimba! synchro angle
measurements were assumed to be available. The x's indicate the eariiest
point at which the generated multiple sets of equations could be deter-
y ministically solved for a particular error source. A7l of the 33 IMU
S calibration errors could be determined after 7 platfori attitudes times
6 specific equations per attitude or 42 equations were generated. Since
only 33 equations should ideally be required, not all new equations
generated are independent of previous ones. The specific attitudes
shcwn were determined by a combination judgment and trial-and-error

process.

4.2.1 Gimbal Angle Measurement Reguivrements

5 Q The KT-73 IMU is mechanized with synchro controi transmitters and
transformers having ar accuracy of 6 arc minutes standard deviation.
B Contemporary synchro-to-digital converters have a 12 to 13 bit conversion
u,"f? capability which results in a precision on the order of 1 to 3 arc
' minutes. Since the precision of the synchro-to-digital converter is

greater than the accuracy of the synchro, the equipment combination is

36
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generally suitable for most inertial navigation applications. To
accurately measure platform drift rates, however, a synchro angle
measurement precision on the order of the precision of the synchro device
itself of 5 arc seconds is desirable. Since a special measurement
technique would nave to be developed to achieve this precision, it would
be desirable to calibrate the IMU by use of only the velocity

measurements.

As discussed in Section 3.3.3, the velocity measurement equations
contain the differential gimbal angle errors and thus all the IMU
calibration error parameters. To address the question of the feasibiiity
of calibrating the IMJY by use of only the velocity measurcments, the
Lapiace transform analysis was repeated using only thes> measurements.
Results of this analysis showed that 211 calibration errors could be
determined except the gyro spin axes mass unbalance errors.

The Laplace analysis results, however, raise a question as to the
reason for the inseparability of the spin axes mass unbalance errors. Is
the inseparability due to failure to select the required combination of
platform test attitudes or is there a fundamental Timitation inherent in
the conceptual approach? To answer this auestion, the basic form of the
combinea velocity and gimbal synchro angle measurement equations was
examined for linear independence. To facilitate the analysis, all errcr
sources but the spin axes mass unbalance terms were omitted. 0One
representation of the resultant set of three simultaneous equatiouns is
as follows:

A'v; quc(G,)c(B,)[Ms, + Ms,]

AV, quC(ex)C(By)[MSx" MSx]

"

. 2 -
&V, = 9*aB Mg Msx]
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where
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These equations relate the rate of change of the specific force
vector, as coordinatized in the accelerometer frame, to the spin axes
mass unbalance error coefficients. The equations are not independent,
as can be shown by combining the first two to yield an equation directiy

proportional to the third.

1
' . - 2 - I
BAV, - AAV, = 29°aB [Msl’_ Mg, |

Several conclusions can be reached as a result of this analysis.
Without a gimbal synchro angle measurement or its equivalent, separation
of the gyro spin axes mass unbalance errors is not possible. Oniy

combinations of these errors
(MSx + Ms:) . (Msy + MSZ) and (Ms, - MS,)

et can be determined. A single piece ¢f relevant information is required
_ in addition to the velocity measurements to separate the snin axes mass
L unbalance ervors. This information can, however, consist of one giimbel

synchro angle measurement for a particular test attitude rather than

F

require all three synchro gimbal angle measurements for all test attitudes.
’ 4.3 PLATFORM ALIGNMENT ERRORS
The analyses of Section 4.2 showed that all IMU caiibration parameters

could be determined if the second and third groups of errors defined in
Section 4.1 were omitted from the measurement equations. The first order

] effect of introducing the platform-to-navigativn frame alignment errors

¥ . uf the second group into the solution for the separation of the IMU

calibation narameters of the first group can be understood with reference

te Figure 4-1. For a small platform-to-navigation frame misalignment, the
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Figure 4-1. Platform Aziwuth Misalignment Geometry
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effect is precisely the classical problem of separating west gyro drift
from the west platform axis commanded angular velocity errgr due to the

azimuth misalignment angle y.

To null the angular velocity of an i1deal IMU platform with resnect
to the navigation frame, the gyros must be commanded to preces< azl
exactly the magnitude of the earth rale vector coordinatized in the gyro
frame. Since ¥ is a zero mean random varfable whosc magnitude is nce
known a priori, the west platform axis would not be commanded precess.
For this condition, the angular velocity of tne west platform axis with
respect to the navigation axis is approximately given by:

WN,P, = Wt Qclu)y

Givein the standard deviation of the azimuth misaligrment angle 9y and a

perfect measurement of W the standara ceviation Gy of the wI Dy

N,Py’
estimation error can be determined a.:
Ty * 9y Sc(L)

This inability to separate the west platform commanded angular
velecity error from the composite west gyro drift does not prrmit
separation of all the IMU calibration errors as piedicted in Table 4-1.
The error separation problem can, however, b2 alleviates by vealizing
that the north and up platform axes do not encounter this first order
Timitation due to a divferent rommanded angular v2'ocity attitude
dependency. The solution s tc add additional platform test attitudes
until all IMU calibration parameters become separable. It was determined
by the Laplace analysis irat by aading three row test attitules, similar
to the first three in Table 4-1 axcept that tie x and y platform axes
were interchanged, the calibration paramoters became separable.

4.4 INERTIAL INSTRUMINT KANDOM DISTURBAMCES

Incorporating the inertia! instrumenc random disturbances of the
third group of IMU error :ources into the system of measurewent equations

a1
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‘}@ ¢ hanies the problem description frum one of ordinary differential equations
&&5 to stochastic differential equations. The nature of the stochastic

ig' eguations and the presence of IMU measurement noise precludes a deterministic

solution to the separation of IMU errors and dictates the use of some

form of stochastic estimation if ontimal results are to be obtained.

¢5' Separation of some of the IMU caiibration parameters from the inertia;
ipstrument random disturbances will have to be made on the basis of time
rather than platform attitude since it is the only difference in
o functional dependency exhibited.
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SECYTON v

KALMAN FILTER

5.1 STOCHASTIC ESTIMATION

Selertion of the techniqua for estirating the I errars was made in
consideration of several majur criferia.

(1} Th2 technique should be optimum in the minisum variance sensy,

(2) The techrique should provide a statistical nedsure of t
accuracy to which the IMU nardware errors can bhe caliprated.

(3) The techniyue shuuid provide a convenient means ¢f validating
or justifying the firs. order measirement 2quation linearizatiras and
other simplifying azsumptiors.

(4) The technique should provide a comprehensive sulution by
evaluating a1l wmrror sources in a perallel or simultapneocus marnner fn
enhance the possibility of detecting unmodeled INMU hardware errors.

{5) The technique should be capable of beina readily modivied to
incTude additional error sources or facilitate conaucting correlation

studies.

Although wany opuimet stochastic estimation techniques are available,
the Kalman Filter algorithr with its associated covariance metrix was
considered to be the most apulicable approach. Conversely, hne formualated
probiem sat sfies the 'inearity, a priori svstem dyramics, and
Gauss-Marvko'r stochastic process wodeling restrictions urier wnich the
kKafman Filter algorithm was derived.

5.2 KALMAN VILTER IMPLEMENTATION
5.2.7 Filter Equatiors

The errov eauatiop deveiopment results nf Section 3 are c¢ x1cient

with state space analysis netatior which is a neonvenient weans of

-
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mathematically representing a physicail system in the time domain. The
description of a continuous linear system by state variables is done hy
means of n fivst-order simultaneous differential equations. By using
vectors and matrices, the IMU calibration problem can be defined Ly the
given and derived error equations formulated in a vector differential
cavation.

() = (1) = (1Y + G{1) w(:]
whare
x(t) is the system n dimension state vector
F(t) is the (nxn) dimersion system dynamics matrix
0t) is the (nxp) noise distribution matrix

w(t) is the p dimension disturtance vector

During the IMU calibration tests, a s2t of discrete measurements
will be made at time tn' The corresponding measuremnent process can be
described as a vector algebraic equation; thus,

z(tn) z H(t,," "('n) + v(tn)
where

Z(tn) is thke m dimension measuremenrt vector

H(tn) is the (mxn) measurement distribution matrix

v(tn) is the m dimension measurement noise vector

The mean and covariance of the assumed white noise processes w(t)
and v(tn) are given as:

E [w(t)] =0

£ [w(r) wF(r+ )] = a(1)8(7)

E :v(tn)] =0
E {v(en)vY(vm)] = R(:,,) a(a,. - v,..)

44
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where
3(1) and &(tnwt”) are cdirac delta functions
Qit) is the (pxp) system noise matrix

R(tn) is the (mxm) measurement noise matrix

. The Kulman Filter, References 2 and 3, provides an optimal (minimum
;3: variance) ectimate of x{t), which is denoted as x(t). The optima’
B estinate of the state vector %(t) and 1ts {nxn) covariance matrix P(t)
Nf; are propagated netween measurements by the equations.
A
x(+) = F{1) %(1)
J' . ] .. T T
P(1) = F(1) (1) + F2)F (1) + 6(1) a(r)6 (1)
'ﬁf With the initial conditions ac time zero t.

(o) =[x (1)}
pito) = € {[s0) -2 0] rt00) - 2()] )

At measurement times tn’ the Kalman Gain K(tn) is deterinined and
- the state vector optimal estimate and its covariance matrix updated
| according to the expressions,

K(ta) = Pl1) nT(g“){H(tﬁ) " (tn')HT(sn) + R(’n)]«-.
S0 = %075+ k()2 010) -1 ) 2 (1)

P(1t) =[1 - k{ta)u ()] P02 - K (1n)m ()] * K{t IR (1) )

e 5.2.2 Filter Vectoars and Matrices

' o] _ ' ¥
»- S Formulation of the error equations, given or derived in Section 3,

¥ . in state variable vector and matrix nctation is a straightforward

- 4 , procedure. [nitially, both the gyrn and accelerometer short correlation

& :
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time random disturbances were included in the Kalman Filter state vector.

Subsequent computer simuiation studies showed, however, that the filter
could neither reduce their uncertainty nor estimate their magnitudes

oo accurately due to their relatively short correlation times as compared
;jl to the measurement time intervals. These errors were, therefore, deleted
H from the state vector and incorporated as disturbances on the differential

o gimbal angle and velocity states. The mechanized Kaiman Filter 68 state
Z%f vector is shown in Table 5-1. The location of individual states within

' the state vector has no particular significance and is partly a result of
the iterative development process. The error sources associated with
filter states 4 through 6 and 68 were not included in Section 3 because
they were discovered during actual Taboratory testing of the KT-73 IMU.
These errors will be discussed further in Section 8.

ji} The great majcrity of the nonzero 68 x 68 system matrix F elements

’ are Tocated in the F matrix rows corresponding to the system-level

x“f differential gimbel angle d0 and pseudo velocity AV measurement states.

o Due to the rather Targe dimensionality, this matrix is not readily
pictorially illustrated. Specific F matrix elements are, however.
readily identified from the linearized differential gimbal angle and

. velocity error equations tabulated in Sections 3.2.4 and 3.3.3.

[T With the exception of the three states' modeling IMU case-to-

navigation frame misalignment angles, all state vector elements modeled

as random constants are considered as IMU calibretion parameters, and

a0 not contribute any nonzero F matrix elements. The F matrix contains

the negative reciprocals of the correlation times and time constants

as diagonal elements in the rows corresponding to the states, modeled

i as exponentially correlated vrandom noise and random constants with an

- exponential decay. The F maxtrix elements are independent of time but
some do chanrge in magnitude each time the IMU platform is re-oriented due
to the nominal synchro angle dependency.
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TABLE 5-1
IMU CALIBRATION KALMAN FILTER STATE VARIABLES
MODEL /
STATE INITIAL To VALUE
G-INSENSITIVE GYRQ DRIFT ' RANDOM
CONSTANTS
1 wa X Gyro Drift Rate 0.1%/hr
2. wBy Y Gyro Drift Rate 06.1°/hr
3. sz Z Gyro Drift Rate 0.5°/hr
RANDUM
G-SENSITIVE GYRO DRIFT COEFFICIENTS CONSTANTS
4, wa X Gyro Output Axis Quadrature G-Sensitivity 0.4°/hr/g
5. wa Y Gyro Output Axis Quadrature G-Sensitivity 0.4°/hr/q
6. wQZ 7 Gyro Output Axis Quadrature G-Sensitivity 0.05°/hr/g
EXPONENTIALLY
GYRO LONG CORRELATION TIME RANDOM DRIFT __CORRELATED
7. wRLx X Gyro Random Drift Rate 0.005°/hr
B 8. wRLy Y Gyro Random Drift Rate 0.005°/hr
B 9. Wy, Z Gyro Random Drift Rate 0.005°/kr
RANDOM
G-SENSITIVE GYRO DRIFT COEFFICIENTS CONSTANTS
10. MSx X Gyro Spin Axis G-Sensitivity 1.0°/hr/g
1. MIx X Gyro Input Axis G-Sensitivity 0.01°/hr/g
12. MSy Y Gyro Spin Axis G-Sensitivity 1.0°/hr/g
13. MIy Y Gyro Input Axis G-Sensitivity 0.01°/hr/g
14, Mg, Z Gyro Spin Axis G-Sensitivity 0.5°/hr/g
15. M, 7 Gyro Input Axis G-Sensitivity 0.01°/hr/g
E 47
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TABLE 5-1 (Contd)

> ] _ RANDOM
G™-SENSITIVE GYRO DRIFT COEFFICIENTS CONSTANTS
16. KOX X Gyro Output-Spin Axes G2 Sensitivity 0.01°/hr/q2
17. KOy Y Gyro Qutput-Spin Axes G2 Sensitivity 0~01°/hr/g2
18. KOZ Z Gyro Qutput-Spin Axes GZ Sensitivity O.O]"/hr/g2

RANDOM
GYRO SCALE FACTOR ERRORS CONSTANTS
19. &g, X Gyro Scale Factor Error 2.8x10"3 arc sec/pulse
20. AKFy Y Gyro Scale Factor Error 2.8x'lO'3 arc sec/pulse
21. AKFZ Z Gyro Scale Factor Error 2.8x10_3 arc sec/pulse
RANDOM

GYRO INPUT AXES MISALIGNMENTS CONSTANTS
22. sz X Gyro Input Axis Misalignment About z Axis 1.0 arc min
23. Bxy X Gyro Input Axis Misalignment About y Axis 1.0 arc min
24, Byz Y Gyro Input Axis Misalignment About z Axis 1.0 arc min
25. Byz Y Gyro Input Axis liisalignment About x Axis 1.0 arc min
26. Bzy Z Gyro Input Axis Misaiignment About y Axis 1.0 arc min
27. Bzx Z Gyro Input Axis Misalignment About x Axis 1.0 arch min
IMU CASE AXES MISALIGNMENTS
e8. n, Case Misalignment About x Navigation Axis 4.0 arc min
29. ny Case Misalignment About y Navigation Axis 4.0 arc min
30. n Case Misalignment About z Navigation Axis 4.C arc min

z
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TABLE 5-1 (Contd)

DIFFERENTIAL GIMBAL ANGLE LRRORS DYNAMIC
31. dex Uifferential Roll Gimbal Angle Errcor 0.0 arc min
32, ds Differential Pitch Gimbai Angle Error 0.0 arc min
33. de; Differential Azimuth Gimbal Angle Error 0.0 arc min
RANDOM
ACCELEROMETER LOW GAIN MODF BIAS CONSTANTS
f;i 34. ABx X Accelerometer low Ga.n Bias 2,500 ug
35. ABy Y Accelerometer Low Gain Bias 2,500 ug
| %. Ay, I Accelerometer Low Gain Bias 2,500 g
i RANDOM CONSTANT
ACCELEROMETER THERMAL WARM-UP TRANSIENTS FXPONEN| IAL DECAY
;f; 37. ATx X Accelerometer Thermal Warm-Up Error 5.0 ug
i,i 38. ATy Y Accelerometer Thermal Warm-Up Error 5.0 g
?.j 39, ATZ Z Accelerometer Thermal Warm-Up Error 200 ug
$ RANDOM
ACCEL EROMETER LW GAIN MOUDE SCALE FACTOR ERRORS CONSTANTS
40. AKAx X Accelerometer Low Gain Scale Factor Error 0.03 rumeric
41. AKAy Y Accelerometer iow Gain Scale Factor Evror 0.02 numeric
42. AKAZ Z Accelerometer Low Gain Scale Factor Error 0.03 numeric
: PANDOM
F ACCELEROMETER INPUT AXES MISAL IGNMENTS CONSTANTS
| 43. Vs X Accelerometer Input .xis Misalignment About z 1.0 arc min
4. y,, X Accelerometer Input Axis Miwalignment About y 1.0 arc min
45, Yy; Y Accelerometer Input Axis Misaligament ikbout z 1.0 arc min
. B ] 46. Tyx Y Accelerometer Input Axis Misalignment About x 1.0 avc min )
;; ‘ Ly, Yzy Z Accelerometer Input Axis disalignment About y 1.0 arc min
i? . 43, A Z  Accelerometer Input Axis Misaligznment About x 1.0 avc min
49
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gé? TABLE 5-1 (Contd)

S PSEUD) VELOZITY ERRGRS DYNAMIC

l{ 49. av, o x Pilatform Axis Velocity Error 0.0 ft/sec

:fi 50. AVy y Platform Axis Velocity Evrur 0.3 ft/sec

. 51. 4V, z Platform Axiz Velocity Error 0.0 ft/sec

N RANDOM

e G- INSENSTTIVE GYRQ DRIFT CONSTANI S

5i 52. MW, X Gyro Attitude Dzpendent Gyro Drift Rate 0.005/nr

ff 53. 4y, ¥ Gyro Attitude Dependent Guro Drift Rate  0.005°/hr

igf ' 5. MW,, I Gyro Attitude Deperdent Gyro Drift Rate 0.005°/hr

i RANDIM

By GIMBAL SYNCHRO ANGLE MEASUREMENT ZRROR CONSTAN (S

j’: 55. 80, Ro11 Synchro Measurement [ias 6.0 avc min

o hs. Aey Pitch Synchro Measurement Bias 6.0 arc min
57. AGZ Azimryth Synchro Measurement Bias 6.0 arc min

L RANDOM

s ACCELEROMETER HIGH GAIN #ODE BIAS CONSTANILS

. 58. Mg, X Accelerometer High Gain Bias 2,500 ug

:;3 59. Agy, Y Accelerometer High Gain Bias 2,500 ug

o ACCELFROMETER HIGH GAIN MODE SCALE FACTCR ERRJRS

60. AKAHX X Acceleromeier High Gain Scale Factor Error (.03 numeric

. o). AKAHg Y Accelerometer High Gain Scale Factor Evror 0.03 numeric
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» TABLE 5-1 {(Contd)
o RANDOM CONSTANT
e GYRO THERMAL WARM-UP DRIFT TRANSIENTS EXPONENTIAL DECAY
e 62. wa X Gyro Thermal Warm-Up Drift Rate 0.014°/hr
: £3. wTv Y Gyro Thermal Warm-Up Drift Rate 0.0714°/hr
‘f} 64. sz L Gyro Thermal Warm-lp Drift Rate 0.024°/hr
’ RANDOM
i ACCELEROMETER ATTITUDE DEPENDENT SCALE FACTOR ERRORS CONSTANTS
65. AKAAx X Accelerometer Attitude Dependent Scale
‘ Factor Error 10 ppm
gﬂ; ' 66. 4Ky, Y Accelerometer Attitude Dependent Scale
Lo Y Factor Error 10 ppm
15? 67. SKang Z Accelerometer Attitude Dependent Scale
G Factor Error 30 ppm
. EXPONENTIALLY
s MEASUREMENT TIMING ERROR CORRELATED
E.' 68. ¢ Measurement Timing Errov 1 ppm
;1 F matrix elements correspording .o the gyro guadrature G drift
_f  coefficiants and the measurement timing error discovered during the
*‘Ei: laborazory tests are given next for completeness.
'. '?.-:
‘{ h_
‘ 51
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F(a10) = 5 s, 0(6)/0(6)
i 348
F(32,4)= 1. =4 s(6,)
:‘ ‘ wa y 1
| T
F(33,4) = awl - = -q, 7(8,) c(6;)
Qx
48
F(31,5) = @ aw; = - 9,5(8,)/c(8,)
y
a8,
F(32,5) = 9 éwg; = g, ¢(6;)
48,
F(33,5) = @ = ¢.7(8,)s(6,)
any X y
: Y
; F(33,6)= 8 —— = g,
5 awoz
dlv
o F(49,68) = — ¢" = o[c(8,)5(8,)c(8,) - 5(8.)5(6,)]
OV, “
F(50,68) = T¢1—~ = -g [c(ex) s(8,) + s(8,) s(8,) c(@,)]
“:":5? OA
m,m F(shss) = _#- = ~¢ C(gy) C(Ql)
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The 68x10 noise distribution matrix G is illustrated in Figure 5-1.
This matrix contains ten nonzero elements, four of which are located in
the rows correspondinc to the long correlation time exponentially
correlated random noise gyro drift rate and measurement error stochastic
processes. These nonzero elements are readily identified from the
stochastic differential equations, modeling these noise processes, given
in Section 3.2.7. 7The remaining six nonzerc elements are located in the
rows corresponding to the dynamic gimbal angle, 31 through 23, and
velocity, 49 through 51, measurement states. This modeling accounts
fur the uncertiinty of the measurement states produced by the short
correlation time gyro and accelerometer random ncise errors. These errors
were cmitted Trom the Kalman Fiiter state vector due to the filier's
inability to estimate them. The magnitude of these G matrix elements
was determined s:ch that the variance of the dynamic measurements states
is the same as when the short correlation time raniom noise errars were

included as sta.es in the filter.

Tha distuspance vector w(t) is a 10x1 input vector whose elements
are zero m an, unity variance white noise processes. These white noise
processes are assumed to be uncorrelated with each other resulting in
the 10x10 system noise matrix Q being an identity matr x.

“The 6x68 measurement matrix contains up to a maximum of six nonzero
elenents of unity magnitude in the columns corresponding to the rows of
the measurement states. 1f all three velocity and gimbal angle measure-
ments are utilized, the measurement matrix requires six rows. The
mecsurements eventually decided upon consist of the three-velocity but
onty the azimuth gimbal synchro angle measurement, requiring oniy four

rows ror the measurement metrix.

The measurement z and measurement noise v vectors require from four
to six states, depending on whether the roll and pitch gimbal synchro
angle measurements are used. The first one, or three, elements of the
v vector are zero mean Gaussian white random variables, with 5-arc-second

standard deviations, and model the differern_jal gimbal synchro angle

measurenent noise. The last three elements have similar properties and a
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. T
LY NEVLY)
" aglﬂ/rgz
. %4 ./ Z/rgé- ,J
'- : i
31 Gs /2 2 Ty

33 °§s.\/21 Tgs

ﬁF -
ag O‘u-\/ai Ty
50 V2 T,
51 gy/2 x 7,

68 L %2/ —_T

- o, - ©,
%L 0.005 Yhr Ogs = 0.003 Ynhr
rql = 3600 se&c Tos © | sec
e g 20,9 g, = Ippm
,; T, = 0.00!6 sec Ty = 250 sec
_ Figure 5-1. Ncise Disteibution Matrix G
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standard deviztion representative of the accelerumeter quantization
process (quantization leve!/3.46) and model the artificiai velacity
measurement noise. The assumption that elements of the measurement noise
vector are statistically independent oF each other vezults in the 6x6
meastrement noise matyvix R heing a diagonal matrix. Diugonal elements of
the R matrix are variances of the corresponiing measurement noise vecter

elemen*s.

The 631€8 covariance matrix P is initially a diagonal matrix
compo-ed largely of the MU error source vavriances. *he initial uncertainty
of all ¢he A8 Kulman Filter states, in terms of their standard deviations
2s determined vy taing the square root of the corresponding initial
covar‘ance matrix dragonal ejenents, is given in Table 5-1, The initia?
uncercainty of many of tnesc evror states is given in Reference 1. ‘Since
Reference 1 values correspond to inertial instrument biases and scale
factors wnich have bean trimmed for navigation, while the’Ka]man Filter
mechanization does not, these instrvument errors were increased to their
untrimmed volues. 1n those instances, gyro'spih axi< mass unbalance
coefficients, where IMU laboratory calibratisr test results showed that
the actual errars were significanf]y larger than those given in
Refurence 1 the initial uncertaintiec were increased to reflect the
tast resylts. The initial variances of the velocity and differential
aimbal angle measurement states are identicaliy zero due to tne manner
ia whicl. these states were defined. The initial variances of the IMU
case-tn-navigation frame misalignment angles depend on the laboratory
test table or mounting fixture used and the manner in which the IMU
cast is aligned to the navijation frames. This topic is further

-

discussed in Section /.

S partial coveriance matr,x ve-initializetion is reguired each
time the piatform frame is re-o nted, for several reasons. The
variances of the velocity and ditferential gimbal angle measurement
~tates, having increased during testing at a given platform attitude,
must be reset to zero. The gimba' «ynchro angle bias variarces, having

decreased over the previous test attitude, must be increased to the
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rominal 6-arc-itinute uncertainty to reflect that new biases are being
encotntered.  Covariance matrix elements associated with the gyro bias
and accelerometer scale factor platform attitude dependent error model
residual states are reset to reflect the attitude dependency. In
addition to resetting the variances; of these states, any covariances
that have built up between other error states must be re-initialized to

zero.,

In addition to those error sources included in the Kalman Filter
stute vector, it is desirabie to computer optimal estimates and estimation
errors for several composite error quantities. Inertial navigation
system parameters, such as total gyro and platform drift and platform
and accelerometer-to-navigation frame misalignment angles, provide
additional insight to th~ Kaiman Filter's capability to separate the
IMU calibration parameters and estimate them accurately. Optimal
estimates for these ccmposite parameters are computed as functions of the
sum of appropriate state vector element's optimal estimates. Cptimal
estimation errors for these composite error quantities are computed by
use of the expectation operator and corresponding elements of the

covariance matrix.

5.2.3 Integration Algorithms

The majority of the storage and computational time computer resources
required to implement and exercise the Kalman Filter algorithm on a
divital computer are associated with propagating the Kalman Filter state
vector and covariance matrix. Computational time requirements cun easily
become burdensome, when we consider that the state vector and covariance
matrix are propagated for time periods of one to two hours. The necessary
computer resources can, however, be kept within reasonable limits by -~
carefully selecting the integration algerithms required to propagate
these quantities.

The final version of the .K! calibration Kalman Filter was hosted
on a CDC-6600 digital r~mputle~ having a word length of 60 Lits. The state

vector was propagated with laberatory test data stored on a magnetic
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tape corresponding to off-line ron-real-time opevation. Total MU test
time was 6Y mirutes with measurementis being pominally taken every

36 seconds. CDC-6600 computer rescurces required o execute the job
were 990 secunds for compilation and exccution time and 221,000 octal

words for memory.

Irn develuping the CDC-6600 Kalman Filter computer program, it was
found that {he most efficient operation of acceptable accuracy was
acvomplished by using relatively large integration step sizes accompanied
by sephisticated integration algorithms. The covariance matrix is
probagatad in one step between the measurements, integration step size
of 30 secords, according to the fifth order Kutta-Mersion integration

algorithm,

y, = Pt
not oyt B A

y2 = 3+ —%—I— [ls(yo) + P(yl)]

27 B[R + 3R]

- AT - 3AT . .
=yt 2 Ply) - 2 Ply) + 24T P(y,)

as

= AT [. : 20T ¢
Pl ar) =y v GE[B1) + p(y)] + 55 F(n,)

where AT is the integration step size
T

. T
p(1) = ¥R+ [Fle(n)] + e(1)alnel)

The ccvariance matrix derivative P(t) is determined using the above
expression. Due to tle sparse nature of the system dynamics matrix F(t),
the P(t) aigorithm was coded in a manner that eliminated the bulk of

the zerc multiples.
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Propagation of the Kalman Fiiter state vector x{t) requires
substantially less computer resources than those necessary for propagation
'; of the covariance matrix. Modified Euler integration is used to
propagate the state vector with an integration step size of one second.

(1 +01) = K1) + AZT [Q‘(e; + Q(: +A:)]

where

HORRIOKI0
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i SECTION VI
s

g THEDRCTICAL COMPUTER SIMULATION RESHLTS
2
73 5.1 SIMULATION OBJECTIVES

¥; A CDC-6600 computer sinulation of the KT-73 [MU, Kelman Filter and
'gﬁ laberatory calibration test was developed in consideraticn of several
R maior objecuives.
‘.T (1) To validate the concept of the premise postulated for separation
(A
e o7 the IM; calibration pareneters.

.? p
hf "2} To determine the accuracy te whicn the Kalman Filter can

%; estimace the IMU culitvratica parameters, considering the eftects of

;g inertial iastrument random disturbances. measurement noise, and linited
:?@ test tine,

i

s

v (3) To perform Timited analysis ir recard to the power of *the iMij
i calibratior metnodoicv and tne uscfulness of the Kalwan Filter as a too!
zj for conducting IMU error model development and validaiion studies.

>

jf; (4) Tu justify the first-oirder equation linearizations made for

;;, facilitating a solution to the calibration eyuations.

‘e

,10.

o (5) To assist in the preparation of a computer scitware specification
‘o and test procedura for the ersuing IMJ calibration iaboratory development
&, ‘i W .

'iﬂ nrodram

o

P 4 2 VAITDRATION OF CALIBRATION LTHODOLOGY AND ASSUMPTIONS

To obtain the highest level of corfidence possikle by the use of
corputer simulations, che voncept validation philosonhy of demonstrating

strict converyence of “he Kalman Friter optimal estimates to the error
sources of a simulated KT-73 1MU was aaopted. Strict sense convergence

“’q jmprie. that the ensemble average of the simulat~d estimation errors
:‘ l conform Lo the zero mean gdaussian processes having time-dependent
5s§ 1 variances given by the filter's covariance matrix.

)
")
A 53
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In keeping with the concept validation philosophy, the developed
KT-73 IMJ simulation contains all the error sources given in Reference 1.
The 1M simulation is based on tine whole number, nonlinear equations
develoved above, and utilizes random number generators to simulate the
random bias and stochastic process error sources. Digital gyro torquing
ard accelerometer quantization effects are included. The adequacy to
which the Reference 1 error sources model the real KT-73 IMU will be
addressed in the laboratory development program and also in conducting
the aided-inertial navigation software development and evaluation tests
in Table 1-1.

Figure 6-1 illustrates the Kalman Filter's ability to accurately
estimate IMU platform drift rate and pseudo velocity errors in terms of the
standard deviation of the estimation error. Platform drift rate is a
composite error source containing up to eighteen error sources per axis
for the platform and navigation frames approximately aligned situation
shown in the figure. Similar remarks also apply to the pseudo velocity
errors. Estimation error standard deviations for the psuedo velocity
errors are obtained by taking the square root of the appropriate diagonal
element of the filter's covariance matrix. Since total platform drift
rate error is not a state variable in the Kalman Filter, corresponding
estimation accuracies had to be obtained by utilizing the expectation
operatur in conjunction with on and off diagonal elements of the

covariance matrix.

Each graph in Figure 6-1 contains two sets of data, corresponding to
whether or not the system-level IMU velocity and gimbal angle measurements
are taken. Velocity measurement errors corresponding to the low-gain
accelercmeter mode quantization levels were assumed. The x, y, and z
platform axez syrhols inaicate the time instants the six simultanecus
IMU measurements were taken and are uniformly spaced at thirty second
intervals. The Yine segments between measurement points indicate how

the estimation uncertainty prepagates in time. The primary information
conveyed by these graphs is that the Kalman Filter is capable of
estimating composite system-level IMU errors te an accuracy essentially
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Timited by the inertial instrument random disturbances in a five to ten
minute IMU test. The length of time required to achieve this level of

accuracy is heavily influenced by the magnitude of the measurement errors.

Although the Kalman Filter can accuracely estimate the compcsite
eryor guantities during a single platform orientation test, it cannot
separate or accurately observe the individual IMU calibration parameters.
The filter can, however, during the single platform orijentation test,
heavily correlate certain groups of error sources from an initially
uncorrelated condition. To calibrate the IMU, the error sources must be
decorrelated and accurately observed. The weans by which this is
accomplished is by testing the IMU with its platform at nur~rous
orijentations with respect to the earth rate and gravity vectors as

discussed in Section IV.

Figure 6-2 is a graphic illustration of the error separation process.
This figure shows an increasing Kalman Filter capability to estimate
the y-gyro bias drift rate error component as additional piatforin test
attitudes are introduced. Platform attitudes No. 1 through 5, 10, and 11
correspond to those of Table 4-1., Platform attitudes-No. 7 thrcugh 9
are the additiconal attitudes introduced to permit error source separation
in the presence of the west-gyro-commanded angular velocity error due to
the azimuth platform-to-navigation frame misalignment. Attitudes No. 6
and 12 are identical to No. 1 and illustrate that repeated use of the
same test attitude does not significantly improve error source observation
accuracy. These attitudes are synonomous with the navigation frame axes

of north, west, and up.

The IMU is tested for five minutes per attitude as suggested by the
estimation accuracy versus measurement time characteristic of Figure 6-1.
Total IMU test time would, however, be somewhat longer than the one hour
m~2asurement time shown due to the several minutes' platform slew time
reguired to periodically re-orient the piatform. The sequence of piatform
test attitudes shown was selected such that the most significant IMU error
sources are calibrated first and allow the option of omitting latter test

attitudes in favor of reducing test time.
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The upper and lower bounds superimposed abcut the simulatad y-gyro
bias error represent three standard deviations of the optimal estimation
error stochastic process. Tne standard deviations used in determining
these bounds were obtained by taking the square rcot of covariance matrix
diagonal element corresponding to the y-gyro bias error as a function of
time. Optimal estimation theory predicts that the Kalman Filter's
optimal estimates should converge to the simulated y-gyro bias error to
within these bounds a certain percentage of the time on an ensemble
average basis. For Gaussian processes and three standard deviation
bounds, this percentage is 99.5% of the time. Inspection of Figure 6-2
shows that all 120 or 100% of the filter's optimal estimates fall within
the three standard deviation bounds, thus satisfying the criterion.
Examination of the computer simulation results for ccrnvergence of the
filter's optimal estimates to the other simulated IMU error sources
showed that the criterion was met also.

Several conclusions can be reached as a result of the filter's
optimal estimates converging to the simulated IMU error sources to
within the accuracy predicted by optimal estimation theory. The major
conclusion is that the gimballed IMU calibration problem, as formulated,
can be adequately represented by a system of first-order Tinear
equations. A second conclusion is that treatment of velocity guantization
errors as measurement noise, omission of digital gyro pulse torquing
effects, and other simplifying assumptions are justifiable. A final
conclusion is that the Kalman Filter is a suitable analytical technique

for calibrating IMUs.

6.3 IMU CALIBRATION ACCURACY LIMITATIONS

Examination of the estimation accuracy bounds depicted in Figure 6-2
shows that the estimation accuracy increases rapidly for the first four
or five platform test attitudes. A slight increase in estimaltion accuracy
occurs during the latter platform test attitudes due to the further
separation of the y-gyro bias error from the other IMU calibration
parameters modeled ac random biases. The y-gyro bias estimeticn ervor
does nct, however, approach zero at the conclusion of the platform rest

attitude sequence.
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Ta determine the reasons for the limitation in IMU calibration
accuracy, the analytical vesults shown in Figure 6-3 were computed by
use of the Kalmarn Filter simulations. The upper graph shows the optimal
estimation errors for all three gyro bias drift rate components. This
representation contains the same estimaticn accuracy information as
Figure -2 but is plotted as one standard deviation on an absolute scale.
This data is obtained by taking the square rcot of the appropriate
diagonal element of the updated covariance matrix.

The lower graph in Figure 6-3 shows the estimation accuracy for the
random variables defined as the sum of the gyro bias and long correlation
time random gyro drift rate ecrror components. Comparisen of the upper
and lower graphs iliustrate the gyro bias calibration accuracy
limitations imposed by the gyro random noise components. Each gyvo is
wodeled with two exponentially correlated disturbances having 1 and
3600 second correlation times and 0.003 and C.005 degree per hour drift
rates, respectively. Reference to the upper graph shows that the long
correlation time disturbance imposes itself as an approximate Tcower bound
on gyro bias calibration accuracy. The reason that the Tong correlation
time raadom gyro disturbance acts as lower bound for the gyro bias error
estimation dccuracy is that time is the only difference in the functicnal
dependency of these two error sources. Accurate measurements taken
frequently over an approximate correlation time period are required to
separate them. This condition is not satisfied during the calibration
test due to those placform test attitudes where platform drift can only
be naccurately inferred from the differential gimbal angle measurements.
This limitaticn is illustrated in the lower giraph in Figure 6-3 by the
filter's ability to estimate the sum of these two error sources to an
accuracy now limited by the short correlation time Adisuurbance.

Escimation of the IMU calibration parameters to an accuracy limited
by the inertial instrument random disturbances is the desired result
from the navigational accuracy <tandpoint. Conceptually, this result
implies that the IMU caiibration errer sources could be software
crmpensated for with the pure inertial navigaticn accuracy achievable
vith the IMU being essentially limited by the inertial inctrument random

disturbances.

-

el L AR S L



AFAL-TR-77-75

PLATFORA
RITLTUOE

FOEG/HR )

STRMDARG] NEVIATION OF GYRD BiAS

ESTINATION ERROR

D.l’JO\4

--0ATA---
Y X-0YRO
Y Y-GYRO
7 1-0YRO
1t
FLATFDRN [ #
RTTITUOE Te- ¥
1.0
r
b=}
&
S
Lo
x T
wd
™Y
g2 o0
"
Lo
¥
o
H
0l
&
x
1%
o
Wl
&
Yoo o1
>
Jortad
s
o 1
Va
-3
0 w0t
o
UHTR
x 1 OYRD
Y Y GYRO
Lo oGy

GYRD BIRS LALIBRRTION

f
f
;
¢

e S BRSPS

. ruy
o e . ettaa
LTI Bdaas =1

s 4a &

e - S
e T e T o s o T e B e S T T T T b T Tk e
s o 13 z0 25 30 s Y] a5 30 35 60

MERSURENENT RE (M{NUTES)
J " nNTE 1MU MERSUREMEMTS
VELOCITIES
SYNCHROS (MIA7 ¢

GYRO BIAS PLUS LULNG CORNELATIAN TIME KANDON OR{FY RATY CAL(ARAL(ON

.L, . 14 .. R s
L ot [N e O

N e e e

. T S0l
}
!

‘et resrsvcscsresacssresceneanttaceny

P B
i P RS P R R R R R RS T R

LRSI

Meeeiyn,
Yesevaverma Twwe,

Tl mreseretesnanen
T tr e liegy g 832 RRRTASITI NI TN MRS MRSy |

S pessameren Ceve-

¢ ooy

L T T T S S T BRI ' .
1o s 2u 4] 99 3% an 4 M 55 b0
AMEHSURERN ™D Timt MM TEY AL HEN A RE R

sELai ey
BN RS (IR

Gyro Bias and Gyro 3ias Plus Randomn Noise
Calibration Accuracy

Figure 6-3.




K=AL-TR-77-75

6.4 DYNAMIC ERROR ESTIMATION

The Kalman Filter's ability to estimate a dynamic composite IMU error
as opposed to the static IMU calibration parameters is illustrated by
the total gyro drift rate characteristic shown in Figure 6-4. Total
gyro drift is defined as a random variabie composed of the sum of the
long and short correlation time disturbances, thermal warm-up, constant
and attitude-dependent biases, input :.Jd spin axis mass unbalance, and
anisoelastic drift rate error components. Total platforim drift would
additionaily contain the gyro scale factor, gyro-to-platform misalignment
angle, and commanded angular velocity error sources.

The simulated x-gyro drift rate is plotted with straight line segments
connecting the 30-second measurement intervals and does not show the
fine grain structure due to the random disturbances. Convergence of the
Kalman Filter's optimal estimates to the simulated gyro drift rate error
is illustrated along with the one standard deviation estimation error
upper and Tower pounds. Assuming gaussian statistics, 687 of the filter's
optinal estimites should fall within these boundaries. Optimal estimation

errors appear consistent with this criterion.

6.5 IMU ERROR MODEL REFINEMENTS

A wmajor cbjective of the IMU calibration study is to develop a
methodology and companion analytical tool that affords some capability
for conducting IMU error model development and validation efforts. An
essential feature on any such approach is the ability to start with a
functionally correct IMU error model, but with incorrect statistical
information regarding the magnitudes of the irdividual errour sources,
and through iterative testing determine the correct error scurce
magnitudes. The prohblem of refining a functionally incorrect IMU errvor

model is addressed in Section 8.

To address the problem of refining tre a priori IMU-error-model
statisuical magnitude data, the analysis depicted in Figure 6-% was

conducted. The upper graph shows that the nominal computer loaded
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gyro scale factor errors do not contribute significant platform drift
rate components. Since these error sources do not contritute significant
platform drift rate components relative to the gyro disturbantes, the
filter is precluded from reducing the uncertainty associated with them.
Gyro scale factor errors are shown in terms of the platferm drift rate
error components they produce to emphasize the calibration accuracy
lTimitations imposed by the gyro random noise errors. The lower graph
shows the filter's performance against a simulated IMU containing a
x-gyro scale factor error an order-of-magnitude larger than assumed

in the initial covariance matrix.

The optimal estimates for two simulation runs are plotted in the lower
graph. The plus symbols correspond to the first run and an initial
covariance matrix based on the nominal a priori error model data. The
nominal x-gyro scale factor error assumed for thne initial covariance
matrix is a factor of ten less than that simuiated in the IMU. The filter
begins to estimate an abnormally large ervor. optimal estimates compared
with the estimation error standard deviation, during the fourth platfcrr
attitude test. It is interesting to note that the Kalman Filter begins
to estimate the abnormally iarge scale factor error during the same
platform test attitude that the evror scurce separation data of Table 4-1
predicts. The filter's optimal estimates do not., however. strictly
converge to the simulated error in accordance with the three sigma
bourds. This failure of the filter's optimal estimates tc converge to
the simulated error is due to the non-conformance of the initial covariance

matrix with the simuiated error.

A major consideration at the end of the first simulation run is the
behavior of the Kalman Filter's estimates for all the cther IMU calibration
parameters. If the filter estimates abnormally large errors for some of
the other calibration parameters, this might preclude isolation of the
problem to its true source. Examination of filter's estimates for all
other error sources indicates, however, that these estimates converge
to the simulated errors to within the accuracy predicted by the filter's

convariance matrix.
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The second simulation run was made te verify that filter convergence
rould be cbtained by increasing the initial covariance matrix in
accordence with the x-oyro scale factor optima: estimates obtained from
the virst run. Specifically, the initial x-gyro scale factor variance
was increased from that corresponding to a platform drift rate component
ef 0.0035 to 0.024 degrees per hour as indicated by the filter's final
first run estimite. The smalil circie symbols represent the second run
optimal estimates and show a convergence which is consistent with the
estimation uncertaint; cbrainzd from the first run. This result
indicates that calibration accuracy is essentially determined by the
inertial instrument random disturbances and is relatively insensitive
to the initial Zovari.nce matrix.
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SECTION VI
iMU LABORATORY TEST REQUIREMENTS

7.1 SOFTWARE ALTERNATIVES

Digital computer computational, stcrage, and associated programming
requirements for impiementing the IMU calibration tests and estimating
the error sources can vary greatly in accordance with the specific
application and zoftware approach. A1l software approaches must, howover,

satisfy three Turctionazl requirements.

(1) The platiorm must be commended t¢ precess at earth rate during

each IMU test secuence.

{(2) System level IMU psaudo veloaity and gimbal angle measurements

must be taker and recorded.

(3) IMU error source ectimates must pbe computed.
The first two recuirements invelve on-Tine in reai-time s ftware

and can be met in a <imilar manner for various approaches with software

complexity being a function of the desired automition. The manner of

accomplishing the third function can be either on-line in reai-time o

off-line after-the-fact and greatly distinguishes the software approaches.

7.1.1 Kalman Fiiter Software Approach

Two approaches to the Kalman tilter errgr source estimation software
were considered for implementaticn of the laboratory IMU tests. The
first approach consisted of an oif-liue parameter estimation scheme in
which the error source estimates were computed after the IMU tesi was
compieted. The Kalman ¥Vilter mechanization and IMU *est procedure
formulated purposely omitted rea.-time closed-ioop platfyrm control in
favor of the off-line software flexibility. in this approach, tho 1M
test wou'd be conducted with use ¢f a smail general purpose digital

computer{s) with the IMU neasurements beiny recorded on a moanetic tipe.
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The recorded IMU measurements would serve as input data to the Kalman
Filter software nrogram hosted on 2 large scientific digital computer.
This approach permits use of the Kalman Filter software program developed
for the CDC-6600 computer simulation studies.

The second Kalmarn Filter software approach considered utilized a
small general pirpose digital computer and stored Kalman gain matrices
to estimace the error sources on-line in real~time. This technique is
possible because tne filter’'s covariance matrix can be propaygatad and
updated ﬁndependent]y of the IMU wmeasurements. This allows prior
comptitation of the covariance and related Kalman gain matrices on a
large digital computer. The precomputed Kalman gain matrices, corre-
sponding to specified IMU measurement times, would be stored on a
magnetic tape and read by the smel! tect computer as required during
the test. Estimation of the error sources is well within a small
¢igital computer's capabilities and is accomplished by multiplying the
measurement vector by the Kalman gdain matrix after each IMU measurement
and propagating the optimal estimates between measurements. The
software program could be written in assembly or a higher order Tanguage
depending on the support software avaiiable for the small digital

computer.

The first approach of off-1ine error sources estimation was selected
for the initial IMI calibration tests for several reasons. Real-time
software development was required only for recording data and not
additionally for error source estimation as in the second approach.

The ease of modifying the CDC-6600 rortran IV Kalman Filter computer
pragram and the ability to exercise the modi“ied versions against the
mag tape store¢ IMU measurement data without continuocusly repeating the
{MJ tests was especteu o0 greatly facilitate the development effort.
This cencioeration was especially impovrtant 1. view of the IMU error

model development and validation ghjective of the study.

The major disadvantage of the selecled apprcach is tne turrni-around
time associated with the UDC-6800 computer system. It was thought that

1f aided-inertial navigation software cevelopment e*fer(s demenstrated
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a nead for having IMU calibration test results prior to conducting the
software development tests, the real-time error estimation scheme could be
implemented for the production calibration tests. This need has not,

however, materialized.

7.1.2 Real Time Test Software Approach

To keep the real-time software development effort to a minimum,
maximum utilization was made of the Singer-Kearfott AN/ASN-90 Inertial
Measurement Set and associated equipment, including the SKC-2000 digital
computer and the operational computer program (OCP) documented in
Reference 4. A functional block diagram of the hardware used in conducting
the IMU calibrotion tests is given in Figure 7-1. The Singer equipment
constitutes a self-contained inertial navigation capability including
IMU ground alignment and a two-position north and west gyro auto-
calibration.

The philosophy for obtaining the necessary real-time test software was
to utilize applicable portions of the Singer OCP with minor software
modifications being made as required. References to Singer's OCP
development specification indicated that this approach was feasible
and would entail a modification of the ground align and gyro auto-

calibration software routines.

Two versions of the OCP real-time test software were developed.
The first version retained the 15 sequence ground align and gyro auto-cal
software routines so that: (1) The IMU case could be properly aligned
to the navigation frame, and (2) The gyrc turn-on biases recovered by
the OCP could be compared to those estimated by the Kalman Filter.
Compatihility between the OCP and Kalman Filter gyrc turn-on bias
estimates was ensured by conducting the 12 IMU calibration platform
attituae test sequences immediately after the 15 OCP ground align and
gyro auto-cal test sequences. Ccmparison of the 0CP-recovered g ro
hiases, as well as the high and low gain accelerometer bias and scale
factor and gyro ccale factor ASM-375-test-set calibrated errors, with
those recovered by the Kalman Filter, was considered essential in the
development of the calibration techrigue.
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After the deveicpment of the calibratinn technique was well underway,
the second version of the real-time test software was developed to
eliminate a scheduling problem inherent in the above versions. The
15-sequence ground align and gyro auto-cal routines required 24 minutes
to execute and thus prohibited obtaining the IMU measurements necessary
to estimate the inertial instrument warm-up transients corresponding to
the A-7D aircraft fine ground aiignm:nt time interval of 7 to 10 minutes
after power turn-on. The second version was similar .o the first, except
that the 15-sequence ground align and gyro auto-cal routines were
omitted. Proper IMU case alignment to the navigation frame was obtained
by use of the original OCP if realignment was made necessary due to
dismounting and remounting the IMU on the tilt table, as discussed in
Section 7.2.1.

Initiating and terminating the different IMU platform test sequences
and recording the IMU measurements on a magnetic tape could not readily
be accomplished with the Singer AN/ASN-90 and associated equipment.
Referring to tFigure 7-1, the teletyne and PDP-11/45 computers woere
added for these pdarposes. The PDP-11/45 computer and its per ipheral
equipmert is used largely for bookkeeping purposes. Nominal earth rate
torquing values are stored and sent to tne SKC-2000 computer at the start
of each new platform test sequence. IMU measurements are transferred
from the SKC-2000 computer and recorded on magaetic tapz. Although the
initiation of new platform test sequences is contrnlled fram the teletype,
the exact instants of time the IMU measurements are taken is determined
by the SKC-2000 computlar's internal clock and associated real-time

software.

Input/output data precision and IMU measurement timing accracy
requirements were determined such that errors in these quantities do
not contribute any significant IMU calibration errors. Thi criterion
implies that the errors are on the same order as the accelerometer and
gyro randem disturbances. For gyro torjquing, the net gyro torquing PRF
required to command the platform at earth rate must be entered into the
SKC-2000 computer with an accuracy of 50 ppm. The magnitude of the time
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interval between IMU pseudo veiocity measurements is not critical;
nominally, both 10 and 30 seconds are wused. This time interval must

be constant to simplify execution of the Kalman Filter algorithm and
precisely known to 0.1 msec. The totai number ¢f pseudo velocity pulses
generated each measurement time interval are recorded with the least
significant bit representing 0.0322 and 0.000322 ft/sec fer the low and
high gain accelcrometer scale factor modes, respectively. Gimbal angle
measurements are discuszed in Section 7.2.2, but are not automatically

recorded via the real-time software.

7.1.3 Recorded Pseudo Velocity Pulses

The finalized IMU platform test attitudes used in conjunction with
the second version of the OCP real-time software are shown in Figure 7-7.
A sample of the total IMU pseudo velocity pulses recorded bty the real-time
software during a calibration fest is illustrated in Figure 7-3. [n this
figure, the left hand column represents time in seconds and from left #o
right the three columns per test attitude represent the total number '

of acceleromeier pulses generated per measurement time interval.

Pata recording for IMU platform test attitude No. 1 begins seven
minutes after power turn-on and continues for ten minutes, with velocity
pulses being recorded every 10 seconds. Thc x and y level axis
accelerometers are employed in the high gain mode (the z accelerometer
does not have a high gain mode), in an attempt to accurately estimate

the gyro and accelerometer warm-up transients.

Data recoraing pericds are nominally five minutes long for platform
test attitudes No. 2 through 12, with measurements being recorded every
30 seconds. The low gain navigation accelerometer scale factor mode is
used for the first five minutes of testing ‘or each of these test
sequences. Acceleromeier sca'? factors are switched from the low to the
high gain mode at the end of the five minutes for test sequences No. 3 and
10, with testing beirg continued for an additional one and a half minutes.
This approach permits the Kalman Filter to acrurately observe the high
gain .celerometer scale factor and bias errors without adding two
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additional test sequences specifically for this purpose. Platform tilts
are limited to approximately six degrees to prevent saturation of the
capacitive reset integrators (10,000 pulses per second maximum) when in
the hign gain mode. As can be seen from Figure 7-3, IMU calibration does
not require an abnormally large quantity of measurements to be taken.

7.1.4 Data Recordiny Probiems

Two data recording problems were encountered during the IMU
calibration testing. Eventually one problem was attributed to the IMU
hardware and the other to the OCP r 1-time test software. both of these
probiems caused improper operation of the Kalman Filter and were only
correctly isolated as data recording problems after scanning the raw
gata lists as depicted by Figure 7-3. The recorded velocity pulse raw
data computer printouts proved Lo be extremely valuable during the
development cycle, particu’larly when the data was massaged to show the
number of accelerometer pulses generatea in each measurement interval,
as in Figure 7-3, rather than the cumulative time total which constitutes

the Kalman ilter measirements.

The data recording anomaly attriputed to the IMU hardware was termed
an acceierometer dropout problem. Anomalous data was found to exist on
2 of the total 24 IMU ralibraction tests conducted and took the form of a
zero accelerometer pulse count for one to twc minutes of the tota!l
68 minutes IMU measurement time. Only one dropout time interval was
found to occur for each of the two cd. ibration tests that the problem
manifested itself. Although this aromalous behavior was never verified
as being caused by the IMU hardware, discussions with personnel at the
Aerospace Guidan-~ and Metrology Center (AGMC) indicated they had observed
similar probiems with the KT-73 IMUs. AGMC personnel thought the problem
was due to burnt or corroded slip rings. Valid Kaiman Filter estimates
for the IMU calibration parameter could still be obtained by smoothing

over the zerou pulse count anomalous recordings with interpoleted data.
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The <econd deta recording probler wa, troced 0 o tring Instans
in the real-time OCP software. Instead o7 tiing © mants o oing
pseudo velocity pulses te the required accuracy of I.1 wsec, errors as
Targe as 15 msec were found to exist. The effect of these timing errors

on IMU calibratinon accuracy is discussed in Section ¥,

The timing instability problen was alsc isolated by scanning the
raw velocity pulse data as adepicted in Figure 7-3. Yor the accelerometer
~andor noise magnitu '» given by the [MU error mode! of Reference 1 and a
timing accuracy of 0.1 msec, the difference in the number of velolity
pulses generated over a reasurement interval should never exceed one
when an acceleroneter s uriented parallel to the gravity vector The
difterence in velocity pulse counts was found to be as high as 15 pul.es
for adjacent measuvement intervels. For a low gain accelerometer scale
factor of 1,000 puises per second per ¢, 15 pulses implies a 15 msec
measurcront tining erver.  Longer term timing variations of greater
than 15 miec were diso found Lo exist over the eintire H-minute test

Intor i

Vhe cause of the tining errors was traced to the “interiupt’
priovities of, and the railure to remove o)) annecessdry software
aut nes orer, The QU reai-time sof tware program, o The timng
instabi 1ty preblen was never completeiy solved but the instabiiities
core redo ed to roughly one msec Tn omagnitode . vince A timing ervor
of this magnitude 15 not negligible reiative to the tnertial i trument
vandor diyicusbances, moditc ations of the Yalman Fartter had to be nade
Yo acoaut o tor Aty pretence. The shory term uncorreldated tising in-
stability was o7couatea Yor by adding a disturbance to the aftected o
pseudo ve ooty srror stetes.  The longer feow (o lated Jlming anstabristy
was aucouated for in s first order manner by adding ati sddrtional clock
{Lseudo daccelerometer scale “actor) ervcr to the Kalman Filter state
vector. trror modeling of the clock error state 15 characterized by o

T

standard deviation of one ppm and a correlation time of 250 seconds. The
nei result of these timing errors -s a very slight decrease in the ai:uracy
to which accelerometer errors can be «olibrated. Gyra calibration

accuracy is virtually unaffected.
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7.2 TEST HARDWARL CONSIDERATIONS

In addition to the general hardware capabilities provided by the
Singer AN/ASN-90 inertial measurement set and associated system test
rack equipment, two additional hardware capabilities are required to
conduct the IMU calibration tests. These hardware considerations involve
accurately aligning the IMU case to the navigation frame and precisely
measuring cimhal angle movements.

7.2.1 IMU Case Alijgnment

The methodology deveioped for IMU calibration assumes that the
attitude of the platform relative to the navigation frame is accurately
known. The IMU case frame was defined syncnymous with the gimbal neutral
frame defined by coincidence of the neutral IMU rol!l, pitch, and azimuth
gimbal axes with the x (north), y (west), and z {up) navigation frame
axes. Rotating the navigation frame through the [n] coordinate trans-
formation produces the IMU case, and gimbal neutral frames and rotating
the gimbal neutral frame through the gimbal angle [5] cocrdinates

transformation produces the platform frame.

If given that the IMU case is aligned to the navigation frame, the
twelve relative platform-to-navigation frame angular orientations
required for separation of the IMU error sources shown in Figure 7-2 can
be obtained by gimbal angle rotations, thus obviating any need to rotate
the IMJ case. There are, however, several advantages to mounting the
IMU on a rotating tilting precision table. (1) It assists in aligning
the case tu the navigation frame. (2) It allows for an independent
calibration of the gimbal synchro angle measuring devices fur comparison
with the Kalman Filter estimates. And (3) additional special testing
including heading sunsitivity can readily be conducted. For these
reasons, an IMTCO rotary tilting table was used throughout all IMU

calibration testing.
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ATigning the IMU case to the navigation frame is a straighiforward
procedure. The IMU case is mounted on the tilt table with use of the
Singer mounting bracket. The necessary three angular degrees of
freedom are provided by this arrangement, about the gimbal neutral IMU
pitch and azimuth axes by the tilt table and about the gimbal neutral
roll axis by the mounting bracket. The IMU is brought up and Singer's
0CP software routines are execuled through grouna alignment. This aligrs
the x, y, and z platform frame with the north, west, and up navigation
frame. The gimbal neutral and hence IMU case frame is then a]ignéd to
the navigation frame by nulling the synchro angle readouts using tilt
table and mounting bracket angular rotations. The IMU case alignment
accuracy is essentially the accuracy of the synchro measuring devices
or 6 arc minutes. Assuming that tilt table and mounting brackets are
unperturbed or can be accurately returned to their original position,
the IMU can be irstalled for additional testing without repeating the
alignment process.

7.2.2 Gimbal Angle Measurements

As discussed in Section 4.2.1, a gimbal angle measurement or its
equivalent is required for separation of the gyro spin axes mass
unbalance error sources. Although the gimbal synchro angle measuring
devices are capable of measuring small differential gimbal angular
positions to 5 arc seconds, no hardware capability existed in the
Singer AN/ASN-90 IMS or system test rack equipment to obtain measurements
to this precision. Initially, low precision manual gimbal angle
measurements were taken with the visual readout indicators in the
Singer test rack equipment to support the IMU calibration development.
Two high precision synchro measurement technique developments were
undertaken that would have afforded the capability of automatic data
recording. These developments were never completed. A high precision,
manual synchro measitrement technique was eventually perfected for use in
the final calibration tests. These topics are discussed in the Lequel.
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The Singer system test rack equipment contains roll, pitch, and
azimuth gimbal synchro angle readouts having 1 arc minute graduations.
These meters can be read to roughly 0.2 arc minute precision. Repeated
[MU testing showed that the azimuth gimbal angle drifted ahout 0.3 arc
minutes in ten minutes when torqued at earth rate in test attitude No. 1.
This data implies a vertical or z-axis platform drift rate angular

velotity of 0.03 degrees per hour.

Knowledge of the actual z-axis platform drift rate error is
sufficient additional information to enabie the Kalman Filter to separate
the gyro mass unbaiance error sources. To utilize this data in the
Kalman Filter, it must be recognized that z-gyro bias and spin ixis mass
unbaiance #rror sources completely dominate z-axis platform drift rate
error when the axis is oriented vertically. This fact implies that these
two error sources are statistically correlated such that the sum of the
platform drift rates they produce has an initial urcertainty equal to
that determined by the above measurements. This information is utilized
by the Kalman Filter in the form of an initial covariance between the

error souvces having a magnitude given by:

P (wBz , Msz) - [P(sz'sz) + qu(MSz,MSZ) - (0.03)2]/29

P( ”Sz'sz)= P(szvMSz)

Entering these cff-diagonal covariances into the Kalman Filter's
initial covariance matrix permits the filter to estimate each of the
three gyro spin axes mass unbalance errors to an accuracy determined by
the z-axis platform drift rate magnitude or roughly 0.03 degrees per
hour per g. This technique of separating the gvro spin axes mass
unbalance errors worked quite well resulting in a reduction of 30 of
the initial uncertainty of 1.0 degrees ber hour per g. Since this
technique does, however, have the disadvantages of the estimation
accuracy being limited by z-axis platform drift rate and the measurements
not being automatically recorded via the real-time software, additional

gimbal angle measurement techniques were investigated.
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The firsu attempt at achieving high precision autonatic gimbal
angle measurements involved a modification of the Singer-Kearfott
synchro-to-digital converter obtained from the TRW INI program. This
converter contained three synchro channels with a 12 bit plus sign con-
version capability resulting in a measurement precision of 50 arc
seconds. The philosophy for upgrading this converter to a measurement
precision of approximately one arc second was to increase the precision
of the device at the expense of dynamic range. This was achieved by
inserting a variable voltage source in series with the synchro demodutator's
output to define a neminal operating point of zero volts. Amplification
of this volitage by a factor of 50 immediately prior to analog-to-digital
conversion increased the precision to the desired one arc second. The
dynamic range of the gimbal angle measurements about the nominal
operating point was, however, reduced from 180 degrees to 69 arc minutes.
This dynamic range is about an ovdey of magnitude larger than requirad

for the calibration tests.

The Singer synchro-to-digital converter was modiried to include the
required electironic circuitry. Laboratory tests were conducted with a
synchre standard which verified the one arc second measurement precision.
Integration testing with the IMU was being conducted to determine the
magnitude of potential noise problems when the converter failed. The
Singer converter was a specialty item employing non-standard parts which
required redesigning a failed printed circuit board and fabricating a
new one to keep the device in service. After a second failure, a
management decision was made that the converter could not be practically

maintained and the measurement scheme abandoned.

The second attempt at achieving high precision automatic gimbal angle
measurements involved the use of a production Burr-Brown analoy-tu-
frequency electronic converter. The operation of this circuitry is
analogous to those used to quantize analog accelerometer cutputs intc
velocity pulses. A second synchro was used in conjunction with the IMU's
synchro to complete the control transmitter and transformer pair.
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Unfortunately, this measurement. scheme was also abandoned when it became
obvious that the I/0 interface electronics and real-time data collection
software could not be completed in accordance with the management schedule

for completing the IMU calibration development effort.

The final attempt at obtaining high precision gimbal angle
measurements was successful and is depicted in Figure 7-1. The
measurements were manually recorded with synchronization between the
measurements and the velocity pulses being accomplished with a buzzer
tied into the teletype. The measurement scheme consisted of a serial
arrangement of the IMU synchro control transmitter, scott tee transformer,
electronic demoduiator, and a Leeds and Northrop bridge.

A parametric covariance analysis study conducted with use of the IMU
calibration Kalman Filter showed tkat only the azimuth gimbal angle
measurement was required during the first platform test attitude for
accurate estimation of the gyro spin axes mass unbalance error coefficients.
Employment of the roll and pitch and even the azimuth gimbal angle
measurements during platform test attitudes 2 through 12 did not signifi-
cantly increase the filter's estimation accuracy. Actual gimbal angie
measurements taken during the IMU calibration tests were consistent with

these findings.

Calibration of the azimuth gimbal angle measurement equipment's
scale factor and verification of its high resolution capability was
accomplished with the IMU calibraticn Kalman Filter. Referring to
Figure 7-2, the platform orientation in test attitudes No. 5 and Ne. 12
is such that the Kalman Filter is capable of accurately estimating the
differential azimuth gimbal angle about the same operating point as test
attitude No. 1 (zero dearees) bv virture of the mcasu:ements obtained
from the level accelerometers. By normalizing the manually recorded
lLeeds and Northrup data to the corresponding Kalman Filter estimates
for the differential azimuth gimbal angles, a scale factor calibration

is obtained from the same data used for calibrating the IMU.
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Calibration data for the azimuth gimbal angle measurement technique's
scale factor covering the last eight IMU calibration tests is shown in
Figure 7-4. The tests were conducted by positioning the azimuth gimbal
synchro readout indicator located in the system test rack sTightly below
the nominal setting used in test attitude No. 1 and then allowing the
platform to drift through this nominal setting. This technique ensures
that the scale factor derived from the No. 5 or No. 12 platform test
attitude corresponds to the nominal operating point used in test
attitude No. 1. Scale factor determination accuracy is a function of
both the Kaiman Filter differential azimuth gimbal angle estimation
accuracy and the angular excursion of the azimuth gimbal during the test
sequence. Nominal estimation accuracies of 1.4 arc seconds' one sigma
and azimuth gimbal angle excursions of 3 arc minutes results in a scale
factor calibration error of roughly one percent.

The calibration data of Figure 7-4 shows that the scale factor
differs somewhat from day-to-day tests and also slightly during the
nominal one hour time pericd between the No. 5 and No. 12 platform test
attitude calibrations. The causes for these scale factor variations are
not completely understood. Replacement of 400 Hz demodulator line voltage
reference by a precision Hewlett Packard oscillator, component electro-
static shielding and circuit filtering were found to be helpful in
reducing the scale factor variations from those initially encountered.
Scale factor variations for the No. 5 and No. 12 test attitudes are seen
to vary only a few percent for the same IMU calibration test over the
last six tests conducted. The average of the No. 5 and No. 12 test
sequence scale factors is used in conjunction with the No. 1 test
sequence azimuth gimbal angle measurement for the formal Kalman Filter
measurement. Assuming that this average scale factor differs from the
true one for test attitude No. 1 by this same small percentage, the
scale-factor-induced measurement error is on the order of two arc seconds
and well within the 5 arc second noise assumed for this measurement.

The precision of the azimuth gimkal angle measurement scheme around
the zero degree operating paint is shown in Figure 7-5. This data was
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plotted by normalizing the lLeeds and Northrup bridge data to the first and
last Kaiman Filter differential azimuth gimbal angle estimates. The
Kalman Filter estimates at the interior data points serve as a reference
with an accuracy of 1.4 arc seconds one sigma. This data shows that the

precision of measurement technique is consistent with the assumed 5-arc-
second-measurement noise.
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SECTION VIII
IMU ERROR MODEL REFINEMENTS

As stated in Section 2.2, a major goal of this study is to devise
and demonstrate an IMU calibration methodology that affords a sigrnificant
capability for conducting IMU error modal development and validation
efforts. The approach taken to achieve th:s goal has been to formulate
a methodology employing an optimal estimation technique that estimates
all IMU error sources in a simultaneous rather than the sequential manner
used in contemporary IMU calibration methods. I+ is anticipated that
simultanecus estimation of all IMU errors sources will permit IMU ervor
model inadequacies to be readily detected. Correlation analyses conducted
in conjunction with IMU error model residual Kalman Filter states, added
to the assumed IMU error model to account for potential error model
omissjons, should permit determining the functional dependency of
detected unmodeled IMU errors. By adding the detected and modeled error
source to the initial IMU error model and iterating the process, develop-

ment of a complete and functinnally correct error model appears feasible.

Kalman Filter processing of the system level IMU measurament data
generated during the laboratory calibration tests resulted in the detection
of both an unmodeled gyro quadrature gee anc acceleroineter attitude
dependent scale factor error. HNeither of these error sources had been
included in the Reference 1 error model developed by the I'"MU manufacturer.
The detection and modeling of these error sources was accomplished as

indicated above and is the subject of this section.
8.1 [N TIAL KALMAN FILTER ESTIMATION RESULTS

Examination of the initial Kalman Filter IMU ervor estimation results
requi.es a judgment in regard to the adequacy of the IMU error model
incorporated by the kalman Filter. Two approaches were found useful in
arriving at this judgment. The first approach involved processina the

IMU measurements with the Kalman Filter, embodying only those IMU error
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sources thought to exist The degrece of inconsistency between the
Kalman Filter estimates and known hardware manufacturing tolerances for
the IMU error sources comprised the criterion for the judgment. The
second approach involves iterative use of the assumed IMU error model
residual states to determine the magnitude of the discrepancies. This
approach is well suited to both detecting and isolating unmodeled errors
and is the topic of Section 8.2.

Two examples of the inconsi.tencies obtained between the Kalman
Filter estimates and the known manufacturing tolerances for the KT-73 IMU
error sources are shown in figure 8-1. The left and right-hand portions

N

of this figure contrast the Kalman Filter estimates against the byz qgyro
frame misalignment angle and gyro long time constant correlated random

drift rate manufacturing tolerances. Manufaciuring tolerances are indi-
cated by the dashed horizontal lines. In addition to those shown, many

other similar inconsistencies were observed.

KT-73 IMI manufacturing methods are such that the alignment errors
for the six gyro-to-platform misalignment angies are nominally held to
one arc minute., Fiqure 8-1 jllustrates, however, that as soon as the IMU
has been tested with its platform oriented at enough different attitudes
to permit the Kalman Filter to separate the misalignment angles from the
other error sources, recovered estimates for these angular errors are a
factor of twenty times the manufacturing tolerances. Similar results
were obtained for tne ~orrelated gyro random drift rate error with recovered

values exceeding produc:ion tolerances by an orader of magnitude.

The conclusion to be drawn as a result of the Kalman [ilter
estimates for many of the IMU errors exceeding their manufacturing
tolerances by an order of maanitude or more is that the IMU contains
significant errors cother than those modeled in the filter. This judgment
was particularly easy to make since many different MU errors exhibiting
different functional dependencies were estimated as being abnormally
large. As discussed in Section 6.5, had oniy one error source been
recovered as abnormally large, there would be a strong likelihood that a

hardware anumaly existed.
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Gy RO MG TNG H/E P INEMENT

[ Gyro Doadrature o brror

Having made the judament that a signiticant IMU error mode]
dArscrepancy i) existed, 1t becorw s necessary to determine both the magni-
tude of the omittea errvor scurce and its functionai dependencv. Suc-
cesstully accomplishing this task will, o’ course, confirm the initial
IMU error mode! deticiency Judarent.  The manner of accomplishing this
tack is by the employment of [MII error mode! residual Kalman Filter states
in contunction with iterative processing of the same recorded [MU measure-

ment data.

The initial objective of iterative Yalman Filter processind of the
M measurement data 15 to obtain consistency between the initial uncer-
tainties assumed for the filter's initial covariance matrix and the
tilter's estimates ot the corresponding error source. Consistency implies
that the Kalman Filter estimates for the random b:as error states are
within three standard deviations of the uncertainties assumed for the
initial covariance matrix. Three standard deviations is a rule-cof-thumb
used in conjunction with the Gaussian distribution and includes roughly
99.5. of all experiment trials. Consistency iy sought for filter estimates
corresponding to each platform test attitude as well as final filter

estimates corresponding to the finsi test sequence.

Ubtaining consistency between the Kalman Filter's estimates and its
initial covariance matrix is required for proper or accurate estimation
by the Kaiman Filter alcorithm. Without consistency, the filter's 2sti-
mation accuracy is not given by its covariance matrix and estimation errors
are unknown. By adding the IMU error model residual states to the Kalman
Filter state vector and determining, by 1teration, their uncertainties
for insertion 1n the initial covariance matrix, consistency can be obtained.
Having obtained consistency, Ka.man Filter error source estimation errors
are now accurately knewn and qiven by the filter's covariance matrix.
Consistency permits the Kalman filter estimatior results to be used with a
high dogree of confidence in conjunction with correlation studies to deter-
m. e the magnitude and functional dependency of unmcaeled IMU errors.
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An illustration of obtaining Kalman Filter optimal estimate consis-
tency through the use of error model residual states is shown in Figure
A2 The left and right-hand portions of this figure contain similar
data for the x and y-gyros, respectively. Three gyro errar model residual
stutes were included in the Kalman Filter state vector, a drift rate error
for each gyro. These drift rate errors were modeled as random biases and
were reset to their assumed initial uncertainty at the start of each plat-
form test sequence. In effect, this resulted in a 3 errors per test
sequence times 12 test sequences cr 36 additional error sources for the
Kalman Filter to estimate. These additional 36 error sources do not, of
course, permit the Kalman Filter to separate and accurately estimate the
other IMU error sources when the assumed initial uncertainties of the

residual states are large compared with the other errors.

The error model residual states depicted in Figure 3-2 could also
be termed as qgyro-attitude-dependent bias errors, since they are modeled
as beina constant for a given platform attitude relative to the IMU case
but assume a new value anytime the platform's orientation is changed.
The Kalman Filter's estimates for these attitude-dependent biases is
shrwr for each of the twelve platform test orientations. The upper and
lower brackets about each estimate represent the standard deviation of
the filter's estimaticn errcr as obtained from the covariance matrix at
the end of each platform test sequence. Since filter consistency or

proper convergence has been cbtained, these estimation errors are accurate.

Filter consistency was obtained by iteratively increasing the
initial uncertainty ¢f the attitude-dependent bias error states in
conjunction with reprocessing of the same recorded 1M measurement data
until the filter's estimates for these errors were within three standard
deviations of their initial uncertainty. Initial trial values were
choseri to be the same as the correlated gyro random noise of 0.005 degree
per hour with about two iterations being required to reach the consistency
value of 0.7 degree per heour shown in Figure 8-2. New trial values were
taken to be the maximum of the Kalman Filter's estimates for the attitude-
dependent biases on the previous triai. Figure 8-2 shows that maximum
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Kalman Filter estimates for the x and y-qyro attitude-dependent biases

are roughly 0.4 degree per hour, which is within two standard deviations

of the initial uncertainty of 0.2 degree per hour. Two standard deviations
include about 95% of the trial outcomes for Gaussian statistics.

Examination of the Kalman Filter's estimation errors for the other
IMU error sources at the end of the twelfth platform test sequence indi-
cates that the filter is unable to accurately calibrate all of them due
to the presence of the attitude-devendent biases with large initial
uncertainties. In effect, a solution is precluded because, although each
platform test sequence results in three additional equations for separation
of the IMU calibration parameters, three additional unknowns are added
also. The filter's estimates for all IMU error sources are, however,
within three standard deviations of their initial uncertainties. This
consistency is obtainable only through the use of error model residual
states.

In addition to a de.ire to upgrade the KT-73 IMU error model, the
exact functional dependency of the errors producing the 0.4 degree per
hour gyro drift rate for some platform attitudes must be determined so
that it can be explicitly included in the Kalman Filter system dynamics
matrix to enable the filter to accurately calibrate the other IMU errors.
Determining the exact functional dependency of error model residual states
amounts to performing a trial and error analy-is to determine the para-
meter, if any, which varies in magnitude or vector direction with changirg
platform attitude with which the gyro drift rate error is correlated.

The results of this analysis are shown in Figure 8-2 and indicate a high
degree of correlation between gyro drift rate magnitude and the orientation
of the gyro output axis relative to the specific force vector. The speci-
fic force vector is essentially tne gravity vector for the fixed IMU base
situation and has been assumed to be oriented parallel with the y-axis

of the graph in Figure 8-2. Note in this figure that the correlatiocn
appears to be especially high for those platform test sequences where
estimation accuracy is high, as indicated by closely spaced brackets.
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To confirm the apparent error model residual gyro output axis
specific force dependency, three additional states were added to the Kalman
Fiiter explicitly containing this functional dependency and an initial
uncertainty of (0.4 degree per hour per g. The initial uncertainty of the
error model residual states was reduced to the gyro random noise level of
0.005 degree per hour and the recorded IMU measurement data reprocessed
by the modified Kalman Filter. Kalman Filter estimation results for the
error model residual or gyro attitude-dependent bias states are shown in
Figure 8.3. Brackets about the filter's estimates indicate the initial
uncertainty of 0.005 degrees per hour and illustrates that no estimates
were obtained greater than this value. These results confirm the
existence of a gyro output axis specific force dependent error source.

The results of Figure 8-3 along with the now obtained accurate calibration
of the other gyro and related error sources showing consistency with their
initial uncertainties also indicate the absences of any additional ayro-
related errors of magnitude appreciably larger than the 0.005 degree per

hour error mode! residuals.

The physics of why a specific force acting ailong the output axis
of the KT-73 gyroflex gyros produced a drift rate error were initially
perplexing. It is well known that a mass unbalance in conjunction with a
specific force acting along a gyro input or spin axis can produce a drift
rate error. However, the vector relationships are such that it is impos-
sible for this to occur when it concerns the cutput axis. Mr. Bud
Bleichroth of AGMC eventually isolated the cause. The gyroflex gyro is
a two-degree-of-freedom, dry flexure joint suspended, free rotor gyro.
Its unique feature is a special rotating flexure suspension on one end of
a shaft, supporting and pivoting the wheel. The other shaft end is
driven by a synchronous hysteresis motor. If the flexure suspension joint
is not machined in a completely symmetrical manner, then a specific force
acting alung the output axis acts in conjunction with the flexure asymmetry
to yield a torque which produces the drift rate error. Thic error source
has been termed a gyro quadrature g error by the Singer engineers and has
been specified at 1.0 degree pe' hour per g for the SRAM KT-76 IMU.
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8.2.2 Gyro G-Squared Error Correlation Studies

Having found a rather major omission in the Reference 1 IMU error
model raises the question as to the possible omission of additional gyro
error sources that are not strictly negligible relative to the inertial
instrument random disturbances. This concern seems particularly justified
for specific force related gyro errors since the Reference 1 MU error
model was formulated for navigational error analyses where accelerations
are generally of short time durations. Since the IMU calibration tests ave
conducted with the platform at numerous attitudes relative to the specific
force vector for extended periods of time, gyro error sources insignificant
for navigational accuracy computations may not be negligible in consider-
ation of Kalman Filter IMU calibration accuracy constraints. For these
reasons, it was decided to conduct correlation studies on the next most
logical gyro specific force related errors omitted from the Reference 1

IMU error model which are additional g-squared gyro errors.

The Reference 1 gyro error model contains an anisoelastic drift rate
error having a magnitude proportional to the product of specific forces
acting along the output and spin axes of the gyro. Taking possible com-
binations of three things, input-spin-output axes soecific forces, taken
two at a time, leaves five additional g-squared gyro error sources to be

evaluated.

The philosophy for evaluating the magnitude of the gyro g-squared
error sources can be understood with the aid of Fiqure 8-4. The recorded
IMU measurement data is processed by two versions of the IU calibration
Kalman Filter. The first is the nominal or baseline version while the
second version has been modified to include three additional g-squared
gyro drift rate error states. There is one error state per gyro with
each g-squared error having the same gyrc axes specific force dependency.
The initial uncertainty of these error sources is found by iteration such
that the final Kalman Filter g-squared error estimate is within one to
two standard deviations of the initial uncertainty. Generally, only one
iteration was required and all initial uncertainties were found to be
between 0.003 and 0.005 degrees per hour per g-squared.
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The evaluation criteria were both the Kalman Filter's estimate of
the g-squared arror source and the degree to whicn the addition of this
error source to the IMU error model reduced the filter's estimate for
the error model residual or gyro attitude-dependent bias states. The
relative reduction in gyro attitude dependent bias filter estimates is
shown in Figure 8-4 for the addition of gyro output axis g-squared error
states to the Kalman Filter state vector. The Kalman Filter's estimate
for these g-squared errors were 0.004 and 0.003 degree per hour per g-squared
for the x and z-gyros, respectively. Initial uncertainties were 0.003
and 0.0G4 degrees per hour per g-squared. Substantial reductions in
the z-gyro attitude-dependent biases are seen tc occur while Tittle
improvement is cobtained by adding an output axis g-squared error source

to the x-gyro error model.

Of the five sets of three g-squarecd error sources evaluated, those
showing an output axis g-squared functional dependency rated highest in
terms of the above criteria. Since: (1) the filter's estimates for all
the g-squared error sources were less than the correlated gyro random
drift rate magnitudes, (2) only a marginal reduction in the error model
residual states was obtained, and (3) inclusion of the g-squared errors
’5? in the Kalman Filter state vector did not significantly affect the filter's
. estimates for the IMU error sources, it was concluded that the g-squared

errors could be naglected.

8.2.3 Heading Sensitivity Tests

Prior to actually trying the IMU calibration technique in the
laboratory and demonstrating its feasibility, there was a high degree of
, concern that potential inertial instrument heating and magnetic errors
" induced by gyro slewing, and variations in cooling air and magnetic fields
with relative platform-to-1MU case orientations, might mask or induce
significant errors in the determination of the IMU calibration parameters.
Several special tests were conducted to confirm or negate this hypothesis.
The first series of tests were modifications of the basic IMU calibration
teit and the second series constituted heading sensitivity tests.
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In the first series, a test was conducted to determine it rapidly
torquing the platform from one test sequence to another would result in
significant gyro heating and an associated thermal drift rate error.
sually, 4 calibration test was conducted by slewing the platform to new
test attitudes, using the analog torquing ode with a 30 (x, y-ayro)
and 90 (z-gyro) degree per minute slew rate, and immediately recording
the IMU measurement data. A special test was conducted by allowing the
gyros a fifteen minute cooling down period between their time of arrival
at a new test attitude and the time data recording commenced. Two tests
were conducted, one using five and the other using ten minute measurement
time intervals per test sequence. Kalman Filter IMU error source esti-
mates obtained from these tests agreed with those obtained for the nominal
tests to within the accuracy predicted by the filter's covariance matrix.
These resuits indicate that gyro heating due to rapid torquing is not a
significant source of error for the KT-73 IMU gyros.

In another special test, some of the platform test attitudes were
changed to alternate ones to determine if the different magnetic fields
encouritered by the inertial instruments were sufficient to cause a shift
in the recovered IMU calibraticn parameters. The results of this test

were negative.

Another special test was conducted to demonstrate that the gyro
drift rate errors could be software compensated. Test results showed a
reduction in platform total drift rate from about 1.0 to .01 degree per
hour for many of ithe test attitudes. Gyro spin and input axes mass |
unbalan e, quadrature g, scale factor, misalignment angles, anisoelastic
and bias error sources were compensated for by modification of the gyrc
earth rate torquing magnitudes. IMU calibration parameter values recovered
from this test were also consistent with those obtained from the baseline

calibration tests.

The second series of special tests were conducted to determine
heading sersitivities. The term heading sensitivity is used to denote
gyro drift rate errors produced by cooling air, temperature, and magnetic
field variations associated with changes in platform-to-IMU case azimuth
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orientations for the situation of both platform and IMU case being
approximately level. To conduct the heading sensitivity test in the
laboratory, the IMU case was maintained in alignment with *he navigation
frame while the platform was indexed one complete vrevolution in azimuth
in 30-degree increments. The platform was stabilized relative to the
navigation frame by application of earth rate torquing. IMU measurements
were recorded at 30-second intervals for a duration of ten minutes at
each test attitude.

Kalman Filter heading sensitivity estimation results are shown in
Figure 8-5. Four drift rate errors are depicted to illustrate the filter's
ability to separate the various error sources. Gyro attitude-dependent
drift rate error was modeled as a random bias and reset to its initial
uncertainty of 0.005 degree per hour at the start of each new platform
test sequence. These three Kaiman Filter error states are the same as
those discussed in previous sections and reflect the gyro heading sensi-
tive drift rate errors at each platform orientation. Gyro total drift
- rate error is a composite error composed of all gyro errors considered
,fi internal to the instrument. Platform gyro-dependent drift rate error is a
| composite ervor composed of gyro total drift rate plus gyro scale factor
and gyro-to-platform misalianment angle errors. Platform total drift rate
is a composite error composed of platform gyro-dependent drift rate plus
IMU case-to-navigation frame misalignment angle, gimbal synchro bias, and
differential angle errors.

The estimates for the composite errors were computed by summing the
appropriate Kalman Filter estimates for the individual component error
states. Estimation errors for these composite errors were computed by
using the expectation operator and appropriate on and off diagenal
cevariance matrix elements. Estimation error standard deviations for
all x-gyro and x-axis platform error guantities plotted in Figure 8-5
fall between 0.003 and 0.006 degrees per hour.

‘ Platform total and gyro-dependent drift rate error estimates show
i similar characteristics. The seemingly abnormal -0.01 degree per hour

ptatform total drift rate error at a 90 deqree platform heading wis
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produced by an unusually large errcr in positioning the platform via the
synchro angle readouts at this particular attitude. Both composite plat-
form drift rate error characteristics tend to indicate a heading sen:i-
tivity; however, comparison of these characteristics to that for total
gyro drift rate error and examination of other Kalman Filter estimation
results shows the apparent heading sensitivity to be due to an x-gyro
scale factor error. Except for one point, all x-gyro attitude-dependent
bias estimates are less than the KT-73 IMU heading sensitive drift rate

error specification of 0.004 deqree per hour.

The conclusion to be drawn from these special and heading sensitive
test results is that thermal and magnetic field variations over the dif-
ferent platform-to-IMU case test orientations used are on the order of
the gyro random disturbances and do not significantly affect gyro error

source calibration accuracy.

8.3 ACCELEROMETER MODELING REFINEMENTS

Initial Kalman Filter estimation results for the accelerometer error
sources were reasonably consistent with those expected. Three error model
residual states, modeled as accelerometer attitude-dependent scale factor
errors, had been included in the accelerometer error model to account or
allow for possible error model discrepancies. Functional modeling of the
residual states is not critical and attitude-denpendent bias errors would
have served equally well. HWith the initial variances of these error model
residual states set at relatively small values, the only detected incon-
sistency of the estimation results was a non-repeatibility of the accel-
erometer bias and scale factor error estimates to within the accuracy
predicted by the filter's covariance matrix. This problem could be
ameliorated, however, by sufficiently increasing the initial variance of
the error model residual states. Increasing the initial uncertainty of
the error model residual states results in corresponding increases in
estimation error, as predicted by the filter's covariance matrix, but

does not substantially affect the error state estimates.
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The above procedure of adjusting the error model residual state
initial uncertainties to obtain error state estimate test-to-test repeat-
ibili.y to within the filter's predicted caiibration error was considered
unsatisfactory because it did not answer the basic quesvtions. Are there
thermal and/or magnetic field variations present at the various platform
test attitudes that perturb the nominal accelerometer scale factor and
bias errors? How accurately should test-to-test calibration results
repeat, considering normal IMU hardware turn-on variations? In an attempt
to answer these questions, it was decided to examine in detail the
repeatibility of the accelerometer misalignment angle errors, since these
error sources are essentially static and not subject to hardware turn-on

variations.
8.3.1 Accelerometer Non-Orthogonality Angles

An examination of the filter's covariance matrix elements corres-
ponding to the platform-to-accelerometer frame misalignment angle errors
indicates that the filter is capable of reducing the initial manufacturing
tolerance uncertainty of 1.0 arc minutes to only 0.7 arc minutes. In
contrast to the accelerometer bias and scale factor ervor estimates,
the platform-to-accelerometer misalionment angle error estimates did
repeat to within the accuracy predicted by the tilter's covariance macrix.
As such, the error state estimates and e<timation errors for the acceler-
ometer misalignment angles as defined in Section 3.3.2 are unsuitable for
a detailed study of ithe accelerometer error model as en isioned in the
previous section. A reformulation of the platform-to-accelerometer
misalignment angles, rhat results in estimation accuracies limited Targeiy
bv the accelerometer random disturbances, is necessary to conduct this

study.

The limitation encountered by the Kalman Filter in attempting to
accurately estimate tne anqular misalignments ot the accelerometers from
the platform frame by use of only the accelerometers measurements is that
these measurcments indicate a misalignmuent of the accelerometer's electrical
null axis from an assumed orientation relative 10 the yravity vector,

The misalignment ot the accelerometer's electrical null axis from the




Ca ol e G e caiipee  te ercor nav Ty dcieberiaaeter bias. soale
tactor, randor oo e, oo teroneter to-plattorm and syncheo qimbal bias
angular misal igement evcor components.  Introdas tion ot new Synchro
gimbal angie bhios cerors each Uime the plattorm 1, veoriented precludes .
the falter tyo aoonrately sepacat ing the accelerometer-to-platform trame
Misallgneent anagi- orvors trom the combosite accelerometer electyical
b s Lil e cevors Separation ot this error from the cromposite tilt
eryar reduiees e docurdale measure of the platform’'s anqular attitude
which 7 tiot avartable.  Note that the KT-73 MU synchros dre precise to
Hoave seconds butl avcurate Lo unly b oave minutes and, theretore, Loo

Tnaccurdte tor this measurement

From the abuve discussion, 11 Can be concloded that accurate
estimalion ot some type ot acceiciometer misalignnent andgles can only be
achieved by etiminating to tirst order the gimbal synchro angle bias
errers from the determination process.  This will require, however, that
a measurenent reterence or o tts equivelent other than the gravity vector
be used.  The most dogical cholce for an accelerometer negasurenent

reference other h n the yravity vector 1s another accelevometer measure-

ment and thig amc e that goceierometer mrsalignments from an orthogonal
set 15 the quantit - to be estimated. To 1llustrate the concept, consider !
the No. 4 platter test seoguence shown in Figure /7-?.  Assune that the
v oand v odaccelerometer time varving outputs are given to tirst order by:
ey (1) = -9k, cos(Bgu(r)) + Ag, + Ag (1)
- e .
a (1) = -oK,, cos[90 (6gx(1) + ag, ] + Ay, + ARl(t)
whoere
¢, is the non-orthogenality error angle of the z-accelerometer
i A
input axis with respect to the y-accelerometer input axis.
.

1 15 produced by rotating the z-accelerumetler about the

v

s

X-axis.
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These expressions can be solved for G by using a tvigonometric

tormula and o small angle approximation to vield:

Kay o; (1) - Ag; = Ar:(1) 92K§,

X KAZ

ay (1) -~ Ap, - Ap, (1) [c,(t)-—Agy ~ AR, 0)]2

This expression demonstrates that accelerometer non-orthogonality
error angles can be determined by simultaneously taking pairs of acceler-
ometer measurements and to first order, the solution is independent of
the gimbal synchro angle bias errors, which is the desired result.
Estimation of the non-orthogonality error angles by the Kalman Filter
requires ihat these errors be expressed in terms of the platform-to-
accelerometer misalignment angle error states. These expressions can be
derived by use of coordinate transformations that "square up" the acceler-

ometer frame and then rotate it irto the platform frame.

An ortnogonal accelerometer frame can be defined in the following
manner.  rRotate the y-accelerom:2ter, in the plane defined by the x and
y-accelerometer innut axes, by the smal! angle uyz into orthogonality with
the x-accelerometer. Rotate the z-accelerometer by the small angle S
about the x-accelerometer axis into orthogonaiity with the y-accelerometer.
And finally, rotate the z-accelorometey hy the small angle “zy about the
y-accelercmeter axis into orthogjonality with the x-accelerometer. Al
rotations are done 1n accordance with the right-hand rule. The coordinate
transformation rotating the orthoygornal accelerometer frame into the frame
defined by the physicai orientation of the accelerometer input axes 1is

0A”

given by C

| ) 0-1
A
qu =z ~ @y, i )
G,, -a |
S 4 ]
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To relate these non-orthogonality error angles to the platform-to-
accelerometer misalignment angles defined in Section 3.3.2 requires
definition of a vlatform-to-orthogonal accelerometer frame orthoqonal

. . . 0A
small angle coordinate transformation matrix CP

' ‘z -‘y
OA
CP = - €, | €,

Equating the platform-to-accelerometer frame coordinate trans-

formations yields:

A A OA
Cp=Coa Cp
r 1Tr r .
| ! o 0 -
);z );y ' “z €y
i a, -a | L -€ i
y X y x

The matrix ecuaticn can pbe solved for the expressions relating the
three accelerometer non-orthogonality to the six platform-to-accelerometer

misalignment arqgle errors.

Tyz = 7;1 -

azl ); - 7;y

y
a_ = -
z Nx 4:
8.3.2 Accelerometer Attitude Dependent Errors

Kalman Filter estimation rasults for the ay7 accelerometer
non-ovrthogonaiity error angle are shown in Figure 8-6. Calibration »
results are depicted in three sets of tive IMU tests and illustrate the

history of improvements made in estimating this error source by refining
the IMU error model. For each series of five IMU tests, ihe brackets or
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boundaries superimposed about either side of the calibrated averaye
estimate (average estimate not shown) represent a standard deviation of
the estimation error. Total spacing between the toundaries is, therefore,
twe standard deviations. This data was computed using Kalman Filter

estimation results.

Optimal Estimate:

A A A
a,, = -
yz );z Yz

Estimation Error:

P(ayz . ayz) E[(?’,, ~ )&z)(yyz - 7;(:)]

P(nz, Kz)+'P(Kz' Kz)—zp(nz'nz)
The estimation error shown for the first five calibration tests was
computed using the accelerometer error modeling given in Reference 1.
This error modeling resulted in an estimation error standard deviation of
0.7 arc seconds and was essentially determined by the accelerometer random
disturbances. Gaussian statistics imply that 68% of the estimates should
fall between the estimation error bounds on an ensemble average basis with
virtually all estimates falling within three standard deviations of the
five test estimaticn average. Figure 8-6 clearly shows that the estimation
results obtained for the first five tests are grossly inconsistent with
these statistical averages and suggests the presence of unmcdeled error

sources.

As cdiscussed in Section 7.1.4, the real-time data recording software
suffered from a measurement timing instability of 15.0 msec. This
instability was eventually reduced to around i.C msec by the fifteenth
calibration test. It was necessary to modify the Kalman Filter by
adding one error state to the siate vector and three disturbances to the
velocity error states to account for this error since it was somewhat
larger than the permissible G.1 msec timing error. The longer term
correlated timing error was mode:ed as 1 pseudo accelerometer scale
factor error, one error affecting all three accelerometer outputs, having
an initial uncertainty of one ppm and a 250 second correlation time.
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The shorter term disturbances on the velecity error states wac modeled
as being proportional to the amount of gravity measured by an acceler-
ometer. Disturbance modeling is such that it produced a velocity

uncertainty corresponding to one CAPRI pulse in a measurement interval

when an accelercmeter experiences full gravity along its input axis.

The estimation results shown in Figure 8-€ for the second series
of IMU calibration tests illustrate, tests 10-14 compared with 1-5, how a
reduction in timing instability from 15.0 to 1.0 msec and a modificatiaon
of the Kalman Filter to account for the residual timing errors improves
the non-orthogonality error angle estimates. Figure 8-7 shows the filter's
estimates for the clock error state at the end of each platform test
sequence for IMU calibration Test No. 24. This error state is reset to
its initial uncertainty at the beginning of each test seauence.

Figure 8-6 also shows, however, that the spread in acceleropeter
non-crthogonality error angle estimates is still inconsistent with
Gaussian distribution ensemble averages for IMU calibration Tests 10-14.
This inconsistency ayain indicates the presence of unmodeled accelerometer
errors and a special test was aesigned to determine the presence cf
accelerometer attitude dependent errors due to thermal and magnetic field
variations with changes in platforn-to-IMU case orientations. Test
philosophy was to monitor the number of velocity pulses generated by an
accelerometer when its input axis was parillel to the gravity vector and
its case axis was at different azimuth attitudes relative to the IMU case.
Accelerometer error modeling of Reference 1 and the alignment accuracy of
the accelerometer input axis to the gravity vector by use of the gimbal
synchro angle devices predict no more thien one velocity pulse variation
over a 30 second measurement interval. To eliminate the possibility of
the real-time software timing errors affecting the data, velocity pulses
were accurately summed by Aztec electronic counters via Singer system test

rack connectors.

Tests were conducted for accelerometer-tc-IMU case orientations
similar to those used during the IMU calibration tests. Referring to
Figure 7-2, platform test sequences No. 1 with No. 3 and No. 10 with
No. 11 were used for collecting z-axis velocity pulse data in both the
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up and down orientatlions after leveling the x and y-accelevrometers in
the No. 3 and No. 10 sequences. Test sequences No. 5 and 6 were used to
collect data for the y-accelerometer in the up orientation. The
y-accelerometer data simitar to that collected by the Aztec electronic

counters is shown in Fiqure 7-3 for test sequences No. 5 and 6.

The x and y-platform axes of the KT-73 IMU are instrumented by a
two-axis horizontal accelerometer employing a force rebalance design.
Test results indicated that the number of velocity pulses generated by
this accelerometer changed by only a fraction of a pulse, out of a
nominal thirty thousand pulses generated in a thirty second measurement
interval, for the various platform attitudes. The z-axis accelerometer is
a single axis device also of the force rebalance type. Test results
showed, however, that the total velocity pulse count varied between one
and four pulses out of a total of thirty thousand for the various test
attitudes. Test results were consistent on a day-to-day basis for
specific test attitudes. Test results also appeared independent of test
time with the total number of pulses generated being identical for the
first and last measurement intervals of a particular test sequence.

This last test result rules out a thermal sensitivity problem.

Three accelerometer error model residual states had previously been
included in the Kalman Filter state vector to account for a potential
attitude dependency. These states had been modeled as random bias
accelerometer scale factor errors which were reset to their initial
uncertainty at the beginning of each platform test sequence. These
assumpt.ions are consistent with the above test resuits and the only
modification being required is an increase in the initial uncertainty.
The above data suggests attitude-dependent scale factor errors of 10 and

30 ppm for the horizontal and vertical accelerometers, respectively.

Increasing the initial uncertainty of accelerometer attitude-
dependent scale factor error states tc the above values resulted in the "
non-orthogonality error angle estimates depicted by IMU calibration tests
20-24 shown in Figure 8-6. These estimation results are totally consistent
with ensemble averages predicted by a Gaussian distribution. The standard
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deviation of the estimation error for the ”yz non-orthogonality error
angle predicted by the filter's covariance matrix is 4.3 arc seconds.
Accelerometer attitude-~dependent scale factor estimates are shown in
Figure 8-8. This data depicts the maximum of the x, y, or z-accelerometer

error for each platform test attitude.

Modifying the Kalman Filter to account for both the measurement
timing and accelerometer attitude-dependent scale factor errors also
improved the repeatability of the accelerometer high and low gain mode
bias and scale factor error estimates. The Kaiman Filter estimates of
these error sources were founa to be consistent with those determined via
the ASM-375 test set. The repeatability of the estimates was also found
to be consistent with those predicted by the Singer error model.

8.4  FUTURE ERROR MODEL DEVELOPMENT EFFORTS

The rationale used for validating both the IMU calibration Kalman
Filter and error model has largely been to obtain consistency of the
estimation results with the known KT-73 IMU manufacturing tolerances and
the estimation error ensemble averages predicted by a Gaussian distri-
bution. Additional confidence has been cbtained by cross-checking the
filter's optimal estimates ¥or certain IMU error sources with the
calibration results obtained via Singer's (CP Auto-Cal software routines
and the ASM-375 test set. The IMU error source software compensation,
heading sensitivity, and thermal and magnetic field variation special
tests have provided justification for some of the major assumptions made

while cross-checking baseline IMU calibration test results.

The present status of the IMU calibration Kalman Filter and error
model is such that there is no known deficiency or inconsistency in the
calibration results presently being cbtaired. This does not imply that
undetected IMU error sources cannot exist or might not become evident
under more exhaustive validation testing. ' There are a number of error model
assumptions (inertial instrument random disturbances modeling is a prime
example) of fundamental importance in the IMU calibration methodology
that have not been adequately verified. Although additional studies and
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tests are considered necessai ; for a more complete validation and
refinement of the IMU calibration technique, to date they have not been
conducted largely because they are more logically and conveniently
performed in conjunction with the aided-inertial navigation software
development and evaluation tests discussed in Section 1.2.

The aided-inertial navigation software development and evaluation
tests 4, 5, and 6 shown in Table 1-1, are expected to provide a cross-
check of many of the IMU error source magnitudes while providing a basis
for conducting various special tests. Gyro scale factor and misalignment
angle error sources can be accurately estimated by the ¥2'man Filter
formulated for the tilt table static navigation tests. This test and
associated filter also provide a good vehicle for studying the inertial
instrument random disturbances since their effects can be continuously
observed over several hours. The MEL perturbed base alignment test and
associated Kalman Filter will provide an alternate evaluation of the
inertial instrument thermal warm-up transients. Finally, the MEL dynamic
navigation tests and associated real-time navigation software can be used
to demonstrate the sofiware compensation of calibrated IMU hardware errors
and achievement of navigational accuracy which will be limited only by
alignment and system random disturbance errors. The daty reduction/
reference system Kalman Filter formulated for the MEL navigation tests
will be capable of cross-checking some of the specific force dependent

gyro errors.
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SECTION IX

IMU CALIBRATION RESULTS

This sectiorn presents the major IMU calibration results obtained
during the study. These results are twofold: the theoretical estimation
errors as obtained from the Kalman Filter's covariance matrix, and the
filter's estimates for the magnitudes of the IMU and associated error
sources. These results are conveyed in a pictorial rather than tabular

or sumnary manner for three basic reasons:

(1) This type of presentation greatly enhances one's understanding
of the calibration methodology and associated Kaiman Filter's operation.
It also brings out many subtle points not discussed in the text.

(2) 1t gives the reader an opportunity to view the consistency
obtained between the Kalman Filter's estimates and their predicted
uncertainty thus giving credence to large dimensional Kalman Filters as

viable mathematical tools,

(3) It can be a valuable basis for debugging and validating a
Kalman Filter computer program for a similar application, in spite of

its characteristic of seeming to be repetitious

Eotimation accuracies obtained from the fiiter's updated covariance
matrix are shown for each IMU measurement taken and plotted as a function
of time. Platform test orientations are superimposed on these plots to
facilitate one's understanding of the error source sepas-tion process.
Kalman Tilter estimates of the same error source are plotted in groups of
five and correspond to the last five (20 through 24) IMU calibration tests
conducted. Five data points were selected as a compromise between

sufficient data demonstrating estimation consistency and data reduction

complexity.
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9.1 SYSTEM-LEVEL IMU MEASUREMENTS

Estimation accuracy for the system-level IMU differential gimbal
angle and pseudo velocity error measurement states is shown in Figure 9-1.
A typical record of recorded pseudo velocity pulses was shown in
Figure 7-3. Platform test scquences and data recording timing instances
and intervals are the same in both figures. Total measurement time
during a calibration test is 68 minutes. The platform test sequences
have been arranged to minimize the time required to manually torque the
platform from one test orientation to another. Depending on the test
sequence number, the 30 and 90 degree per minute x-y and z-gyro slew
rates result in up to several minutes being required to re-orientate
the platform. Total time required to conduct the IMU calibration test,
including a seven minute warm-up period pefore any measurements are
taken, is nominally two to two and a half hours. The piatform test
attitudes shown across the top of these figures are the same as those
depicted in Figure 7-2 with the first attitude representing the north,
west, and up navigation frame.

The initial uncertainty of both the differential gimbal angle and
pseuda velocity error is zero at the start of each test sequence due to
the manner in which these error states were defined. The Calcomp plotter
logic used in generating the semi-loq graphs was to omit plotting a
30 second propagated uncertainty segment when its initial value was less
than the minimum value indicated on the ordinate axis. This logic,
necessitated by the semi-log plots, prevented plotting the initial steep

rise from the zero initial uncertainty.

To distinauish the different sets of date in these figures, alphabetic
characters are plotted in the center of the dead time between the
platform test sequences. Tlhe vertical positioning of these characters
is determined by the final value of the updated covariance matrix for
the particular test sequences. Referrring to the differential gimbal
angle plot in Figure 9-1, only one differential synchro angle measurement
is taken during the entire test. This measurement corresponds to the

azimuth gimbal axis at the end of the first test sequence. Estimation
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accuracy for the divferential azimuth ¢imbal angle immediately after the
measurement 15 taken is essentially tnat ot the synchro device's precision
of 5 arc seconds as indicated in the figure. Estimation of the difforential
gimba! angles for all instances other than tie above measuraiment is
accomplished by the Kalman Filter on the basis of the pseudo velocity

measurements.

Irn contiast tuo the gimbal angie measurements, three axis pseudc
velocity measurements are utilized by the Kalman Filter at each
measurement intervai. The accuracy of these measurements is determined
hy the velocity pulse quantization ievel which is governed by the
accelerometers scale factor. The accelerometsr low gain navigation scale
factor is nominally used throughout the tesi. The high gain alignment
scale factor is, however, used by the x and ,-axis acce1§rom9ters for the
entire first and last minute and a half of the third and tenth test
sequence. Pseudo velocity measurement accuracy i3 two orders of
magnitude greater for the high gain rather than the low gain mode. A
thirty second measurement interv.' is used throughout the test except
during the first test sequence where it is ten seconds.

Differential roll gimbal angle magnitude estimation results are
shown in Figure 9-2. This data corresponds to the total roll gimbal
angular excursion occurring during each of the twelve platform tost
sequences and was obtained as the fina! Kalman Filter estimate or this
error state for cach test sequence. Superimposed about the average
estimate for each test sequence, not shown, are one standard deviation
estimition error brackets for a total bracket separation of two standard
deviatiois. These estimation error standard deviations are the same as
those corresponding to the end of a test sequence shown in Figure 9-1.
Figure 9-2 shows that the roll gimbal angle excursions for the last five
calibration tests c¢onducted are highly consistent, ropezting to aimost
the accuracy of the estimate. Noté that test-to-test variaticens are due
largely to gyro bias, spin axis mass unbalance and quadrature ¢ turn-on
and platform pcsitioning variations and are not reguired to obey the
ensemble averages predicted by the Gaussian distribution for *he
estimation error,
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9.2 COMPOSITE DRIFT RATE ERRORS

Plativorm and gyro total drift rate error estimation accuracy is
shown in rigure 9-3 and the corresponding estimated magnitudes are
shown in Figures 9-4 and 9-5, respectlively. These quantities uare
composite errar sources and are estimated, and the estimation uncertainty
is determined as described in Section 8.2.3. Gyrc total drift rate
error contains all the error sources composing the platforn total drift
rate error except the gyro scale factor and misalignment angle, IMU
case-to-navigation frame micalignment angle and the gimbal differential
and synciaro angle bias errors. Both the absolute value and estimation
accuracy ot these composite error sources are of general interest in
the development of Kaiman Filter IMU calibration computer prograns.

Estimation of platform drift rate can be inferred directly from the
accelarometer measurements, except when an axis is orientated near vertical,
resuiting in the relatively high estimation accuracy shown at the
completion of a test sequence. Final test sequence estimation accuracy
is roughly 0.006 degrees per hour and could be increased tc the limiting
short correlation %ime yyro random aiscurbance magnitude of 0.003 degree
per hour by doubling the measurement time to ten minutes per test sequence.
Gyro total drift rate estimation accuracy is somewhat Tess than that for
the platform due to the incomplete separation of this composite error
source from some of the total platform drift rate re'ated error sources.
Examnination of the estimated magnitudes for these composite errors
depicted in Figures 9-4 and 9-5 shows that they are repeatable to roughly
the estimation error.

9.3 INERTIAL INSTRUMENT WARM-UP TRANSIERTS

Inertial instrument warm-up transients are not generally considered
as calibration parameters and were not included in the first version of
the Kalman Filter. During the course of the development effort,
excessive navigational errors encountered witn the inertial navigation
systems on the A-7D aircraft were postulated as caused by an incomplete
alignment due to instrument thermal warm-up transients. For this reason
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and in preparation for a demonstration program with AGMC, instrument
warm-up error states were included in the second version of the Kalman
Filter,

Gyro thermal drift rate error modeling and fine gyro-compass align-
ment timing considerations are shown in Figure 9-6. The gyro warm-up
characteristic consists of an exponentially decaying bias term which
can be assumed to be the envelope of a complicated transient function
of the ambient temperature during the rapid warm-up period. The nominal
data depicted in Figure 9-6 corresponds to a 0° C ambient temperature.

A similar characteristic is obtained for a 35° C ambient temperature

except that the transient magnitude over the fine alignment time interval
is greatly reduced. To have a negligible effect on navigation accuracy,
instrument thermal transients must die out by the end of the fine alignment
time interval.

The inertial instrument exponentially decaying bias modeling has
been described in Section 3. It was also necessary to model the fine
grain structure of the thermal transient to ensure proper filter
performance. It was assumed that the fine grain component of the thermal
transient could be modeled as a random bias error over two short ten
second measurement intervals. The gyro error model residual states were
used to implement this modeling and their uncertainty reset to its initial
value every twenty seconds.

Inertial instrument expcnentially decaying bijas thermal transient
estimation accuracy is shown in Figure 9-7. These transient errors
decay rapidly to insignificant levels and need not be considered after
the first test sequence. The uncertainty of these error states decreases
by virtue of both the measurements made and the exponential time decay of
their magnitudes. The decrease in the x, y-gyro drift rate error
uncertainty is a factor 3.04 and 1.7 as a result of the exponential decay
and measurements taken respectively at the end of the ten minute test
sequence. Corresponding data vor the accelerometers are exponential
decay and measurement factors of 54.5 and only 1.24 for the x,y-accelerometers.
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Inertia: instrument estimated thermal transient magriitudes are
shown in Figure 9-8. This datd corresponds to a time instant seven
minutes after pcwer turn-on which is the start of the fine gyro-coinpass
alignment time interval. This data was obtained by referring the Kalman
Filter estimotes obtained at seventeen minutes after power turn-on,
seven minutes warm-up plus ten minutes measurement time, backwards in
time ten minutes. The brackets superimpcsed about the average estimates
correspond to warm-up transient uncertainty at seven minutes after
power turn-cn. These uncertainties were obtained by referring the
seventeen minutes after power turr-on Kalman Filter estimation errors
backwards in time. Table 9-1 Tists the seven-minute after-power turn-on
thermal warm-up transient-uncertainty reduction attributable to the
Kalman Filter.

TABLE 9-1

N INERTIAL INSTRUMENT THERMAL TRANSIENT
. UNCERTAINTY AT SEVEN MINUTES AFTER POWER TURN ON

Standard Deviation of Thermal Transiernt

Inertial Instrument Uncertainty
e ITnitial After Kalman Filtering
5 X, y-Gyro 0.014°/hr 0.N084°/nhr
) z-Gyro 0.024°/hr 0.024°/hr
X, y-Accelerometer 5.0 ug 4.0 ug
z-Accelerometer 200.0 yug 2.4 ug
éi Table 9-1 shows that the Kalman Filter is capable of making a

dramatic initial uncertainty reduction for oniy the z-acclerometer inertial

instrument. This is possible because the warm-up transient is the only

arror source that gives rise to the z-accelerometer's vutput showiig a

Ql' time dependency when oriented vertically. Recovered transiant magnitudes

of -114, -42, -339, -414, and -4Z pg indicate a rather large turn-on .

varjation for this instrument.
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A conclusion drawn from the inertial instrument warm-up transient
estimation results is that the magnitudes of these errors decay to
roughly the instrument noise level at the end of the fine gyro-compass
alignment time interval and should not, therefore, have a significant
effect on alignment accuracy. This conclusion applies ornly to the
particular KT-75 IMU tested and an ambient temperature of 23°C. While
of general interest, no tests were conducted at other than with a 23°C

ambient temperature.

9.4 GYRO ERROR SOURCES

Gyro error sources are considered in two groups: (1) the random
disturbance errors which ultimately limit achievable navigation accuracy,
and (2) the errors commonly termed calibration parameters whose effects
can be software compenzoted for in the operational flight computer program.
Gyro instrument angular alignment errors are discussed in Section 9.6.1.

9.4.1 Random LCrrors

Gyro random error estimation accuracy is shown in Figure 9-9. The
platform test orientations and measurement times have been formulated so
that the Kalman Filter estimates the gyro calibration parameters to an
accuracy approaching the limit imposed by these random errors. No attempt
is made to estimate these random errors by increasing the IMU measurement
time. Although the filter does not significantly reduce the uncertainty
of these random ervors, inclusion of them in the filter is required for

accurate magnitude estimation and estimation accuracy results.

Gyro attitude dependent bias drift rate error magnitude estimates
are shown in Figure 9-10 for each of the platform test orientatinns.
The estimates for these error model residual states are similar to those
shown in Figure 8-3 except for being plotted to a different scale.
Modeling of the discovered quadrature g error source in the Kaiman Filter
state vector resulted in a reduction of the magnitude e¢stimates for these
errors to the heading sensitive drift rate error hardware specification

7f 0.004 degree per hour.
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9.4.2 Calibration Parameters

Gvro bias drift rate and scale factor error estimation accuracies
are shoun in Figure 9-11 and corresponding magnitude estimates are given
in Figure §-12. The initial uncertainty of the error sources given in
Reference 1 were not always found to be consistent witin those recovered
from the IMU tests. In some instances, these inconsistencies were due
to discrepancies in the definition of the error sources. A gooa
example of this is z-gyro bias, to which Reference 1 assigns an uncertainty
of (.02 degrees per hour, implying a turn-on variation. The actual
hardware configuration is such that the z-gyro bias is adjusted to offset
the dr.ft rate error produced by the spin axis mass unbalance when the
z-gyro ‘nput axis is oriented vertically. This procedure requires that
the bias error magnitude be approximately that of the spin axis mass

imbalance dritt rate error in a cne g field or 0.5 degree per hour.

Reqgardless of the reason for the discrepancies between the initial
uncerta nties given by Reference 1 and those implied by the Kalman Filter
ervor magnitude estimates, the initial covariance matrix was adjusted
5o that its initial variances were consistent with the end-of-test
Kalman Filter magnitude estimates. This procedure worked =rell with no
apparent pitfalls; however, it should be understood that the initial IMU
error source t-certainties shown by the estimation accuracy plots of this
section correspond to the particular KT-73 IMU tested and do not represent
an IMY error model derived by ensemble TMU testing.

Rererence to the trends of and final estimation accuracies shown in
Figure 9-11 indicates that estimation accuracies could be further
reduced by increasing the length of the test. A covariance analysis
showed that the gyro bias drift rate estimation errors could be further
reduced to the limiting 0.005 degree per hour by adding a couple of
additional nlatform test attitudes and doubling the measurement time.
This was felt to be unnecessary since the calibration accuracy obtained

by the present test schedule is consistent with the one to three NM

inertial navigation performance of the KT-73 IMU. Note that the turn-on
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gyro bias drift rate error variations shown in Figure 9-12 are consistent
witn the 0.01 degree per hour gyro performance claimed for the systen.

Specific force dependent gyro arift rate error estimation accuracies
are shown in Figures 9-13 and 9-1% and corresponding magnitude estimates
shown in Figures 9-14 and 9-16. The input axis mass unbalance errors
appears to be insignificant error sources for the IMU while the recovered
spin axis mass unbalance errors were found to be a factor of three larger
than given in Reference 1. The g-squared gyro anisoelastic error also
appears to be insignificant while the discovered quadrature g errors can
be significant for high velocity and dynamic flight profiles. Note that
ail the specific force-dependent gvro drift rate errors are repeatable to
within the estimation accuracy of the Kaiman Filter. No significant shift
in any of these errors was observed in over 400 hours of IMU operation
accumulated in a year's time. Software compensation for these error

scurces woulcd be a straightforward procedure.

The symmetry of construction between the x and y axes of the two-
degree-of-freedom x, y-gyro provides a ready means for cross checking
some of the Kalman Filter estimates. Since the x and y channels of
this gyro share the same spin axis, mass unbalance of this axis should
produce identical mass unbalance drift rate error coefficients for these
channels. Unsymmetrical machining of the rotating flexure suspension
joint should alsu give rise to“equa1 quadrature g drift rate error
coefficients for these channels. PReference to Figures 9-14 and 9-16
shows that the filter has estimated these error sources to be of the
same magnitude for each channel to within the estimation accuracy.
Inclusion of the high degree of correlation in the initial covariance
macrix does not, however, substantially increase the estimation accuracy

for these error states.

9.5 ACCcLEROMETER EKROR SOURCES

The accelerometer error sources are covered in a siinilar manner to

those for the gyro. They are grouped into random disturbances and the
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commonly denoted calibration parameters with the accelevometer

instrument angular misalignments being treated in Section 9.6.1.

9.5.1 Random Errors

Accelerometer random error estimation accuracy is shown in
Figure 9-17 and the corresponding magnitude estimates depicted in
Figures 9-18 and 9-19. The attitude-dependent scale factor errors
represent the accelerometer error model residual states and are the
major random errors limiting accelerometar parameter calibration accuracy.
These errors are thought to be related to magnetic field variations
with platform-to-IMU case attitude changes, since they do not show a
time dependency as would be the case if they were temperature related.
The clock stability error refers to the real-time software measurement
timing error and is modeled as a scale factor error which affects a’l
three accelerometers. Although the filter is unable to significantly
reduce the uncertainty of these errors, inclusion of their effects in the

filter algorithm is essential to obtaining proper estimation results.

The attitude-dependent scale factor error wagnitucde estimates shown
in Figure 9-18 represent that set having the largest recovered value
for a particular test attitude. Comparing these estimates with the
platform test attitudes shown in Figure 7-2 shows that discrepancies
appear only after a particular accelerometer's input axis has been
oriented at or near vertical for the second tiwe, orientations both up
or down, as would be expected. Comparing the measurement timing with the
attitude-dependent scale factor error magnitude estimates shows them to
be of generally reduced magritudes. Since the real-time software timing
errors do not appreciably affect IMU calibration accuracy, as compared
to the attitude-dependent scale factor errors, efforts to improve the
real-time data collection software were suspended.

9.5.2 Calibration Parameters

Accelercmeter low and high gain mode bias and scale factor error
estimation accuracies are shown in Figure 9-20 and 9-22 and the
corresponding magnitude estimates shown in Figures 9-21 and 9-23.
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Low gain mode bias and scale factor errors can be separated and
accurately obsarved by the Kalman Filter after an accelerometer's

input axis has becn oriented up and down in the ygravity field. Error
source separation is possible using these attitudes because no other

IMU erroys, except the Tow level random disturcbances, have a first-order
effect on the accelerometer's output when its input axis is parallel to

the gravity vector.

The above technique cannot be used to separate the alignment high
gain mode bias and scale factor errors because the capacitive reset inte-
grétors (CAPRIS) saturate at a puise repetition frequency of ten thousand
pulses per second, which occurs when an accelerometer's input axis is
tilted about six degrees off horizontal. Calibration of the high gain mode
bias and scale factor errors, therefore, reguires extremely accurate
accererometer attitude information, including thz angular drift over the
measurement interval. The philosophy used in calibrating the high gain
mode errors is to use two platform test attitudes whare the accelerometer's
input axes are oriented both up and down roughly five degrees off
horizontal. To allow both an accurate accelerometer attitude and
attitude rate determination, the Kalman Filter employs low gain acceler-
ometer measurements over the first five minutes of the platform test
sequences, which are No. 3 and No. 10. The accelerometer mode is then
switched from low to high gain and high gain measurements made for an
additiona! minute after a thirty second switching delay. Complete
separation of the high gain errors must, however, wait until the filter
is able to szparate the Tow gain errors during test sequence No. 12.

This is an efficient procedure for estimating the high gain errors because
the two test attitudes used were perturbations of existing ones and not
additionaily added.

Examination of the bias and scale factor error maynitude estimates
shown in Figures 9-21 and 9-23 indicates that the repeatability of the
estimate is on the order of the estimation error. For example, x-
accelerometer low gain bias estimates fluctuate about 20 to 25 ug about

the average estinate, which is a factor of 3 to 4 times the estimation
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error standard deviation. The y-accelerometer estimate variations are
somewhat iess, being only 1 to 2 times the estimation error standard
deviation. Both variations are well within the manufacturer's
Reference 1 value of 67 ug. Whether these variations are due to
instrument turn-on fluctuations or measurement error or combinations of
both is not known. Estimation repeatabiiity on the order of 10 .5 was
only obtained after adding the random errors of Section 9.5.1 to the

Kaiman Filter state vector.

9.6 ANGULAR ERROR SOURCES

Angular error sources estimated by the Kalman Filter fall into two
classes: inertial instrument-to-platform frame misalignment errors,
and anguler evrrors associated with orienting the platform relative to

the navigation frame.

9.6.1 Inertial Instruments

Accelerometer and gyro-to-platform frame misalignment angle
estimation accuracy is shown in Figure 9-24 and the corresponding
magnitude estimates given in Figure 9-25. As discussed in Section 8.3,
inertial instrument misalignment angle errors relative to the navigation
frame are the quantities of fundamentai importance ir the calibration
methodolegy. The inertial instrument-to-navigation frame misalignment
angles are composite error sources composed of inertial instrument-to-
platform, synchro differential and bias and IMU case-to-navigation frame
angle errors. The Kalman Filter is precluded from accurately estimating
the inertial instrument-to-platform misalignment angle errors because it
cannot separate them from the synchro angle bias errors which asstume new
values each time the platform is reoriented.

In an aitempt to overcome this estimation accuracy limitatian, gyro
and accelerometer misalignment angle errors have been reformuiated to
represent instrument misalignments from orthogonal sets and the mis-
alignment of the orthogonal instrument sets from each other rather than
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the platform. The motivation for this approach is to let the inertial
instruments serve as relative references rather than to use the gravity

vector as an absolute reference.

Accelerometer and gyro instrument set non-orthogonality angle error
estimation accuracies are shown in Figure 9-26 and the corresponding
magnitude estimates given in Figure 9-27. The estimation accuracy of the
misalignment between the "squared-up" accelerometer and gyro instrument
sets is shown in Figure 9-28 and the corresponding magnitude estimates
given in Figure 9-29. The misalignment of the instrument sets from cach
other is approximated by a small angle orthogonal coordinate transformation

matrix.

Figure 9-26 shows that the Kalman Filter is capable of calibrating
the acceleroimeter non-orthogonality error anglies with an error of only
a few arc seconds by comparing accelerometer outputs against each other.
Since the gyros do not have an output analogous to the accelerometers,
che filter has to relay on the equivalent platform drift rate errors
oroduced by the non-orthogonality angle errors to separate these angular
errors fron the other gyro error sources. The equivalent drift rate
errors produced by the one arc minute instrument misalignments are,
however, only on the order of the short and long time constant gyro
random disturbance of 0.003 and 0.005 degree per hour, which prevents
the filter from reducing the uncertainties associated with these
misalignments. Tkis is an acceptable filter performance, since the one
arc minute gyro misalignments do not contribute significantly to

KT-73 IMU navigational errors.

Figure 9-27 illustrates that the accelerometer non-orthogonality
angle error magnitude estimates are consistent with Gaussian distribution
ensemble averages. The estimation accuracy for the Byz angle error
compaonent is somewhat greater than the other two because it is not
affected by the larger attitude-depandent scale factor errors associated
with the vertical accelerometer. Accurate calibration of this error
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angle can be important Lo navigation accuracy since, if software
compensated for, it can ensure that the x and y-accelerometers are
orthogonal in the horizontal plane.

9.6.2 Platform Actitude Related

The accuracy with which the piatform can be oriented at the start
of each test sequence is determined by two major error sources: the
misalignment errors of the IMU case relative to the navigation frame,
and the errors in positioning the gimbals (termed the syachro angle
bias errors). The estimation accuracy for these anqular errors is
givein in Figure 9-30 and the corresponding magnitude estimates shown
in Figures 9-31 and 9-32.

The initial uncertainty of the roll, pitch, and azimuth control
transmitter and transformer synchro devices is six arc minutes and is
reset to this value in the covariance matrix at the start of each
platform test sequence. Figure 9-30 shows that the filter can reduce
this uncertainty to about one arc minute with the first pseudo velocity
error measurement for the latter test sequences. End-of-test one arc
minute estimation accuracy is also obtained for the IMU case-to-navigation
frame misalignment angle errors. The Kalman Filter reduces the uncertainty
assoc.ated with these error sources and the inertial instrument-to-platform
misalignment angle errors by statistical averaging rather than by
separating and accurately observing them. The separation process is, as
previously discussed, precluaed by the introduction of new synchro angle

bias errors each time the platform is reoriented.

Recovered roll synchro angle bias magnitude estimates shown in
Figure ©-3) conform to Gaussian distribution ensemble averages. To
cruss-check the Kalman Filter's estimates of these errors, the synchro
devices were calibrated by making large angle IMU case rotations relative
to the navigation frame and using the rotary tilt table with the IMU
irn the inertial navigational mode. Calibration results for the rotary
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A rilt table and Kalman Filter methods were consistent to the estimation *

accuracy predicted by the filter. As an example, the roll synchro angie

bias for the tenth test sequence was determined as -10.2 arc minutes

using the rotary tilt table. |
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SECTION X

CONCLUSTONS AND RECOMMEKCATTIONS

The objective of this study has been the design, development, analysis
and laboratory demonstration of a system-level IMU calibration technique.
In addition to the calibration function, it was desirable that the
formulated methodology afford some capaoility for conducting IMU error
model development and validation efforts. Major study ground rules
were that: only system-ievel MY measurements be used such that the IMU
would not have to be disassembled, no AGE other than available laboratory
equipment be required, and the solution be implementable on a general

purpose digital computer.

A calibration methodology was formulated on the basis of the essential
functions an IMU performs: realization of a reference platform coordinate
frame and measurement of the instantaneous specific force vector.

Physical vector equations were derived which embodied the methodology
premises. The physical vector equations were manipulated to yield a
system of 68 simultaneocus stochastic differential equations. A 68-state
Kalman Filter was implemented for the solution of this system of
equations and optimal estimation of the IMU calibration parameters. A
computer simulation of the IMU, Kalman Filter, and laboratory test

procedure indicatad the approach to be sound.

Technical feasibility of the methodology was demonstrated through
laboratory -esting and the actual calibration of a KT-73 IMU, using an
off-line data processing computer program. The suitability of the
methodology and associated large dimensional ¥alman Filter for conducting
IMU error model development and validation efforts was demonstrated by
the detectinn, isclatior, and identification of sreviously unmodeled [MU
error sources. The cxperimental calibration results show complete
consistency with the statistical ensemble averages predicted by the
Kalman Filter's covariance matrix and previous calibration parameter

viiues oblLyvined via the ASM-375 test set.
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[t i5 concluded that the developed MU calibration technique is
jdeally suited *0 aid the Reference System« Software Group in the
development of aided-inertial navigation real-time software. Periodic
calibration o the IMU will provide a high deqree of confidence that
the nhardware is operating properly. Software compensation for the static
IMU error sources in the operation flight computer program will ennance
the navigational accuracy of the system while effectively removing many
of these error sources from consideration in the design of the suboptimal
navigation Kalman Filter. And finél]y, refinemert and validation of the
IMU's error model by use of the calibration Kalman Fiiter and associated
methodclagy will provide assurance that the "to be developed" navigation
Kalman Filter soives the real problem at hand.

DOD agencies have observed thot advanced avionics research projects
sometimes reveal tecnniques that c¢ould result in significant operational
improvements and cost reductions. Based on the results of the IMU
calibration tests conducted, it is concluded that the developed technique
falls into th.s category. Major areas of potential usefulness to the
services are thought to be in the areas of quality assurance and IMU
cost-of-ownership reductions.

Increased quality assurance could be achieved by incorporating the
developed .libration technique into the services IMU acceptance tests.
The technique is well suited to acceptance testing bz=cause it requires
a minimal amount of age and test time and is accurate and comprehensive.
Pure inertial navigational accuracy projections could he made by
covariance analysis simulations using the results of the IMU error model
develupment effort and calibration test results.

As a result of contract F33615-73-C-1146 with AFAL, The Analytic
Sciences Corporation have identified the need for improved diagnostic

methods ancd more compiehensive IMU tests in the field of service

maintenance. The perfermance, test and repair history of the
A-7D AM/ASN-CO(V) IMS. using the KT-73 IMU, was studied and the results
are highlighted in Reference %. The problems are thought to be an
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inadequate intermediate level maintenarce ability to identify out-of-spec
(MUs, inconsistencies bpetween and the failure of depot level tests to
verify the results obtained at the interinediate level, and iterative
depot testing resutting in o minimum of thirty plus hours test time on

an IMU to gain confidence that it is operating properiy. AGE acquisition

and ownership ccsts also contribute significantly to IMU cost-of-ownership.

It is anticipated that adoption of the developed calibration technique
at both the intermediate and depot level will ameliorate these problems

while resulting in significantly lower IMU ownership costs.

Based on the above, it is recommended that a test program be
undertaken at the Aerospace Guidance and Metrology Center (AGMC),
Heath AFB to demonstrate the advantages of the large dimensional Kalman
Filter calibration technique as opposed to the contemporary approaches
presently being employed. A study portion of the program would attempt
to quantify the advantages of employing the technique for IMU acceptance

tests and at the intermediate maintenance level,
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APPENDIX A:

COMPUTER PROGRAM LISTING

Preceding page blank
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APPENDIX A

IMU CALIBRATION CDC-6600 FORTRAN IV COMPUTER PROGRAM LISTING

This appendix contains a complete listing of the computer program
used to calibrats the KT-73 IMU off-1ine by using recorded measurerment
data. The program is entered on a CDC-6600 computer and requires
900 seconds and 221,000 octal words memcry for execution. A "production"
version of this computer program would reduce both the execution time and
memory requirements to a small fraction of those above by eliminating
the covariarce matrix computations and associated large dimensional
matrices. This would be accompiished by storing the time-dependent

Kalman gain matrices on a magnetic tape.

The objective of depicting this listing is to provide a reference
for those attempting to develop a Kalman Filter algorithm for a similar
application. There is a multitude of data, algorithms, and logic
associated with the initialization, resetting, and execution of the IMU
calibration Kalman Filter that could not be adequately portrayed in the
text of the report. This listing provides an accurate definiticn and

description oF these details.

IMU calibration results are shown at the end of the program listing.
These results are the filter's estimate of the error sources and its
predicted estimation accuracy immediately before and after a measurement
is used to update the filter. Data is showr for the start of the test.
at the end of each platform test sequence, and for the instances in the
third and tenlh test sequences, where the accelerometer modes are
switched. Units for the output data are consistent with the estimation
resuits figures given in Section [X in degrees per hour, arc minutes,

micro g, feet per second, and numeric values.
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