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PREFACE

This report documents the work accomplished by Booz, Allen
& Hamilton, Inc., 4733 Bethesda Avenue, Bethesda, Maryland 20014,
under Contract Number F08635-76-C-0034 with the Air Force Arma-
ment Laboratory, Armament Development and Test Center, Eglin
Air Force Base, Florida. Captain John Wiles (DLMA) managed
the program for the Armament Laboratory. This effort was begun
on 15 September 1975 and was completed on 8 May 1976.
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This report consists of two volumes. Volume I, Survey
and Analysis, is unclassified. Volume II, Survey and Analysis
(Appendices), is classified CONFIDENTIAL. This is Volume I,

This technical report has been reviewed and is approved
for publication.

FOR THE COMMANDER:

H L& JR., Colone

Guided Weapons Division
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SUMMARY

The objective of the effort was to provide engineering
services for the development of methods that can be used to
study and analyze midcourse inertial navigation and guidance
schemes for conventional air-to-surface guided weapons.

The study involved four major task areas: (1) Guidance
Law Survey; (2) Guidance Law Methodology; (3) Inertial
Measurement Unit Initialization and Alignment; and (4) Aided
Inertial Navigation.

The baseline guidance system for the study was constrained
by the following specifications:

o Cost: §10,000

) Gyroscope Drift Rate: 1/2 to 1 degree/hour
° Accelerometer Bias: 200 ug (2 x 10-4gq)

® Flight Time: 10 minutes

[ ] System Accuracy: 3,000 feet.

The required 3,000-foot accuracy could be achieved by any prac-
tical combination of inertial and auxiliary sensors within the
cost constraint.

The Air Force Baseline Guided Weapon (AFBGW) series was
considered the basic application for the methods and concepts
that were investigated. To apply the methods and concepts
that were developed in the survey to a realistic system, a
generic attack weapon designated AFBGW was defined. The
AFBGW system contains elements of several existing programs,
including the GBU-15 and the Radiometric Area Correlation
Guidance (RACG). A generalized weapon concept was assumed
because the main thrust of the study was to develop principles
rather than to become involved in an ongoing program.

The AFBGW is based on a modular MK-84 glide bomb concept
with cruciform (short range) and planar wing (long range)
options. Configuration, mass, inertia, aerodynamic, and
stability coefficients are similar to the GBU-15 cruciform
wing (CW) and planar wing (PW) missiles.

The results of the survey showed that there are ample
systems to address the inartial requirement. However, system
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costs of off-the-shelf equipment are about 75 percent above the
baseline. The prognosis is considered good for an aided or
pure inertial system that can meet the baseline specifications.
It would require a full production base (2,000 to 6,000) and a
tailoring of requirements to the AFBGW mission.

The guidance law portion of the study indicated that many
diverse approaches can be used to steer the missile to its tar-
get. An acceleration autopilot with the range-adaptive guid-
ance law was investigated, and results indicated that the AFBGW
short-range baseline autopilot could be compensated for effec-
tive transit flight, and that improved transit flexibility
could be achieved by varying autopilot gain constants. (The
term "transit" in this context refers to the midcourse phase
of flight during which the AFBGW is guided from launch point
to terminal acquisition area. Transit guidance requirements

are relatively moderate when compared to air intercept guidance
requirements.)

The alignment phase involved the comparison of gyrocom=-
passing (using auxiliary aircraft-mounted sensors), multiple
discrete alignment, and parameter transfer. Bases for com-
parison included alignment accuracy, speed, flexibility, and
support requirements. The results indicated the following
order of preference: (1) parameter transfer; (2) multiple
discrete fixes; and (3) gyrocompassing. Gyrocompassing was
considered a poor choice because of awkwardness of mechani-

zation and because of the extended time required to align the
system.

The aiding portion of the study involved the review of
discrete methods of update during midcourse flight. It also
included the investigation of sensors that could be used for
continuous update (Doppler Radar, Global Positioning Satellite,
Passive RF, Distance Measuring Equipment, and Air Data Compu-
tation). The study included a review of methods of combining
diverse update information with inertially-derived navigation
data. Both conventional and optical approaches were con-
sidered. The study indicated a need to develop data on the
error processes of inertial and continuous auxiliary update
sensors to allow evaluation of their potential from an engi-
neering rather than a mathematical point of view.

In general, the study indicated that the aided inertial
approach was a viable alternative to the Distance Measuring
Equipment midcourse guidance, which is presently in use. Pure
inertial, discretely aided inertial, and continuously aided
inertial concepts are all competitive. However, selected con-
tinuously aided approaches seem to have unique potential.
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SECTION I

a INTRODUCTION

1 / The purpose of this study was to provide engineering sup-
port for the analysis of inertially quided weapons. The study
involved a survey and an analysis.

The survey was intended to produce information on equip-
ment, software, and methods of analysis necessary to analyze
the Air Force Baseline Guided Weapon (AFBGW).

The analytical work included guidance law methodology
characteristics, inertial navigation error analysis, compara-
‘ tive analysis of alignment techniques, and aiding concept
d comparisons.

It was considered essential at the outset of the study
that the work be applicable to tactical Air Force weapons that
will be in inventory prior to 1985. Emphasis was placed on
the Air Force Baseline Guided Weapon/short range (AFBGW/SR)
.and the Air Force Baseline Guided Weapon/long range (AFBGW/LR).

L e Y (g o e
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=

Specific midcourse performance and cost goals were postu-
lated at the outset of the study. The study concerned itself
with aided strapdown inertial platforms and components that
would navigate within 3,000 feet after 10 minutes of flight.
3 Emphasis was placed on gyroscopes with a drift rate of 0.5 to
1 1.04degree/hour and on accelerometers with a 200 y g (2 x
E 107 "g) bias. A $10,000 cost goal was placed on the inertial
1 measurement unit (IMU) (excluding navigation computer). The
study objectives included the definition of systems that
could meet the above cost and performance objectives. Effort
was made to provide sufficient detail to support cost/
performance tradeoffs in subsequent study efforts.

The basaline systems used for this study assume the
] generic AFBGW weapon with the Radiometric Area Correlation
; Guidance (RACG) system. The RACG sensor is designated as the
3 baseline midcourse guidance sensor for the purpose of this
study. It may be used at any point in the midcourse phase of
flight for discrete updates.

The AFBGW aero and guidance configuration is derived
from current Air Force glide weapon concepts. The AFBGW
. weapons provide the baseline configuration with time of flight
constraints. The accuracy objective of the system is based
upon the acquisition requirement of the RACG fixtaking process.




Although the RACG system is essentially a midcourse guidance
system, it can be used as a terminal sensor.

One objective of the study was to define alternative
missile navigation arrangements within the $10,000 cost goal.
Three generic alternatives were emphasized in this context:
(1) an all-inertial capability that would produce a 3,000-
foot accuracy; (2) a RACG/inertial capability that would pro-
duce a 3,;000-foot accuracy by discrete updating; and (3) a
velocity/inertial capability that would produce a 3,000-foot
accuracy by conventional or synergistic mechanization.

The flow of the study is shown in Figure 1. The survey
portion of the study was conducted through literature review,
correspondence, telephone discussion, and on-site conferences.
This part of the study accounted for the first three months
of effort and resulted in the accumulation of the major por-

tion of the information required in the subsequent analytical
effort.

In the subsequent analytical phases, some new information
requirements were identified; these resulted in an iterative
effect in the flow of the work.

Emphasis in the analytical effort was on compiling per-
formance and cost data for strapdown inestial platform and
sensors.

The guidance law methodology phase involved error analy-
sis, formulation of guidance laws, and trajectory analysis.
In the error analysis effort, error expressions were tabu-
lated for major AFBGW sources. Position, attitude, and
velocity error expressions were developed for the major
forcing functions. The guidance law formulations were based
on root locus analysis, and they applied typical autopilot
and airframe data received from Rockwell. The trajectory
analysis dealt with course correction methods that could re-
duce energy expenditure to a reasonable level.

The alignment study compared three approaches: gyro-
compassing, discrete fixtaking, and velocity matching. It in-
volved a quantitative comparison of representative techniques
developed and applied over the past 10 years. About 20

government and corporate sources are represented in this
study.

The aiding phase of the study included the identifica-
tion of equipment and techniques for deriving navigation data
independently from the inertial navigation system. It also
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o |DENTIFICATION OF RELEVANT WEAPON CONCEPTS

) ® GUIDANCE LAW DOCUMENTATION AND REVIEW

SURVEY ® CATALOGING METHODS OF WEAPON GUIDANCE
SYSTEM SYNTHES!S

) IsNERTIAL COMPONENT AND STRAPDOWN PLATFORM

URVEY
o ALIGNMENT TECHNIQUE COMPILATION
® AIDING CONCEPT DOCUMENTATION

o AIRFRAME ANALYSIS
* AUTOPILOT ANALYSIS
T o GUIDANCE LAWSYNTHESIS
RSB ady o NONLINEARITY INVESTIGATION

o TRAJECTORY ANALYSIS

» ERROR ANALYSIS
® GYROCOMPASSING ANALYSIS

RITIEATI o SUCCESSIVE DISCRETE FIXTAKING ANALYSIS

© VELOCITY MATCHING ANALYSIS

DISCRETE UPDATING

CONTINUOUS ERROR CORRECTION
FIXED GAIN MECHANIZATION
STEP GAIN MECHANIZATION
ADAPTIVE GAIN MECHANIZATION
KALMAN APPROACH

AlDING

Figure 1. Sequence of Tasks in the Air Force Baseline
Guided Weapon Midcourse Guidance Study
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included the comparative analysis of techniques for combining
inertially derived information and independently derived navi-
gation data. The general relationship between the Statement
of Work and the activities reported in this document are given
in Table 1.

The data sources in this report were of four types: (1)
the project monitor; (2) other Air Force and Navy agencies
who are actively engaged in GBU-15, RACG, and parallel or re-
lated weapons and concepts; (3) contractors engaged in the
work associated with GBU-15 and RACG; and (4) contractors who
are developing concepts and systems whose application to
GBU-15 and RACG can materially benefit the effort. Many of
these sources are summarized in Section II, Survey and
Results.

Many of the results, conclusions, and recommendations
of this study have broad application beyond the limits of the
generalized example weapon concept. The guidance law method-
ology is particularly applicable to air-to-air missiles. The
navigation error formulations can serve as a quick reference
for all cruise applications. The alignment comparisons are
universally applicable, and the aiding comparisons could
serve as a starting point for an engineering approach to navi-
gation by optimal-state estimation.
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SECTION II

; ‘ﬁ SURVEY AND RESULTS

&, The purpose of conducting this survey was to compile a
body of current information on guidance laws, inertial sen-
- sors, updating techniques, alignment, and aiding. The initial
concept of the survey was limited to guidance law considera-
tions. However, during the course of the investigation, the

. spectrum of guidance concepts uncovered required that the
scope be expanded to:

) Weapon guidance concepts
o Cruise missile guidance law review
i Q Weapon guidance system synthesis
° Inertial component and platform technology
] ° Alignment concepts
3 ° Aiding concepts.
u Similarly, the investigation initially focused on glide i

weapons and on Radiometric Area Correlation Guidance (RACG)
since the Air Force has concentrated resources in this area,
but it was expanded to include data on other weapon and
guidance systems.

A literature search (Reference 1) was conducted prior
to beginning the survey to establish the state-of-the=art;
relevant documents are contained in the References portion
of this report. This review formed the basis for selecting
candidate corporate and laboratory sources for subsequent
telephone and personal interviews. Corporations contacted,

their qualifications, and the types of data obtained are
listed in Table 2.

This section describes the results obtained in the sur-
vey for each of the areas defined in the first paragraph,
concluding with a summary of results of how they are used
in the subsequent analysis.
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Company

Project Relationship

TABLE 2. TYPICAL SURY

Supporting Activities

Aerospace

Boeing

(Celesco

Delco

17-Systems, Inc.

Hamilton Standard

Honeywell

GPS-IMU integration studies tmpnct on
I"C'CM requirements for missileborne
receiver configuration

SRAM guidance system integration; im-
plementation of virtual target sieering
guidance for flexibility in midcourse
steering and good steering command
response; Kalman filter development
and evaluation (Subcontractor: Kearfott)

GBU-15 development

heveloped a series of Kalman mechani-
zations for GBU-15 type weapons;
digital simulation to assess perforin-
ance; gyro calibration of missileborne
equipment to aircraft platform

Conceived a follow-on terrain elevation
correlation system for use with GBU-
15; strives for autopilot quality capa-
bility inertial sensors and low cost;
developed and captive-tested a Cruise
Missile guidance system

Alternative midcourse guidance system
equipment; computer software module
for RACG IMU

Developer of ATIGS based on the ring
laser gyro with a 0.5 to 1.0 deg/hr
performance potential GEANS

Supporfing design, tradeoffs, and 2

SRAN/B-52 development, [SAF

Originator of the terrain elevation

cation analysis for GPS/inertial 4
svstems

Missile development; navigation __:
tem development and integrations
port of in-flight alignment and caj
tion investigations; development‘
optimization of guidance and con
software ;

None indicated

l.eading commercial inertial navig
system developer; background in
sor calibration and compensatio
Carousel; specialization in mechj
tion and estimation software

relation concept; adapted the co
to many aerospace applications;k
ly qualified to analyze the streng
and weaknesses of the terrain e
tioti correlation and follow-on ap
proaches k|

Inertial systems for a broad specw
of aircraft, missiles, and space
vehicles i -

A
E

Active in the development of iner
components and platforms for a
defense missiles and spacecraf
pioneer in the field of strapdowt
mechanizations and laser gyros
veloper of airborne navigation cf
puters and software ‘ i

ATIGS
IMU
GPS
GEANS

Advanced Tactical Inertial Guidance System
Inertial measuring unit

Global Position Satellite

Gimballed Electrostatic Gyro Aircraft Navigation




{ TYPICAL SURVEY RESULTS

ng Activities hata Supplied Contact

» tradeoffs, and appli-
for GPS/inertial

Report and supplementary data on
GPs/inertial systems (i.e., antijam-
ming margin of an IMU /computer-
alded global navigation system); em-
phasis on aircraft user, but has
misstle application

P, P. Yeh, Satellite Navigation
System Directorate

lopment, USAF Cruise
Iment; navigation sys-

it and integration; sup-
1alignment and calibra-

SRAN inertial navigation and guidance (', A, Lindblad, SRAM Systems
data; simulation analysis results for Management
the Kalman filter used with the SRAM 1. .Jobe, SRAM Configuration
missile; guidance and control system M. lobbia, SRAM Guidance and

ns; development and data for SRAM; virtual target steer- Control
guidance and control ing description
GBU-15/PW data, including configu- W, Goehley, Project Management
ration, weight and balance, com- R. Benton, Acrodynamics Specialist

ponent, physical parameters, sta-
bility derivatives, and autopilot

pial inertial navigation
r; background in sen-
nd conipensation;
alization in mechaniza-
ion software

Results of the mechanization study;
application of Delco compensation
techniques to the GBU-15; Delco
synthesis methodology for alignment
and aiding

(;. Quinn, System Development
AManager

. Wolf, Inertial Mechanizations . .
for Tactical Systems

terrain elevation cor-

; adapted the concept

ce applications; unique-
alyze the strengths

of the terrain eleva-
and follow-on ap-

Twe documents were supplied to Booz, K, Sturdavant
Allen by I1-Systems: one described J. Warren
the application of terrain elevation
correlation to the GBU-15 system
(cost, performance, packaging data,
and software concepts were included);
the other described a new concept for
use with GBU-15

or a broad spectrum
siles, and space

Description of the HS-3030 IMU and the: |, J, Herzlich, G&C Marketing
Mini-RIGs 30 strapdown rate-inte- Manager
grating gyro; system characteristics, R, Baum, System I[ntegration

lopment of inertial

| platforms for aircraft
8 and spacecraft;

eld of strapdown

‘and laser gyros; de-
rne navigation com-

yare

specifications, and gyro technology

Material on the ring laser and ATIGS;

conventional gyro, platform, acceler-
ometer, and computed data relating
to performance, cost, support and
availability; alignment technique data;
system mechanization data

R. Angelillo, Guidance Technology

R. Schiedenhelm
E. Browne
C.D. Talbot

o
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y i TABLE 2. TYPICAL SURVEY RE

! Company Project Relationship Supporting Activities
3 Hughes Digital autopilot for GBU-15/PW Harm and Brazo; IR imaging seeke
Maverick missile system laser guidance 3
IBM Federal Management of the Harpoon IMU inte- Application of digital processing to
System gration; strapdown mechanization with  ertial mechanization; investigatic
a performance level at the 1 deg/hr performance and requirements fg
level; monolithic (read only) memory suboptimal systen s as compared
computer for navigation processing; full Kalman filter systems "

first system in production status with
capability between inertial and auto-
pilot and corresponding cost saving

Kearfott Constructing small aircraft equipment  One of the top developers and supp
for the Joint DME/TOA- Glide Weapon of aircraft inertial navigation sy#
(RNWDS have been used to identify producing first-, second-, and tl
this equipment); active in low-cost generation equipment; specialist
strapdown innovation (T1GS proposed the area of system design and in
to DLMM); major software contrac- tion; top quality gyro developer &
tor for inertial navigation systems; supplier (Gyroflex) :
extensive capability in aiding mecha-
nization, alignment, and calibration

Lear Siegler Harpoon IMU gyro supplier Autopilot development
(Grand Rapids)

Litton Gyro development leader; ongoing de- leading aircraft platform ard gy ¢

velopment of components that can con-  veloper; synthesis of scores of

4 tribute to AFBGW capability; history anizations for aircraft and miss
of successful mechanization synthe- applications; major contributor:

sis; ongoing Cruise Missile guidance state-of-the-art of inertial coms=
system development program ponents [

ARIS Airborne Range Instrumentation System
FEOGB Flectro-Optical Glide Bomb

SOM  Standoff Missile
TIGS  Tactical Inertial Guidance System

AN




Orting Activities

PICAL SURVEY RESULTS (CONTINUED)

Data Supplied

Contact

bzo; IR imaging seeker;
ce

digital processing to in-

ization; investigation of
i and requirements for
stems as compdred to
filter systems

evelopers and suppliers
ertial navigation systems,
8t-, second-, and third-
uipment; specialists in
stem design and integra-
ty gyro developer and
boflex)

F)pment

i

ft platform and gyro de-
hesis of scores of mech-
t aircraft and missile
major contributor to the
irt of inertial com-

Maverick reports; GBU-15/PW digi-
tal autopilot description

Harpoon IMU configuration datas pro-
gram data; cost data; performance
specifications; and test results

Description of the RNWDS concept and
equipment; description of TIGS
approach; comparison of aircraft
equipment for selected missions;
assessment of the impact of aircraft
hardware and software on alignment
initialization and calibration

Dynamic performance analysis; func-
tional description of sensors and sys-
tems; instrument design; support
application data

History of gyro development including

performance, producibility, reduci-
bility, reliability, packaging, cost,
and maintainability; methodology for
system synthesis; review of require-
ments for GBU-15, SOM, Condor-X,
FEOGH; cost objectives for GBU-15;
I.itton interpretation—Cruise Missile
status; ARIS

H, Maurer, Missile Systems

Management

C. Bauer, IR Imaging Systems

J. Heiss

B. Danik, Director of the System

I'ngineering Analysis Section
1'dwin Solov, leader of the Tactical

Missile Weapon Delivery Group
W, Payne, Business Development

M. Greenberg, RNWDS effort

G. Proctor, System Integration

R. Gray, Gyro Technology

S.R. Richardson, Business

Development

J.S. Lipman, Manager, Systems

Engineering

J.R. Huddle, Manager, Systems

Analysis
S. Wyse, Gyro Technology

R. Anthald, Cruise Missile

J.M. Peterson, Manager, Missile

Systems Requirements
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TABLE 2. TYPICAL SURVEY:..

Supporting Activities

lLockheed

i i £ Tk R L

Mitre

Naval Weapons
Center

Northrop

Rockwell

RACGS prime contractor; responsible
for integration of the radiometric-
inertial weapon guidance concept

Coordination and support of ARPA in
GPS studies for midcourse guidance
of standoff weapons

Supporting an Independent Microwave
Radiometric Seeker Program
(MICRAD); DMFE Homing System
(Joint Navy/USAF Program); Ad-
vanced Tactical Inertial Guidance
System (ATIGS)

cxperience with torpedo targets em-
ploying 1 deg/hr gyro systems; ex-
perience with floated spherical plat-
forms (possible future alternative to
strapdown approach)

Prime contractor for GBU-15/CW:;

prime contractor for Condor (Colum-

bus Division); development of strap-
down gyros and strapdown guidance

platforms; active in the MICRON and

GEANS efforts (Autonetics Division)

B

Operational deployment of stande
weapons; radiometry —its stref
limitation ; critical radiometris
tial tradeoifs and requirements,
tional environment in West Geri

Strapdown investigations for glid
weapons ,

Broad weapon guidance capabilitf
ical disciplines include radiom¢
standoff glide weapon guidancej
tial components; microwave an
and com.ponents; simulation an
analysis 1

Major developer of aircraft ine ‘
navigation equipment; design-t
for conventional (gimballed) i
navigation platforms

Supplier of the AN/AJN16 for the
navigation computers; terminal
ance systems defense; suppres
missile design, laser imaging:
tems; Hellfire, Hobo, Road Ru
and Condor guidance o

RS, Sy —

MICRON Micro navigator (Rockwell designation and product)




rting Activities
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:ICAL SURVEY RESULTS (CONTINUED)

Data Supplied

T ey

Contact

oyment of standoff
itical radiometric/iner-

ent in West Germany

: igations for glide

idance capability; crit-
include radiometry,
reapon guidance; iner-
B; microwave antennas
B; simulation and

of aircraft inertial
pment; design-to-cost
i1 (gimballed) inertial
jorms

/AJIN16 for the F111;
puters; terminal guid-
fense; suppression
‘laser imaging sys-
f Hobo, Road Runner,
fance

metry —its strengths and

Rnd requirements; opera-

flast German scenario; data require-
ments for a radiometric missile
guidance system; microwave radio-

metry performance and support data;

RACGS inertial navigation system
description; radiometric-inertial
cost data

GPS workshop results and report;
qualitative concepts on GPS support
requirements; tradeoff considera-
tions concerning satellite network
density, INCCM, data denial periods,
weapon equipment, etc,

MICRAD description; significant dif-

ferences between MICRAD and
RACGS; ATIGS test data; standoff
DML guidance approach

History of use of strapdown inertial

platforms of 1 deg/hr quality; data
on the Flip System; indication of al-
ternative low~cost approaches

Description of GBU-15/CW, including

configuration, weight and balance,
physical, stability, and autopilot
data; inertial sensor development
data; mechanization synthesis ap-
proach; auxiliary (update/aiding)
sensor data

G. Clearly, Operational Role of
Standoff Weapons

1., Goe, Radiometric-Inertial
Guidance Tradeoffs

J. B, Rarich, Radiometric-Inertial
Guidance Manager

J. Matsunaga, RACGS Technology

J. Dodd, Program Manager,
T.ockheed RACGS Program

John Burgess, Principal Investi-
gator for ARPA GPS Effort

Claud l.aunch, John Owens, and
Bob Moore, Radiometric
Tracking Program

J.Hopper, MICRAD Mechani-
zations and Applications

T. Noble, Torpedo Targets
Management (Ventura Division)

J.D. McClanahan, C-5 Program
Manager (Flectronics Division)

P. Verona, GBU-15 Project
Manager

T.V. Murphy, Missile Systems
Engineering Management

M, Longo, Condor Program

R. . Mediatore, Advanced Engi-
neering

G.W, Sargent, Manager ESG
Strapdown Systems
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TABLE 2. TYPICAL SURVEY
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Supporting Activities

i

SAMSO

Sperry

TASC

Development of generalized GPS re-
ceiver model to assess integration
requirements; evaluation of the im-
pact of electronics requirements on
the user set

Development of a ring laser gyro sys-
tem; emphasis on low-cost, produci-
bility, reliability and maintainability;
development of a D-Gain update sys-
tem for optimal estimation with min-
imum computation requirements

Fvaluation of GPS tactical missile
guidance

Justification of low-cost strapdown
systems for GPS application

I'xtensive activity in laser gyro a
with NASA, MICOM, Navy, Mar
and Holloman AI'13; concentrate
ground in aided inertial mechani
tions step gain optimal systems
Gain optimal systems; SINS; cal
tion of inertial sensors

Broad spectrum of studies relati
missile inertial guidance, initia
tion, updating, mechanization,
software

SINS Shipboard Inertial Navigation System




B ki i e

PICAL SURVEY RESULTS (CONCLUDED)

“rting Activities Data Supplied Contact

f low-cost strapdown Guidelines for establishing inertial Capt. John Thau, GPS Battlefield
PS application requirements for GPS systems; role  Application Specialist

' of 0.5 to 1.0 deg/hr strapdown sys-

tem for GPS systems; synergistic

operation through INS rather than

IMU deployment

ity in laser gyro area l.aser gyro configuration, perform- R. Benzinger, Corporate ixecutive
MICOM, Navy, Martin, ance, mechanization, production, Staff

AFB; concentrated bark- yield, reliability, and maintaina- l:. Levinson, Department JHead,
led inertial mechaniza- bility data; step gain effectiveness Advanced Inertial Systems

n optimal systems/D- and requirements data; tradeoff re-

systems; SINS; calibra- sults for selected levels of optimal

a1 sensors filter sophistication; laser gyro con-

tract history; Program Oscar

Jjm of studies relating to GPS tactical guidance evaluation; Don Van Der Sloop, Project
lial guidance, initializa- aided inertial Cruise Missile analy- l.eader, GPS Missile Guidance
g, mechanization, and sis; Kalman tutorial data; Kalman

filter in transfer alignment
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WEAPON GUIDANCE CONCEPTS

To derive maximum benefit from the experience of recently
developed equipment, several weapon guidance concepts were
examined. The types of systems examined are shown in Table 3.
The system that most directly relates to the Air Force Baseline
Guided Weapon (AFBGW) is the Relative Navigation Weapon
Delivery System (RNWDS) now under development at the Naval
Weapons Center. Such systems as Condor, Shrike, and Maverick
are less applicable because they lack a comparable midcourse
flight phase. Harpoon and Standard Arm represent performance
levels similar to the AFBGW requirements, but differences in
target and deployment criteria preclude direct technology
application. The Short-Range Attack Missile (SRAM) and Cruise
Missile are included because each employs guidance methods
that can be sdapted to the AFBGW situation. The high cost of
these systems should be emphasized as a limiting factor. The
Cruise Missile will use an LN-30 series platform with a price
ranging from $90,000 to $100,000. The guidance and navigation
software are of more interest in these cases than are the
inertial systems.

The SRAM virtual target steering approach offers a flexi-
ble method of programming the missile trajectory without
affecting the response of the missile. The technique results
from a desire to incorporate a very simple guidance law with
the application of previously developed pitch and yaw loop
elements. Application of the virtual target steering approach
to the AFBGW may not be desirable since the simplicity and
economy of a directly synthesized guidance law may be over-
riding goals (Reference 2).

The Harpoon system combines an effective terminal guid-
ance active radar with a strapdown midcourse guidance plat-
form. Harpoon has several features that apply to the AFBGW
concept. However, the cost of the Harpoon system exceeds the
AFBGW goals (Reference 3). Lower cost is reguired without
serious degradation in performance from the Harpoon datum.
Higher yield and a greater production base may represent a
partial solution.

Condor and Maverick are oriented to terminal guidance
sensors; consequently, there is very little application to
the RACG situation. They were investigated in this study as
a source of low-cost inertial sensor performance data
(Reference 4).

The Cruise Missile is of interest primarily for the
application of terrain elevation correlation to midcourse
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\Weapon System

Platform Approach

TABLE 3. GENERIC WEAPON SYST

Gyros

Accel

SRAM

Harpoon

Maverick

Cruise Missile

RNWDS

Four-gimbal platform, all-
attitude operation; 5-in.
diameter x 6-in. length;

1 nm/hr; 2 ft/sec;
1.33 mrad

Strapdown integrated auto-
pilot and platform; 12-in.
cylinder; 6-in. height;
25 1b

Orthogonal triad of low-cost
gyros and accelerometers
13x5.3x5.4 in,; 15 1b

Four-gimbal platform, all-
attitude operation; third-
generation system (SKN-
2400 1.N-30 series equip-
ment)

Attitude and heading refer-

ence unit; Walleye guidance

unit

‘Gyr‘oflex; 2-axis gyro;
0.01 deg/hr; flexure
suspension

Rate-integrating gyros;
single axis; first-genera-
tion fluid suspension;

10 deg/hr absolute value;
possible use of 1.0 deg/hr

Supergyro; subminiature
rate gyro; 0,2 percent
linearity; full scale to
guarter scale

Floated two-degree-of-
freedom gas-bearing
gyros; 0.5 deg/hr random
drift; 0.5 deg/hr day-to-
day repeatability

1 deg/min; 2 1b; 2,5-in.
diameter x 4.5 in.; 60-deg
pitch/yaw; 170-deg roll
freedom

10'4g ace
0.1% sci
one sing
axis acce
1 cu in.!
unit "

Q-Flex 2 ’:

gl

SUPERGE

10 '4g accﬁ
Litton 2
rebalan

Threshol
0.02 g (

voltage ¢
readout |

RNWDS Relative Navigation Weapon Delivery System (subsequently named JAWS
also designates a DME system similar to ALSS being developed at Na

SRAM Short-Range Attack Missile.




Accelerometers

r WEAPON SYSTEM GUIDANCE CONCEPTS

Computer Remarks

1 10'4g accelerometer bias;
k 0.1% scale factor error;
B one single-axis, one 2-

' axis accelerometer;

1 cu in. envelope for each
unit

Q-Flex 2 x 10“3g bias

SUPERGELE

g- 10'4g accelerometer —
Litton 200; digital pulse
indom rebalance

ftO-
n. Threshold sensitivity of
0-deg 0.02 g (indicated by 1%

_‘“oll voltage change); analog
3 readout

2048 words of memory Autopilot with rate gyros

(8 bits); 24 usec add time; also provided; 5-min pre-
51b; 138 cu in.; 45.5 w launch cycle

3-5 usec add; memory: 3000
words (monolithic) read
only; 32 cu in.; 1.1 1b;

21 w

Pulse width modulator I

Litton 728 — 32000 words of 15-min/transfer alignment;
storage; computer pro- autopilot with rate gyros

vides all-guidance auto- also provided; APN-194
pilot computer; radar altimeter

Analog servoamplifier 5-min gyro spinup
mechanization

intly named JAWS [Joint Air Weapon System]);
eveloped at Naval Weapons Center. . 35
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update. Schemes have been developed to use discrete fixes for
velocity update without a high penalty in computer require-
ments. E-Systems, Inc., tus developed extensive data on the
application of this and successor concepts to the AFBGW.

This is discussed further in Section VIII.

The RNWDS concept relates to this study because it is
similar to the Advanced Location Strike System (ALSS), and it
is austere with regard to guidance software and inertial
sensors. The mechanization employs a basic Walleye guidance
package with a Hobo receiver and transponder.

CRUISE MISSILE GUIDANCE LAW REVIEW

The term "guidance law" has been applied to many aspects
of the missile guidance process. . The guidelines of this
study specified a broad approach to the guidance process,
including sensor characteristics, error signal processing,
and autopilot. Therefore, the guidance law review, which
forms an important part of the survey, considers synthesis
of kinematic loop compensation. The relation between this
function and the total missile guidance process is shown in
Figure 2, which illustrates the proportional guidance approach.
The guidance law block could contain any acceptable error
processing function.

The more important guidance laws reviewed during the
study are shown in Table 4. These laws apply to cruise missile
systems only. The survey excludes guidance laws developed
primarily for space and ballistic missile applications, such
as Q-guidance, delta guidance, explicit guidance, numerical
integration guidance, linear tangent guidance, and parameter
optimization guidance. Although many of these concepts could
be adapted to the cruise missile situation, they are cumber-
some and demand data processing resources on the missile.

Adaptive proportional systems are emphasized in the
analysis, and their advantages are evaluated by linearized
analysis. This type of processing is advantageous in situa-
tions where autopilot parameters have been frozen and the
stability regime is confined. Also important to effective
missile response is compensation for discontinuities in line-
of-sight (o) indication. The use of a concept such as virtual

target steering can obviate the need for adaptive proportional
guidance.
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Guidance l.aw

Applications

Reference

TABLE 4. GENERIC GUI

Comment

Line-of-Sight

Pure Pursuit

: Deviated Pursuit
- (L.ead Pursuit)

Constant Bearing
(Intercept)

Proportional

CONDOR - \Midcourse

Data Link Tracking

Bullpup

SHRIKE (Velocity
pursuit)

Standard Arm

SCRAM

Standard Arm

Cruise \lissile

Standard Arm

A\r. Donald Smith - Rockwell

Navy Missile Systems
Reports - NAVPERS
10785A - P327)

Mr. Nall - Texas Instruments

Mr, R, Katzman
General Dynamics

Boeing Documents

AMr. R, Katzman
General Dynamics

3oeing Document
No, 2-6003-7500-047
Page 37

Mr. R. Katzman
General Dynamics

Uses "Data Link" tracking =4
pilot provides steering cof
mands in midcourse phase;

Pilot tracks missile flare tg
target -

Velocity pursuit - error sigl
referenced to velocity vect
rather than body axis

Transition

Initial \lidcourse

Terminal Phase

ITARPOON ITARPOON Weapon System Common midcourse and
AeDonnell Douglas Doc - terminal
ument No, 10796 Page 3-3

MAVERICK MAVERICK Missile = Hughes Common midcourse and

Document No, MAV 8364~1  terminal ;
i Page 13-3 b
CONDOR (Terminal)

AMr. Donald Smith After terminal acquisition |

Rockwell proportional guidance is
used ﬁ
‘ Adaptive Conceptual
Proportional

® = Deviation of missile from an arbitrarily fixed path

¢ = Arbitrary angular constant

¥ = Deviation of missile from previously selected heading

r

= Range to target
¢ = Target line~of-sight angle
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GENERIC GUIDANCE LAWS

Principal Characteristics and
Potential Application

ta Link' tracking -
pvides steering com=
R midcourse phase
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dursuit - error signal
ed to velocity vector
han body axis

E*

i’hase

nidcourse and

E1idc ourse and

‘inal acquisition
pnal guidance is
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Mathematical
Description

Yo = ko

vy = ko

yc

i ko + &)
iE = k(i )r

’)./C = ko

y =kir,r)eo

+1(r, r)o

Designed for remote control of a missile; requires a knowledge of
both target and missile position; assumes a minimal capability in
terms of missileborne equipment; may be considered ocbsolescent

A utility guidance approach; missile must function autonomously and
perform simple conversion operations; adapted from air-to-air
systems to employ available hardware

Implies some a priori knowledge of relative rates of missile and
target; particularly useful where high relative rates are anticipated
ol a predetermined magnitude

Requires estimate of range rate, which may be available from
missile inertial sensors in slow-moving target situations; reduces
load factor’ in terminal phase of flight

Operates on angular rate rather than angular displacement; Provides
a better dynamic response in a high angular rate situation; ¢ data
must be derived and is usually "noisy"

Approximates a full intercept solution; the functions k and 1 are
empirically derived and are agsociated with a given approach
situation
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WEAPON GUIDANCE SYSTEM SYNTHESIS

Discussions were held with Litton Industries, Kearfott,
Northrop, IBM, Sperry, and Boeing Aircraft to review weapon
cruise guidar.ce system mechanization. As Table 5 illustrates,
current systems have wide range application and employ a
broad' spectrum of sensors. Their sophistication and computer
memory requirements also vary greatly.

Many compromises are used by major software developers to
reduce computer requirements while retaining the advantages of
the Kalman filter approach that is described in the intro-
duction. The results of the interviews indicated that it is
possible to approximate a Kalman filter through use of a step
gain filter having low computational requirements. For ex-
ample, whereas computer memory is considered to limit a full
Kalman filter to a maximum of 10 state variables for cruise
missile applications, a 23 state variable filter was mecha-
nized with a 5-second update cycle requiring 10,000 operations/
second and 8C0 words of memory. Although this arrangement re-
duces the guidance system computer memory requirement, it re-
quires a large ground computer operation and is relatively
sensitive to changes in system statistics.

Kalman filter operations also have been used for pre-
launch alignment and calibration. Prelaunch calibration in-
volves a critical operational tradeoff between operational
flexibility and component cost, generally allowing less ex-
pensive instruments, since the effect of day-to-day gyroscope
drift is eliminated, leaving only random gyroscope drift.
Prelaunch calibration is conveniently implemented using a

Kalman mechanization with the computational load allocated to
the aircraft.

In the synthesis of weapon guidance systems, the follow-
ing steps are employed with some variations due to system
complexity and application:

1. Error model development

2. Determination of system potential

3. Performance/requirements tradeoffs

4. Evaluation by simulation.

Step 1 uses a linearized approximation of the sensor

measurement and computational processes. Step 2 includes
the use of covariance analysis to establish the ideal
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performance of the system. The results of these two steps of
the synthesis process indicate the effects of major system
error sources on relevant system outputs as well as the be-
havior of optional feedback correction gains. This leads
directly to Step 3 of the synthesis process which determines
whether a full Kalman mechanization is needed or whether com-
promises are possible (i.e., step gain or suboptimal filter):
Step 4 provides actual simulation of the navigation process
using appropriate models of software, flight hardware, error
process, and environment.' This process accounts for the
effects of all modeled nonlinearities and reflects a system
unit error response for each independent error source. This
is necessary, for the construction of a cost-effective error
budget. It also provides an opportunity for iterating both
system requirements and erroribudget to reduce complexity and
cost within the performance cggftraints.

INERTIAL COMPONENT AND PLATFORM TECHNOLOGY

Discussions of inertial components and platform technol-
ogy disclosed interest on the part of inertial equipment manu-
facturers for a 0.5 to 1.0 degree/hour gyroscope in the §$1,000
to $2,000 price region. Discussions with laboratories and
contractors indicate that rate-integrating gyroscopes (RIGS)
are now available, rate gyroscopes are being adapted, and
tuned rotor two-degree-of-freedom gyroscopes may become
available shortly for this application. Figure 3 shows |
representative cost and performance for state-of-the-art : ;
RIGs. All meet the AFBGW cost and performance requirements,
indicating that a technology base now exists to realize the
AFBGW cost and performance goals. No implications can be
drawn regarding the relative cost effectiveness of the indi-
cated gyroscopes, as apparent differences in cost effective-
ness may result from differences in definition of terms, cal-
ibration constraint assumptions, and cost model. A compari-

son of gyroscopes can be made only on the basis of rigid %'
specifications. : 3

In the course of the survey, effort was made to establish

a requirement for this level of performance in terms of mili-
tary utility across a broad spectrum of applications. This
was done to =2stablish a production base that would justify a
projected system cost at the $10,000 to $15,000 level for a
guidance system with a 1.0 degree/hour gyroscope. However,
many situations were found where updating concepts required

a 0.5 to 1.0 degree/hour performance level. Further study is
needed to establish the 1.0 degree/hour requirement across a
sufficiently broad range of AFBGW versions and applications
to support a recommendation for a development program.
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During the survey, many gyroscope and platform approaches
were examined including laser gyroscope concepts, a new low-
cost flexure gyroscope, alternative strapdown configurations,
and computational approaches. The tradeoffs between hardware
performance, software concepts, alignment techniques, and cost
are complex; however, where critical AFBGW issues arose, the
appropriate tradeoff considerations were addressed. Thesé are
developed in Section V.

ALIGNMENT CONCEPTS

Alignment, broadly speaking, also includes initialization,
calibration, and leveling, as well as azimuth aliqnment. Al-
though azimuth alignment is not usually critical in short dura-
tion flights, errors in azimuth above 2 miliradians do con-
tribute significantly to the error budget. For this reason,
azimuth alignment remains an important issue.

The generic alignment concepts which were initially con-
sidered are gyrocompassing, parameter matching, and parameter
transfer. Gyrocompassing was not recommended because it re-
quires a great investment in missileborne sensors. Parameter
matching compares position, velocity, and acceleration between
missile and aircraft. Parameter transfer of alignment may bhe
accomplished by direct transmission of data from aircraft to
missile but requires instrumentation of the launch aircraft.
Postlaunch alignment is related to parameter transfer but is
a much more complicated process. Typical alignment issues
are summarized in Table 6. The data indicate that a tradeoff
is necessary between sequential fix alignments, which allocate
requirements to the missile, and maneuver alignments, which
allocate requirements to the aircraft. The first alternative
has disadvantages in that a disposable system may be costly.
The second limits the use of the missile to aircraft equipped
with high quality platforms. Methods of discrete alignment
were also analyzed; however, their limited operational experi-
ence precludes their applicability to this study.

Initialization is perhaps more critical than alignment.
Recent operating experience indicates that initial velocity
and position requirements are too stringent to be met by
utility aircraft equipment after several hours of flight.

Calibration can be accomplished by comparing the gyro-
scope drift of the missile sensor to that of the aircraft
master inertial navigator. Alternative approaches include
modulation of the spin motor and rotation of the instruments.
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Several methods of calibrating gyroscopes investigated
in the survey indicate calibration to be particularly attrac-
tive for the AFBGW, since the effective gyroscope drift rate
of a platform can cften be reduced by a factor of 3 to 5 in a
relatively short period of time.

Leveling can be performed by using the missile's inertial
sensors and the aircraft velocity reference.

UPDATE CONCEPTS

Typical update concepts, as shown in Table 7, can be
categorized as discrete or continuous systems. Continuous
systems generally provide prime velocity as well as position
data. Discrete systems (terrain elevatjon correlation, mid-
course radiometric fixes and scene matching) require multiple

high precision fixes to derive velocity information. They

do not depend on supporting equipment but require considera-
ble external data.

All the continuous and discrete concepts can meet RACG
midcourse guidance accuracy objectives if the inertial sensor
requirements listed in the table are met. A critical issue
was found to be electronic countermeasures (ECM). Low-cost
versions of the continuous systems can be highly effective in
a clear environment, although many lack capability in an in-
tense ECM situation. The following paragraphs summarize the
strengths and weaknesses of selected tabular entries.

In general, the Global Position Satellite (GPS) is an
attractive possibility. Areas of uncertainty involve the
projected initial operational capability (10C) dates of the
space equipment and the counter-countermeasures ef fectiveness
of the missileborne equipment.

The use of the RACG midcourse approach would avoid many
of the ECM and support equipment problems. However, the sys-
tem would require a unique data package for each update area,
and the approach flight would be constrained by this factor.
The impact of these considerations on the practical military
role of this concept requires further study. Similar restric-
tions exist for the midcourse terrain elevation correlation
fix concept and the scene matching approach.

The Distance Measuring Equipment/Time of Arrival (DME/
TOA) concept—the Advanced Location Strike System—implies a
greater military control over the target area than do other
approaches. Sensitive to ECM, it is dependent upon the free-
dom of action of one or more support aircraft. It is also
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low cost and compatible with autopilot grade gyroscope equip-
ment, having modest missileborne radio frequency system re-
quirements.

Doppler radar has been extensively applied in the past as
a cost-effective source of velocity data. It is applicable
primarily to aircraft but is adaptable for missileborne appli-

cations., It is self-contained, 1nexpen51ve, and relatively
immune to countermeasures.

The radio navigation systems (LORAN and Omega) can pro-
vide position update within their spheres of operation. Al-
though stationary LORAN transmitters are limited to developed
areas of the world, quickly deployed stations may also be
used. The possible need for an aircraft in the operation de-
pends on the approach geometry, accuracy achievement, and
ground systems deployment effectiveness. It is unlikely that
Omega will meet RACG accuracy requirements world-wide; con-

sequently, a relay arrangement may be required to implement a
differential Omega operation.

SUMMARY

The preceding discussion presents the information devel-
oped during the survey portion of the study and outlines the
types of sources used. A methodology is presented for synthe-
sizing weapon guidance systems which incorporate the large
body of experience accumulated in Kalman filter development.
Selected cruise guidance mechanizations are listed with their
applications, sensors, and computer memory reguirements.

- Weapon guidance concepts are examined, and existing
systems are evaluated for their application to the AFBGW.
The RNWDS concept is of particular interest because of its

austerity with regard to guidance software and inertial sen-
sors.

Alignment concepts, including initialization, calibra-
tion, and leveling, are reviewed, and their advantages and
limitations indicated. Aiding concepts are also categorized
by concept, ECM susceptibility, requirements, and limitations.

‘Several likely systems are noted which meet AFBGW require-

ments.

The study of inertial component and platform technology
indicates that rate-integrating gyroscopes are available,
rate gyroscopes are being adapted, and tuned rotor two-degree-
of-freedom gyroscopes may be available shortly. Cost and
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performance for state-of-the-art rate-integrating gyroscopes
are presented, and tradeoffa are addressed.

A review of guidance laws presents the characteristics
and applications of gene{ic laws pertaining to cruise missiles.
, Adaptive proportional systeml are shown to be weli-adapted for
3 glide weapon use. i
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SECTION III

INERTIAL SYSTEMS

| An inertial system consists of gyroscopic sensors, stabi-
lization hardware, a mechanization computer and software, and

b preflight support equipment and software. Gyroscopic sensors,
; the major elements in achieving mission accuracy, are empha-

: sized in this discussion. A distinction is sometimes made be-
tween inertial grade gyroscopic sensors and body-mounted gyro-
scopic sensors. For the purpose of this discussion, all gyro-
scopic’  sensors are considered inertial sensors.

This section reviews available inertial equipment that
can be adapted for air-to-surface cruise missiles, including
prototype and conceptual strapdown inertial measuring units
(IMUs) as well as components that can be adapted to alterna-
tive strapdown IMU concepts. Existing inertial platforms and
gyroscopes are described, and their accuracy is discussed.

i The navigation accuracy of inertial systems varies from

g 0.01 degree/hour (1 nautical mile/hour) to 0.25 degree/second.
Of interest for this study are those in the 0.l1- to 5.0-
degree/hour range; the 0.l-degree/hour system provides an
accuracy for the AFBGW (long range) of about 1,000 feet, while
the 5.0-degree/hour system allows 3,000-foot accuracy for the
short-range version. (Navigation accuracy is related to
flight duration for the two AFBGW versions.) A target cost
for the AFBGW/RACG guidance system is $10,000.

;. MISSILE SYSTEMS

Three systems are presented as a baseline for examining
AFBGW inertial guidance candidates: the SRAM system, the
Harpoon system, and the RNWDS (DME/TOA), a Navy system similar
to the Advanced Location Strike System (ALSS).

The SRAM system employs computer techniques, particularly
1 the virtual target steering system, which are applicable to
4 the AFBGW. It has an aircraft quality inertial platform, the
3 SKN-89, which is used on the A-7 and is capable of 2 nautical
: . miles/hour performance.

The Harpoon guidance system is included because it is the

. . first application of a strapdown system to a major tactical

3 missile procurement. It consists of three Lear Siegler 1903
gyroscopes, three Sundstrand accelerometers, and a navigation
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computer, with a specified gyroscope drift rate of 1 degree/
hour (calibrated). This translates to an accuracy for the
AFBGW (long range) of 10,000 feet and of 600 feet for the
short-range version. The 1904 gyroscope can be substituted
online for the 1903 to improve accuracy to 0.2 degree/hour,
translating to 2,000 feet and 120 feet, respectively, for

the long-range and short-range versions. . With the 1904 gyro-
scope, the system easily meets AFBGW accuré&y»ggals.

A typical cost distribution example can be ;;ETTéd\g1\
Harpoon as follows: i

—
T

Lear Siegler
(1903 gyroscopes/2 x 1073g) § 7,500 (3 x $2,500)

Sundstrand Q-Flex

Accelerometer $ 1,500 (3 x $500)
(2 x 107 3q)

System Mechanization $ 6,000

Computer $10,000 (8,000 words
read-only
selectable

memory and
3 ¢ sec add)

Operational Support $ 5,000

$30,000

The IMU cost of the Harpoon is about $15,000 for the
system and $3,000 for test calibration and field support
(a total of $18,000), and the production price is estimated
at $30,000 with the computer and $20,000 without the computer—
considerably above the AFBGW cost goal.

The RNWDS (DME/TOA), as shown in Figure 4, is a typical
rate sensor derived system; it has autopilot gyroscopic
capability and employs autopilot sensors. The RNWDS gyro-
scopic equipment can make only a limited contribution to mid-
course guidance, because it requires continuous input from the
DME/TOA navigation equipment. It is capable of independent
operation for only a fraction of a minute. The total cost of
all gyroscopic sensors for the system is estimated at $2,000.
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These costs indicate that Harpoon is above the' price
goal of the AFBGW ($10,000 without computer) and that RNWDS
is substantially below the performance goal of the AFBGW
(1 degree/hour). Therefore, adaptation of equipment whose

performance and cost lie between those of the Harpoon and -
RNWDS is desired.

TYPES OF PLATFORMS

Table 8 indicates the types of platforms that have been
actively promoted by major inertial equipment producers. A
review of the tables indicates that the price and quality
that have been emphasized are somewhat higher than the AFBGW
objectives. Note that Harpoon is the only system for which
estimated cost is available, and production run is now in
progress.

other cost figures may vary by a factor of 2 or more.

The accuracy of these systems is based on observed error
propagation at 42 minutes divided by 0.7. The geometry of
this estimate is shown in Figure 5. The method is used ex-
tensively in quoting performance of platforms for long-term
applications. "Since many of the platforms discussed in Table
8 are to be adapted from long-term application, it is essen=-

tial to be able to relate this data to the short-term missile
situation. '

Nautical mile per hour performance figures are given by:
AP = 100 x ¢

where § is gyroscope drift rate (in degrees/hour), and AP is
position error (in nautical miles).

Applied to missile systems, this formula gives large
nautical mile/hour error results (1 degree/hour = 100 nautical
mile/hour). However, the actual error is well below this

value since operation is confined to 0.1 to 0.2 hour (see
Figure 23).

Error figures are presented for both the short-range and
long-range missions in Table 8. The state-of-the-art is
represented by Harpoon, which achieves an accuracy of 11,300
feet for the long-range mission. A Lear Siegler platform
using the same gyroscope also achieves this accuracy. The
Hamilton Standard HS-3030, the Bendix SDI-900-2, and a system

using the Honeywell GGl1lll operate in this performance range
or better. ’ 2
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All the contractors include computer data in their sys-
tem estimates; consequently, size, weight, power, and cost
data are presented on a total system basis—incluaing IMU and
computer. Table 9 shows some alternative computer options
that are available. Typical packaging goals for these sys-
tems are 500 cubic inches, 20 pounds, and 100 watts for a
fully computerized mechanization. Computer technology is
changing rapidly, and current indications are that the costs
shown will be reduced significantly in the near future.

APPLICABLE GYROSCOPES

Types of Gyroscopes

Gyroscopes are the primary components of inertial plat-
forms and fall into two major classes: electromechanical
gyroscopes and optical effect gyroscopes. Table 10 lists
types of gyroscopes currently available. Electromechanical
gyroscopes may be categorized by many design criteria, but
single-degree-of-freedom and two-degree-of-freedom is a prime
differentiation. This report emphasizes single-degree-of-
freedom instruments as most applicable for the AFBGW cost re-
quirements. Tuned rotor gyroscopes are not emphasized in
this discussion because they have not yet demonstrated ade-
quate low-cost potential for this application.

Rate gyroscopes and rate-integrating gyroscopes are both
single-degree-of-freedom instruments. Rate gyroscopes evolved
from spring-constrained attitude reference systems. 1In the
past, the spring pickoff and rebalance arrangement have been
subject to nonlinearities (generally caused by temperature
variation) and cross-coupling. Recent improvements using
closed-loop feedback rebalance techniques now permit per-
formance levels approaching AFBGW requirements,

Rate-integrating gyroscopes originated in aircraft navi-
gation and space applications. They employ feedback tech-
niques to rebalance the torque generated by rotation about an
input axis. The angular displacement can be measured by
determining the current required to balance the torquer cir-
cuit. Higher quality rate-integrating gyroscopes have a ball-
bearing suspension, whereas lower performance instruments
have a jewel and pivot suspension. Maximum allowable angular
rates for vehicles on which rate-integrating gyroscopes are
mounted range from 275 to 573 degrees/second. All gyroscopes
in this discussion have been used for tactical missile
guidance or can be adapted to this application. Instruments
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TABLE 9. TYPICAL MISSILE CO |
k- Missile
3 Computer Interface :
3 _':“ Configurations Flectronics  Weight Volume Pa
| | for 1975-1985 l'eaturcs I'unctions Modules (1b) (cu in.)
[ Magic 4016(1.S1) N-MOS CPU  Navigation A/D=-D/A =0 200
? } . Ssmall mem- Guidance Analog o -
2 ory '("ontr'ol fnult_lplexnr 6.0 240
1.5T I'arget presct Discrete
A Small 1/0O
Magic 362(Core) Bipolar CPU  Navigation A/D=-D/A
Medium-size Guidance Analog mul- 1.5 7 280
memory Control tiplexer
Core Autostabili- Discrete
Medium 1/0 zation Digital
Terminal 17.9 360
seeker
Magic 4032 N-MOs CPU  Navigation A/D-D/A
(Core/1.51) Medium-size Guidance Analog mul- 16.0 280
memory Control tiplexer
Core (1.SI Area corre- Discrete
scratch) lation Correlator
Medium 1/0 18.3 360
Magic 362 Bipolar CPU Navigation AlD-DIA
I'P (Core) l.arge mem- Guidance Analog mul-
ory Control tiplexer 19.5 400
Core Autostabili- Discrete
l.arge 1/0 zation Correlator
Area corre- Digital
lation
Terminal
guidance 22,0 520
Magic 362 Bipolar CPU Navigation A/D=-D/A
¥FP (1.S1) l.arge mem- Guidance Analog mul-
ory Control tiplexer 13.0 280
1.S] Autostabi- Discrete
Large 1/O lization Correlator
Area corre- Digital
lation
Terminal
. guidance 15.0 320
Average value 14.8 325

“Cost distribution (percent)
Power Supply 11

Processor 9
Memory 45
Interface 15
Structure 9
Test 11
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MISSILE COMPUTER CONFIGURATIONS

I'quivalent
Operations S
Program Scratch  Instruction Data Word Ixecution (1000/sec) g
Volunme Power  Memotry Memory  Word Size Size Time (75% Add;
(cu in.) (w) Size Size (bits) (bits) (usec) 25% Mul.)
Add 2,1
200 20 2, 048(1.SD) 256(LST)
16 16 AMul, 6.1 320
240 Z5 4, 096(1.S1) 1, 024(LSI)
Add 209
2 6, 144(Core) 2,048(Cor
480 wl (KoY. DRGSO s 16 Mul, 7.3 250
360 110 12,288(Core) +4,096(Core) E
Add 3.5
2HCor ) E N
280 50 8,192(Core) 2, 048(1.SI) 16 39 Mul. 17.0 145
360 70 16, 384(Core) 4, 006(1.S1)
Add 2r19
400 12,288(Core) 4,096(Core)
0 130 EERUSERRL S L 32/16 16/32  Mul. 4.6 300
520 140 16, 384(Core)l186, 384(Core) |
i
Add 1.0 - '
- 280 80  12,288(LSI) 1, 096(LSI) |
] ERBILSLAS Srihok 32/16 16/32  Mul. 3.7 600 3
i
i
3
320 100 16, 384(LSI) 16, 384(LSI) ]
325 82.5 3
59
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vary in volume from 4 to 12 cubic inches and have a 0,5- to
1.5-pound weight variation. Several contractors produce in-
struments in the degree-per-minute category (i.e., Timex and
Humphrey). These are designed for low-accuracy applications
(where drift rate can be 0.1 degree/second or 36C degrees/

hour) and, therefore, are unsuited to AFBGW applications -
discussed in this study.

¥

Optical effect or laser gyroscopes measure angular rates
by comparing differences in frequency of two counterrotating
light beams. There are several variants of the laser gyro-
scope concept due to variations in design policy, methods ]
of solving design problems, and development strategies. For
example, as shown in Figure 6, the GG-1300 is a single-block,
fully evacuated dithered unit, whereas the SLG~-15 is a modular
unit in which each element shown is placed in the assembly as

a component. The characteristics of the two systems are given
in Table 11.

Gyroscope Performance

Gyroscopes are the major contributors to navigation error;
the parameter recognized as a measure of gyroscope performance
is gyroscope drift rate. For a given nominal sensor drift
rate, a wide variation in system position accuracy can result
from differences in flight time, calibration time, and the
desired probability of terminal acquisition. Flight time :
affects performance in that errors are proportional :to the ;
cube of this parameter, while prolonged calibration time can i
reduce the drift rate itself to one-tenth of its original
value (Reference 6). Probability of adequate midcourse
guidance depends upon the level of confidence of achieving
performance goals. At least 95 percent probability (20) is
desirable to provide adequate terminal acquisition. These
three parameters must be accurately stipulated before drift
rate can be related to performance. Table 12 illustrates a

typical relationship for a l-degree/hour gyroscope (Reference
5). - '

Table 12 shows that a system using a nominal 1 degree/ :
hour gyroscope (absolute value) produces a 60-foot error in ﬂ
a 4-minute flight if it is calibrated for 60 minutes and if a 1
lo standard deviation is acceptable. Using the same gyroscope
with no calibration for a l10-minute flight gives an error of
30,000 feet (5 nautical miles) if a 30 standard deviation
(99.7 percent probability of achieving nominal performance)
is desired. Thus, calibration can dramatically improve the
performance of a system; a calibrated 1 degree/hour system
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TABLE 11. RING LASER GYROSCOPE CONCEPTS

i HONEYWELL

E GG-1300 GG-1328 '
‘ AVERAGE OF ITEMS

! PARAMETER

SPECIFICATION DELIVERED (10) SPECIFICATION .
. %
Drift Rate
(degree/hour) 0.12 0.0106 0.10
Random Drift Not
(degree/hour) 0‘92 0.0082 Applicable
? Response Time : Not
1 (second) UL Not Applicable Applicable
: Scale Factor Not
Tz Accuracy 250 106 Applicable !
1 (ppm) i
1 |
, Scale Factor 3
. ; . Not Not 4
1 Linearity : 18 : i
b Applicable >
(ppm) Applicable pp ]
SPERRY i
s SLG-15 SLG-7
d PARAMETER

SPECIFICATION EPECIFICATION

TR g SR

L e U SR s e

Drift Rate, Turn-On
(degree/hour)

White Noise, Random Drift
(degree/v hour)

Calibration Time (minute)

Markovian, Random Drift
(degree/hour)

Scale Factor Stability (ppm)

1.0

0.3

15

0.1

100

3.3

15

Not
Applicable L

160 1
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TABLE 12. AFBGW PLATFORM* POSITION ACCURACY
VERSUS SELECTED OPERATIONAL CONSTRAINTS
(Position Accuracy in Feet)

STANDARD DEVIATION

OF MIDCOURSE 4-MINUTE FLIGHT 10-MINUTE FLIGHT
GUIDANCE (SHORT RANGE) (LONG RANGE)
(PROBABILITY OF .
ADEQUATE MIDCOURSE CALIBRATION TIME (minutes)

GUIDANCE) DEAD DEAD

(percent) ~ START 10 60 START 10 60
lo (62) 600 200 60 10,000 3,000 1,000
20 (95) 1,200 400 120 20,000 6,000 2,000

30 (99.7) 1,800 600 180 30,000 9,000 3,000

1 degree/hour gyroscope.

can adequately perform the long-range mission, but an uncali-
brated l-degree/hour system is adequate only for the short-
range mission. The disadvantage of calibration is that it
requires a master inertial navigator in the aircraft that
restricts the use of weapons, creates logistic problems, and
reduces operational flexibility.

Tables 13 and 14 describe gyroscopes that operate at the
l-degree/hour level without calibration and at the 0.2-
degree/hour with calibration. Tables 15 and 16 describe gyro-
scopes that operate at approximately 10 degrees/hour without
calibration and at approximately 1 degree/hour with full
calibration. Tables 17 and 18 describe the types of gyro-
scopes that may be used with the doppler radar (GPS) or
other continuous update processes.

Gyroscope manufacturers whose products were found to be
particularly applicable to the AFBGW include Lear Siegler,
Honeywell, Hamilton Standard, and Northrop. These companies
are actually pursuing development and production at the 1- to
3-degree/hour performance range and in the $1,000 to $3,000
instrument cost range.

The short-range accuracy objective can probably be met
with a 3-degree/hour gyroscope; however, the long-range needs
a 0.15-degree/hour (lc) gyroscope.
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TABLE 15. AFBGW GYROSCOPE PERFORMANCE AND DESTGN—M
1
Lear Siegler Honeywell
Parameter 1903 GGI1111 L.C-04
A
Performance s
Absolute Value (Turn-on)* 6 deg/hr (30) 12 deg/hr (30) ]
Best Performance and Random 0.7 deg/hr (1¢ ) 0.3 deg/hr (10) *
Drift (Much lower value
possible)
o
g-Sensitive Drift +10%/hr/g 18 deg/hr/g (3¢)

g2 -Sensitive Drift

Torquer Scale Factor Linearity

Instrument Characteristics

Type
Design Objective

Navigation Parameter
Measured

Design Features

Spin Motor

Pickoff

Torquer

Suspension

Drift Trim

9
0.50/hr/g . 3 deg/hr/g2

NA 0.1 9% at 120 deg/sec}
RIG RIG ;
Moderate duration A/C attitude and head|
Moderate accuracy ing reference

Tactical missiles

Angular rate Angular rate

e

Synchronous hysteresis Synchronous hystereg}
26V, 800Hz, 2 phase 14,000 gm ]

cm?/sec
Moving coil Moving coil
Permanent Magnet‘ Moving coil

permanent magnet i

Jewel and pivot Ball bearing gimbal |
suspension-floated §

Circuit bias Compensation
Micro vernier
Balance pan
g-sensitive
Temperature

* Calibrated

NA Not available

AR v p———
o P e Rl - Sy



AND DESIGN—MODERATE-PERFORMANCE/MODERATE-COST CATEGORY

Hamilton Standard Northrop

Mini-RIG 30

Honeywell

I GG1111 1.c-04 GI-G6-S GI-G6-B

Jeg /hr (30) 10 deg/hr (30 )

10 deg/hr (30 15-30 deg/hr (3¢ )

jg /hr (10) 0.5 deg/hr (30) 1.0 deg/hr (1) 0.1 deg/hr (1o )

ch lower value

Bsible)

g/hr/g (3¢) 10 deg/hr/g(le, major)5-10 deg/hr/g (1smajor) 2 deg/hr/g(ls, major)

/hr /g2 0.3 deg/hr/g2 0.5 deg/hr/g> (lomajor). 2 deg/hr/g2(1le, major)

4 (lo, major) i

% at 120 deg/sec  0.17 0.1% 0. 05% i
RIG RIG RIG j

Aircraft missile
Stabil. or guidance gyro
Higher cost/perform

Stabil. or guidance gyro
Tactical missile
Reduced cost/perform

I.ow-cost tactical
weapon guidance

fattitude and head-
reference
cal missiles

jlar rate Angle Angular rate Angular rate

Hysteresis Synchronous
Angular nomentum=

30,000 gm cm2/sec Synchronous hysteresis Synchronous hysteresis

ronous hysteresis

D0 gm
sec
hg coil Microsyn Microsyn Microsyn
g coil Permanent magnet Moving coil Moving coil

anent magnet

bearing gimbal

Nominally floated

permanent magnet

Partially-floated

permanent magnet

Fully-floated

pension -floated ball bearing ball bearing ball bearing
ensation Temperature NA NA

ro vernier compensated

ince pan

nsitive

Aperature

69
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Litton, Kearfott, Teledyne, Autonetics, and Delco are
not now emphasizing the low-cost gyroscope field, but are
primarily interested in the 0.0l-degree/hour (lu) random
drift performance range. It has not been demonstrated
whether they will produce 0.2-degree/hour (lo) random drift
instruments at the $10,000 level.

If a 10-minute calibration is assumed, GI-G6-B, LS1903,
or GGl1l1lLC are adequate for the 4-minute mission. This
means that an improved rate gyroscope in a cost range from
$700 to $1,000 can be adapted to the short-range situation.

A $5,000 platform will be possible under these circumstances.
Conversely, the long-range situation requires a more
sophisticated rate integrating concept that is associated
with gyroscopes that sell for $3,000 and more.

In general, the LS1904, the GG1l111-AL-01, and the GI-
6G-G represent instruments that can, with calibration, per-
form the long~range mission. These gyroscopes are compatible
with a platform cost objective of $25,000 to $30,000 for
quantities of 2,000 to 6,000 gyroscopes.

SUMMARY

The preceding discussion presents the results of an in-
dustry investigation of the inertial platforms and gyroscopes
that apply to the AFBGW. There are a variety of sources of
platforms that meet AFBGW accuracy requirements; however,
their cost is approximately 75 percent above the $10,000 goal
if currently available equipment is used.

Three sources of data were used in the inertial egquipment
investigation: (1) descriptions of existing missile guidance
hardware for air-to-surface weapons; (2) descriptions of
existing and conceptual strapdown platforms; and (3) descrip-
tions of gyroscopes.

Multiple sources exist for the procurement of AFBGW in-
struments, and the prognosis is good for achieving the
general cost/performance parameters required for the AFBGW.
These parameters may be achieved by design-to-cost effort
that reflects the specific requirements of the AFBGW and the
2,000 to 6,000 gyroscope volume objective of the program.

s




SECTION IV

GUIDANCE LAW METHODOLOGY

This section develops a methodology for determining
tactical weapon guidance laws and includes the detailed step-
by-step synthesis of two AFBGW guidance laws. The activities
involved in this effort are shown in Figure 7. 1In the first
phase, AFBGW characteristics are defined; in the second
phase, AFBGW transit dynamics are analyzed.

The term transit dynamics refers to the manner in which
the missile is directed from its launch point to the terminal
acquisition area. The term implies a relatively stationary
interceptor/target situation. The autopilot used in this
section is based on glide weapon concepts that have been
applied in the past. However, the data used in this section
is not identical to any concept now applied to an actual
weapon system. A generalized autopilot configuration was em-
ployed because the main thrust of the study was to develop
principles rather than to become involved in an ongoing pro-
gram. An acceleration autopilot was employed to address the
requirement of the Statement of Work.

The two phases of the effort constitute a classical
linear analysis of the acceleration loop. The first phase
deals with the stipulated AFBGW equipment and involves the
conversion of parameters to a form that can be used in the
second phase of the analysis. The second phase deals with
guidance law synthesis and the effect of nonlinearities on
the guidance law formulations and system performance. The
interrelation of the two phases is shown in Figure 8.

In detail, Figure 8 shows the relationship among air-
frame transfer function definition, autopilot transfer func-
tion determination, and transit dynamics evaluation. 1In
Phase 1, the airframe transfer function is first determined
from the stability derivatives and mass properties of the
vehicle. The airframe transfer function is then used in the

calculation of the autopilot ‘transfer function, which is the
objective of Phase 1.

In Phase 2, the performance of several guidance laws is
analyzed. This requires the use of the autopilot transfer
function that was derived in Phase 1. It also requires the
use of flight parameters-——speed and range.
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Figure 8. Relationship Between Analysis of Vehicle
Characteristics and Transit Dynamics

In Phase 3, the relationship between navigation error and
vehicle range is investigated.

ANALYSIS OF VEHICLE CHARACTERISTICS—THE AIRFRAME TRANSFER
FUNCTION

The airframe normal acceleration open loop transfer
functions are of standard form and are evaluated by use of
the mass properties listed in Appendix D, Volume II, and by
using stability derivatives derived by classical methods.

The transfer functions are taken from Missile Configura-
tion Design (Reference 7) and are as follows. Pitch or yaw
rate open loop transfer function:

1s? - is + ¢
s - es - h

where 1 is m§, i is fgmg - my - famy, ¢ is famy - fsmq, e is
mg - fg + mj, and h is mg + mjf,;. Normal acceleration trans-
fer function (Reference 7):




n_ vy _ vi{as? - ps + ¢
b g

s? - es -~ h

where a is f5 and b is
are applied to t
21. The values
(Reference 8).

fgmg + fymg - famg.
he equations are give
used in these tables

The values that
n in Tables 19, 20, ang

The final calculation for 6/8 and n/é are given in the
lower portion of Table 21. The

latter expression was simpli-
fied to the following form:
n__v K
b 9 {s? + 2tws + o2
n__v 2.885
& g )z p)
s + 2(2.212)(0.07961) + (2.212)

in calculating the ay i

lon loop transfer
function.

ANALYSIS OF VEHICLE CHARACTERISTICS—-THE AUTOPILOT TRANSFER
FUNCTION

range system. The
represent the inputs recejived from
rate gyroscope and accelerometer, respectively. The numerij-
cal designations of the blocks in this figure correspond to
the numerical designations of Figure B-2. The letter desig-
nations on the summing junctions also correspond to the letter
designations in the summing junctions of Figure B-2. The
algebraic reduction of the net

work is described in the follow-
ing equations. The general procedure used for the process is
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TABLE 20.

STABILITY DERIVATIVES

Values

Parameter

Fuactor

e

R A

m

m
6

me

qs
my

45

m\

asd

Coelficrent Coefficient
lractor (Degrees) (Radians)
0. 00717 S0, 366 020,97
0, 00717 S0, 1Y .42
1.1 -0, 072 - 4,012
l. -0,314 =170
-3 r
0.1 20010 -0.58/scc -33.23/sec
-3
0. 8206510 /] -
. -3 " .
0, 820x 10 -3.78'scc -216/sec
Requored 'rodacts
'5'"5‘. (+0, 0603)(-0,1782) -0.01074
f6n|6 ( 0.0603)-0.0274) ~0,001652
fam_:j (+0.150)(-0.1782) - -0.0267
l'am6 (0, 150)(-21,11) =3, 170

(10,0603)(~4, 87) = -0.2937
(+0.060310) = 0

(10.150)(0) = 0
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4 ; RUELbEE i i G, PR : i a !
4 N — 3
k-
TABLE 21. TRANSFER FUNCTION COEFFICIENTS !
1 . ]
] . toefticient Ilguation o i Substitution Value i
i # g ©0.0603 |
é b famé ) I'ﬁmzl - f"m;' -0.01074 - 0,001652 - - 0.01239
E IS !‘" 1116 - l‘bmﬂ S0 b - -0, 2937) - 2,845
e m‘; - !'" b m,; S0 02T - (10, 150) « (=0, 1749 - {1, 3556
n ny ! m;)l'" 0Ty - (-0.02673) - 4,896
i fém‘; - mg - r'"mé ~0.001652 - (=21, 1%) - @ 121,19
3 1 my 0
-
H
H
i ] -21,195 - 2,885
J 52 40,3556 ¢ 4, 896
I 4 X 0.()(30382 C=0,012305 - 2, 885

' 8 e 2 1 0.35565 1 4. 406

2
s -is4 ¢

O D

S -~es=h
ﬂ:ﬁ:i as” - s i ¢
6 g8 ¢ 2

81




‘6 2anbtg

TewioN 3oT1Tdoany

Y
e
w <
w0

! (930) NOIL337330 IIV4UNS TOULNOD WALIY
\ wu(aﬁ:m TOYLINDD 3AILIF443
6 ONV "0 N33ML3IE IINIHIHII0

\ J1VH HYINONV 31ISSIN

y 31Vvd HYININY BICNVNADD LNITVAINDS
iy u NV "o N3IML38 3INJHI 4410
NOILVH3I13IIV TVIRHON 31ISSIN

NOILVH313D0Y OIONVIO3 ATIYNBILX3 GINOILIONOD

/ NOILYH31300V TVWHON 03ONVANOD A1TYNU3LX3
40124 NOISHIANDD 334930 01 NVIOVY
31vH ACOS 01 39NIHI534 HLIM IV NOLLYHITIIIV TYWHON ININEIADY £31INVHVd

/
HOLIV4 NOISHIANOD 3LVH AODS - NOILYE3T13IIV TIVALON
01iVH INIdNYO IRVHIEIV

14001
(me8) 57
AININO3IHS IVHNLYN INWVHIHIY
INVLISNOD NIV INVYHIHIV INITVAINDI
9 X1GN3ddV NI 03IN1430 SHILIWYHVI LOd0LAY

ON393Y

~
<

X}
DD

@®
c

o3
© a
e © o

ER VIR

|-

-

IR
q x

82

u i
1

4+ zit+s}) A v
(H+ 19 X3,

(3+s10

2 J+s
(8 +sIv

M+sMIZ+,8
R | o 4334 Yo

ou3v
o
. §S3004d

ININOILIONOD TYNIIS
CIYINOHYH

uwy
YOHHI NOILYHITIIIVY
TYNHON ONV 31VH GIONVRIOD
N3I3IMLIIE NOILINNS HI4SNVHL

74001




shown in Figure 10, Item 6 of which was used extensively in
;&ﬁ this instance. (A more comprehensive table is given in
E Y Reference 9.) '

: t The first step in the reduction of the loop in Figure 9
" to algebraic form is to reduce Loop 1 to transfer function
forms. To do this, Item 6 in Figure 10 is applied. The
applicable formula is:

2Be =Gy = o
-~ fc 3 1+ (KlGl) (KQGz)

Equating K3 and K to 1 and substituting Nj/D; for G, the
expression becomes:

N1

e

Eak

where N; is the numerator of the product of all elements from
summing junctions C through the block labeled "aero," Dj is
the denominar:or of the product of all elements from summing
junction C through the block labeled "aero," G, is the trans-
fer function of block 1, and G3 is the transfer function of
the complete Loop 1. Therefore:

snasdnlat

D; = (82 + 2uwts + w?)(s + c) = &3

+ (208 + C) 524-(42 + 2§wc)s

+ w?C

N, = V2J A - K'(s + B), where K' = %K

G2=2 (s + u)

ol

As a result, Loop 1l reduces to algebraic form as follows:

o
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b d
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.K2 62
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Figure 10.
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’, V2 +J - AK' (s+B)

5  fst2ut+0) 874 (@i H28w0) stePC | + J2V2 AR L(s+B) (s+u)f

This further reduces to:

n V2 - s AK'(s4B)
it ot e 2/2 A l,)s:z v P v plat 4 22 A l\'1.<|%4u>)s'(u2(‘¢2»/2 ARLK'p)

The diagram of Figure 9 can now be reduced to the following
equivalent diagram in which G3 is substituted for the ex-
pression just. derived:

PR

e

Di{s ¢+ E)
s+ F

. G (5 H)
-y (:) (0?2

For convenience in algebraic operation, the following sub-
stitutions are made:

v Z3 = 1

2w + C + 2V 2 AK'L

N
[ )
!




A R L

o e gk SR
Sl e LT S .

éw

Z) = w? + 20wC + 2V2 AK'L<B + >

20

w?C + 2v72 ABLK'})

and the expression for G3 now becomes:

n V2 JAK (s + B)
b Z3s3 + 2252 t 218 + 29

Gy =

The process used for elimina
repeated to eliminate Loop 2
formula is:

ting Loop 1 in Figure 9 is now
in Figure 9. The applicable

N
n _ 2
G4=__.__

ne D, *W,
The following is the calculation for D,:

Dy

(2383+2,82+2,5424) (s+F)

2384 + (2,423F)s? + (21+2,F)s2 + (2o+21F) + z4F

Substitution of variables are now made

for conciseness
of algebraic expression,

and the coefficients of Dy become:

Yq = Z3 = 1

<
w
I

=22+ 23F = 20w + C+ 2vV2 AK'L + F

Y = 2 + Z,F

@ +20wC + 2V2 AK'L<B + 1> + j2tw + c 4 2v3 AK'L{F
Y1 = (%9 + 2y)F

=¢ﬁc-+2V2AmxH:+}w2+2hm-+2V2AK%xB+u4p

86




o

‘ /
4 - on
SERBGE P ROSEL L e

Yo = {w’C + 2V2 ABLK'L|F

The elements to be applied to the formula are now sum-
marized, and the transfer function for Loop 2 is now given:

N, = V2 - J - ADK'(s + B) (s + E)

Dy

vgs? + vis3 4+ v,8? 4 oyis + v,

n _ N2

G4 = 5, " 57N,

Therefore:

G4=__

=]

_ V2 © J - A DK'(s+B) (S+E)
V54 ;534,824 84+ VI - g - A DK' (s+B) (S+E)

The above denominator is now expanded:

Y4S4 + Y3S3 + [V 2'J'ADK'+Y2]SZ + [\/ 2'J'ADK'<B+E>+Y1]S
[\/‘53 J- ADK' BE+Y0]
Substitutions are again made for conciseness and ease of
future applications of the formula:

N\
X4 = Y4 =1

X3 = Y3 = 2fw + C + 2V2 AK'LL + F

X2 = Yy + V2:J3:ADK' = w? + 2twC

+ 2V2 AR'L<B+u> + {20 + C + 2V2 AK' L|F + v/2-J-ADK'
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Y, + V2:-J-ADK'<B + E>

l» = we C + 2V2 ABLK'u + 3«:2 + 28wC + 2V2 AK'L<B + u>%F

+ V2°JADK'<B + E>

= Yy + V2-JADK'BE

jw?C + 2V2 ABLK' u%F i V2-J-ADK'BE

Gy = & = V2-J:A DK'(s + B) (s + E)
Ne 54 + X353 + X252 + Xlsl + Xl)

4 The above expression is equivalent to the portion of the
network in Figure 9 to the right of summing junction B.

The total autopilot in Figure 9 is given by the follow-
! ing equation:

Therefore:

| - 2:J-ADGK' (s + H)(s + B) (s + E)
Nex (s + I)2(s% + X383 + Xp82 + X35 + Xo

The availability of the above formula is absolutely
essential in the investigation of the stability and response

of the autopilot. With the above expression in hand, it is

possible to determine how the autopilot will behave in the ,
kinematic loop (see Figure 8). To perform the analysis, the 3
following parametric values are applied to the previous

equation:
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K' = Yk = 85.05 )

g9
L k Obtained from Airframe
- = 0.07461 DEt2
U= 0.1 ,

<
A = 0.14
B =10
C =4
D =8
E =4
F =8 — :
Obtained from Fiqure B-2,

G = 19.6 Appendix B, Volume II
H = 2.5
I = 7
J = 57.3
L = 0.242

The terms K/, w, ¢, and § are taken from the airframe
analysis that was conducted in the previous subsection. The
upper case letter values (A through I) are obtained from
Figure B-2 (Appendix B, Volume II). J is the degree-to-
radian conversion factor.

Once reduced to numerical terms, the expression for the
autopilot is:

n_ _ (s + 2.5)(s + 4) (s + 10)(S~+ 40)

Nex (s + 7)2(s + 0.5)(s + 8.05) [(s + 5.75)2 + 7.25)
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The above expression contains three real roots and two complex
roots. _The complex roots result from the factor [(s + 5.75)%
+ 7.25”] and can be expressed in the following form:

s + 5.75 + 7.25

This form indicates that there are conjugate roots with
a real value of -5.75 and an imaginary value of +7.25j and

-7.253. The complex pair can also be expressed in the
following form:

s2 + 2rws + w2

The corresponding values of the damping rates, ¢, and
the natural frequence, w, are 0.65 and 9.2, respectively,
when the form s? + 2zws + w? is applied to [(s + 5.75)%

+ 7.25). 1In a system where [(s + 5.75)° + 7.252] is
dominant, the time constant = 1/w is 0.108 second, and the
response to a step function is characterized by an overshoot
of approximately 10 percent. Time constant and overshoot
performance are covered in Reference 8 (pages 20-40, Figure
14).

The expression for n/n.yx will be used as an input to the
following subsection, where analysis will be performed to
define the required guidance law for adequate missile course-
Keeping and course correction.

ANALYSIS OF VEHICLE CHARACTERISTICS—AUTOPILOT GAIN
VARIATIONS

The remainder of this subsection will examine the impact
of variation of the autopilot yains. There are two reasons
for this examination. The first is to make sure that slight
variations in the airframe and autopilot parameters do not
materially affect the guidance lal selection methodology.

The second is to determine whether slight variations in the
autopilot and airframe parameters could lead to improvements
in this overall performance of the guidance system.

In the following discussion, the root locus method is
used to examine the variations in autopilot and airframe
parameters that relate to Figure 9, Excellent e:xplanations
of these mcthods may be found in both Grabbe (Reference 9)
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and Truxal (Reference 10)
sists of a plot of the movement of the roots of the closed

loop of the transfer
the geometry of these plots:

° If the root is to
then the system is

e The reciprocal of
value) approximate
of the system.

° A system whose dom

that exceeds the imaginary value (J) usually ex-

hibits good respon

function as the loop gain is increased.
The following performance characteristics are

: in essence, the root locus con-

associated with

the left of the imaginary axis (a), 1
stahle.

the real part of the root (3
s the effective time constant

inant root has a real value (o)

se characteristics.

The open loop transfer function includes the elements é
within Loop 1 and is given by the following expression: 4
8. V2J-A(s ¢ B)(K')(2L) (s + )

ée J (S + C) ( Sv‘ -+ 22 g8 4+ J)P)

l

From the general form for the closed loop transfer func-
tion, G(s)/1 + G(s)H(s), the
is:

7 K (sl)(

2 s;)(s + 55) . - (s & 15

general expression for G(s)H(s)

o an + 1)
+ 54)(5 + 86) - (s + s2n)

» loop gain, =

By o (=
S.G(s)H(s) = K lq e 2n + 1
(gw " 1)(51 1 l) e (—§~ ! l)
57 Sq Son
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and when K = 0, the system is an open loop. For the inner
pitch loop:

= /2 JAK'“2L Bep _ g By _ g 10 x 0.14

AL K.

- e - R.—..._
J Cu2 C2 4 x (2.212)2 13.97

=N

If the baseline values mentioned in the previous sub-

section are entered in the equation, the following transfer
function results:

6 - 1 i (s + 10) (s + 0.14) B
6 I3.97 "|(s + 4)(s2 + 2-0.07961 2.212°s + 2.2122]

Figure 11 is a root locus of this simplified pitch loop
(inner loop of Figure 9).

The system has a real root at o = -4, complex roots at
(-0.16 + 2.2j), a zero at o = -0.14, and a zero at o = 10.
The complex roots combined with the zero at 0.14 represent
the angular rate response of the airframe to a ccntrol sur-
face deflection. The open loop system has a damping ratio of
0.075 and a time constant of 6 seconds for the settling
envelope and 0.5 second for this initial peak.?

Variations in loop gain are obtained by varying K,
which is achieved by changing electromechanical cains in the
electronic equipment on the missile.

Using the data previously defined to match the autopilot
data with that in Appendix B, Figure B-2, Volume II:

E = VvV2-:(0.14) (85.05)(2) (0.249) = 8.2

Note, therefore, in Figure 11, that as K is increased from 0,
the location of the open roots, roots r; and r;, moves along
path (a) until at K # 8.2 the autopilot in Appendix B is
represented. This occurs at r; = 6.065.

The significance of root locus time constants and their
relationship to system responses is discussed in Reference
9, pages 22-05.
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Note from Figure lla that the Rockwell airframe transfer
function is:

S
8 T
8. g \% , (2)(0.0721)s , 4
2. y

the Rockwell open loop airframe transfer function is:
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From

-
S

)2 (2) (0.0727) s

by o

=
il

8.147

the Rockwell airframe/servo transfer function is

-

L= (29 . \s *_
6 (s + 0.366) [!

V) (8 ¢ A4y -
s + 6.065)2 + 6.9052 ]

Tn the selection of an acceptable transfer function by
variation of K, as in Figure 11, a certain degree of compro-
mise is involved. For example, it is desirable to move ry
as far out as possible while keeping rj away from the origin,
since as o (rj3) increases, the system damping ratio increases.
Such a compromise has been attained at K = 8.147 where the
airframe has the following transfer function:

: P (0.295) (s + 0.14) (s + 10)
fe ' : 6.9052 ]

This value can be checked by referring Lo the equation
for G3, which corresponds to the closed loop transfer func-
tion of the pitch loop:

4
Z;)Sz 3 lel &t ZO

When the 2; values are calculated, as indicated earlier, and
placed in the equation, the denominator for the baseline
autopilot becomes:

n 2v2 J-AK(s + B) i
o s3 + 12.5 s? + 88.72 s + 30.94

Gy =

ik s S
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E'HJ Although the numerators of these transfer functions
: differ, the denominators are the same and serve as a check
1 , on the accuracy of the calculations to this point.

The preceding equation for 6/6. gives a time constant of
2.73 seconds and a damping ratio of 0.65 (8 percent overshoot
in response to a control surface command).

1 Figure 12 is a root locus of the acceleration lonp
(Loop 2). The roots and zeros from Figure 12 are added to
those in block 3 of Figure B-2. (The zero at 40 was found
to have a negligible effect on the aspects of performance
being reviewed here and was consequently omitted from these
1 calculations.) When the loop is closed (summing point B of
1 Figure B-2), the roots move as indicated (Reference 9). The
gains that correspond to real root values are shown on the

f ‘ attached gain curves.

ANALYSIS OF TRANSIT DYNAMICS

% i This subsection presents the results of the guidance law

E definition methodology effort. This effort employed the sur- L
4 vey information to assess practices in guidance law definition,
i followed by a linear analysis phase in which a portion of the

g methodology is demonstrated. This demonstration employs data
developed in the previous subsection.

Figure B-2 indicates a K value of 2.5, giving the follow-
ing closed loop transfer function:

(s + 10) (s + 4) (s + 40)
(s + 8.12) [(s + 5.75)2 + 7.252]) (s + 0.68)

¢ n g
t N

] The resulting transfer function of the system differs
3 little from that of the open loop. The time constant is re-
duced 1.5 seconds, and the damping ratio is 0.64.

The primary variables applied to this analysis are line-
«f-sight (LOS), LOS rate, and LOS acceleration. This was
done to make the concept compatible with the terminal guid-
ance mode. LOS and its derivatives, used in the midcourse
guidance phase, will be derived from offset reference data.
; As is indicated in Figure 13, division by R’ will produce the
3 desired synthetic LOS data.
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The relationship of the guidance law, the material devel=-
oped in the previous subsection, and flight kinematics is
shown in Figure 13.

i

The diagram illustrates the response of the missile to
distrubances and corrective commands. Disturbances (lateral
motions of target or missile) enter the loop at the summing
junction. The missile interprets them as anqular offsets.
The guidance law converts them to acceleration commands (n.).
The autopilot and airframe convert these to a flight path
turning rate (y). This results in a variation of the missile

flight path (y), and ultimately a correction of the aimpoint
(6x) .

The central issue of guidance law may be summarized in
the following question: "How does one define a guidance law
so that the above steps occur in an orderly and controlled
manner?" The material that has been developed in this sec-
tion provides a basis for addressing this question in terms
that relate specifically to AFBGW. This subsection is de-

voted to developing two alternative guidance laws that satisfy
this question,

ANALYSIS OF TRANSIT DYNAMICS—METHODOLOGY SURVEY

During the survey, an attempt was made to assess the
status of guidance system design practice and to evaluate
results. Performance records of actual guidance mechaniza-
tions involving missile systems that employ strapdown sensors
were unavailable because of their proprietary nature. Space
and terrestrial systems were reviewed, however, that gave some
indication of the types of problems that may be encountered
in design and operation. The approach used in guidance law
synthesis was found to be fairly uniform for all applications
reviewed. The following sequence shows representative guid-
ance law synthesis methodology:

1.* Reduction of the guidance loop to literal form in
three major axes.

2.* Root locus analysis.

These items are demonstrated subsequently in this section.
The remaining six items are normally part of an in-depth
engineering design and are beyond the scope of this study.
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3.* Bode plot, Nygquist, Nichols analysis for special
features.

4.* Describing function and phase plane analysis to
account for fast nonlinearities (nonlinecarities

that cannot be compensated by gain variation in
real time) .

54 Reduction of cross-coupling loops to literal form
and application of Steps 2 to 4.

6. Approximation of major loops with scecond-order
systems and setting of the computation rate at
10 times the effective time constant of the
equivalent system.

7. Optimization of the system for the disturbances
it will experience.

8. Performance analysis.
9. Simulation in increasing degrees of freedom.
10. Hybrid simulation that includes L wdware.

The preceding comments relate to linear systems and their
control. Nonlinear techniques were also reviewed, and their
application was found appropriate under the followina condi-
tions: (1) the vehicle and its control system have a com-
bined frequency response that exceeds the disturbance spec-
trum cutoff by a factor of five or more; and (2) extensive
resources are available for the simulation and test associ-
ated with the experimental verification of stability and
response. Since the above conditions seem to impose stringent
constraints on program resources and operational flexibility,

this study emphasized linear synthesis by root locus proce-
dure.

In general, the configuration defined by root locus
analysis constitutes an upper performance limit for any sys-
tem. Cross-coupling, nonlinearities, and system dead zones
tend to cause instability. Gains set to give equivalent
damping ratios of 0.1 to 0.25 in Step 2 above often result
in instability in Steps 9 or 10.

These items are demonstrated subsequently in this section.
The remaining six items are normally part of an in-depth
engineering design and are beyond the scope of this study.
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The data rate for a digital system may be safely set at
10 times the equivalent second-order system or 10 times the
highest lead term, whichever is greater. A ratio of 10:1
approximates a continuous system with sufficient fidelity to
obviate Step 7, above. Ratios between 5 and 10 often result
in the need for close examination of the sample data aspects

of the system. When the ratio drops to 3, system performance
is usually marginal.

Of the systems reviewed in which substantive performance
data were obtained, one of the most interesting was the
MARK 30 target torpedo. The system employs three rate gyro-
scopes with a velocity sensor in the dead reckoning mode.
It employs an inertial reference to close the vertical accel-
erometer loop. The system employs a second-order Runge-Kutta
direction cosine algorithm. The system was designed for an
Omega update, but this feature has not been implemented.

The following general rules of thumb were advocated by
system designers who were interviewed:

® Maintain a minimum time constant of 7 = 0.5 for
Mach 0.6 to 1.6 missiles to keep dynamic lag from
contributing to terminal error.

° Maintain a 30-degree positive phase margin in the
rigid body linear analysis to assure adequate
margin when nonlinearities and body bending modes
are examined.

° Maintain a 6-db position gain margin for the same
reasons.
. Keep overshoot in response to a step input below

25 percent—damping ratios (r) greater than 0.4
(see Figures 14 and 15).

ANALYSIS OF TRANSIT DYNAMICS—LINEAR ANALYSIS FOR STABILITY

This subsection first develops the effect of alternative
guidance laws on the performance of the guidance loop, using
the transfer function previously defined to be compatible
with the current AFBGW autopilot. This is followed by an ex-

amination of the effect of varying the feedback gains of the
autopilot.
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and Time Response for G(s) = K(s2 + 27us + w<)
C (References 10, Pages 20-40)
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Guidance Law Derivation Using the Baseline Autopilot

Referring to Figure 13, the problem of juidance law
derivation may be reduced to a feedback compensation exercise.
The guidance law is of the form n. = f(L0OS), where f(LOS) can
be of the form k"s? + k's + k. Tt is desired to close the
kinematic locp around the §x output so that the errors in the
system can be cancelled. This can be done by introducing a
gain k in the loop. The observed position error indication
0x is then nulled by a signal proportional to the uncorrected
error. However, with practical autopilots, it is very diffi-
cult to maintain a stable system with LOS error feedback
(Reference 11).

The problem is illustrated in Figure 16, The missile
control system, corresponding to Figure 9, is placed in the
autopilot/airframe box of the kinematic loop of Figure 13.
All of the roots of the transfecr functions within the 1lonop
are plotted on Fiqure 16.

The roots at the oriqin, r;, and ryg, result from the
kinematics of the loop of Figure 13 (g/v, 1/s, V, 1/8). The
rooES At -§.42 (rg) amd =575 ¢+ 7.2%] (rj, a3) ard & pPant O
the airframe/autopilot transfer function that was displayed
in Figure 12. The roots at -7(ry, r7) are also 3 part of the
autopilot. Autopilot zeros occur at -2.5, -4.4, -10 (Z;, 2,5,
Z3) and at 40 (not shown).

The above roots are the open loop roots or roots for

K = 0. (The significance of K is discussed in detail in the
subsection Vehicle Characteristics—Autopilot Gain Variations.
As K is increased in value, a locus path occurs to the right
of the w axis. This is indicative of unconditional instabil-
ity (Reference 8, pages 21-46). One method of correcting this
instability is to introduce lead in the form of LOS rate feed-
back. 1In supplying angular rate fecdback (LOS rate feedback),
there are two conditions that must be met. The L0OS rate must
be an observable physical quantity, and it must be of ade-
quate quality (sufficient signal-to-noise ratio). Angular
rate must be observable as a physical phenomenon, and it must
be sufficiently noise free to provide accurate performance.

An observable signal of quality is provided, and a guid-
ance law of the type (LOS)K' may be introduced; the result is
shown in Figure 17. There are two problems with the system
represented by Figure 17. First, since it is a pure (LOS)
system, K' has some finite value, and K is equal to zero,
there will be some finite angular error, which will grow as
the flight proceeds. To correct this problem would require
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providing a (k's + k) expression in the quidance law of
Figure 13. This would displace the root locus as illustrated

qualitatively in Figure 17, resulting in a reduced stability
margin.

This leads to the second problem: The ri; branch in
Figure 17 indicates a lack of good response in its present
form. As soon as the r; branch leaves the o axis, its damp-
ing characteristics become very poor. It will never achieve
an overall response time constant greater than 4 seconds.
Adding k feedback would make the situation worse by driving
the r; branch in the direction of the w axis more quickly.

One conceivable alternative to this problem is to sub-
stitute a k" compensation_ in the loop; that is, a guidance
law of the form n = k" (LOS). The root locus of a k" guid-
ance system is shown in Figure 18. At a K of 500, the system
has a time constant of 1.0. The dominant root is on the real
axis, so there will be no overshoot in the response of the
system to LOS correction commands. The complex root system
originating at r); will have a secondary impact on step func-
tion response. At a K of 500, the system will have a damping
ratio of 0.3. This will result in a 30 percent deviation
from the first-order lag responsc¢ line governed by the rj3
root branch. '

The k" system, while mathematically sound, is probably
not practical for this application, since LOS is not an ob-
servable quantity. This is not an insurmountable obstacle
because the guidance loops being discussed are synthetic
loops. The system is not faced with stringent real-time
response requirements. Since the objective is merely to
transport the vehicle from one position to another, LOS
values can be synthesized or derived rather than measured.
Note that the above system will have a drift proportional to
the square of flight time, since there is no angle or angle
rate reference. The resulting position errors can be
corrected by discrete inputs during the midcourse guidance
phase.

Guidance Law Derivation With Autopilot Variation

The detailed investigation of the above procedure indi-
cates that the resulting mechanization will be unduly cumber-
some; consequently, an alternative approach is presented in
the following paragraphs, in which feedback gains of the
autopilot are varied.
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The autopilot root locus (Figure 12) was examined to

:,; assess the impact of acceleration feedback variation. A gain
jﬁﬁ adjustment from 5.9 to 39 was first examined. This resulted
3 [ in the following closed loop transfer function: '

(s + 2.5) (s + 4)(5 + 10) (s + 40)
(s + Dl(s + 57

+ 9%)[is + 8.5)(s + 1?)

3 . The corresponding AFBGW acceleration root locus was examined
for the following guidance law:

ne = (LOS)k'

The result is shown in Figure 19 as a function of variable
guidance gain k’. The system is superior in performance to
the best of the systems that employ the original autopilot
transfer function (using angular acceleration compensation,
Figure 18).

Rl

3 The system of Figure 19 gives the best mix of time con-
- stant and overshoot when the effective feedback gain is set

3 at K = 2000. The time constant is 0.40 second, and the damp-
ing ratio for the governing root is 0.89 (resulting in a step
function overshoot of less than 1 percent. The secondary root
branch (rz) is critically damped at K = 2000, and the non-
critical tertiary root (r3) has a damping ratio of 0.62.
Neither r; nor r; has a material impact on system response or
stability. The above system could be used for terminal as
well as midcourse guidance, since a time constant of 0.4
effectively eliminates dynamic lag as a terminal error

source (Reference 12). One major deficiency in the system of
Figure 19 is its lack of a k term in the guidance law, which
E would result in angular errors being uncorrected.

R

ok et

Figure 20 shows the impact of implementing a guidance law
of the following form:

n==%k'3d+ ko = (k's + k)o

Choosing K to counteract the effect of the roots at the origin
. while retaining adequate corrective capability:
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This resulted in an acceptable syvstem identificd as:

(s + 2.5)(s + 10) (s + 4) (s + 40) (s + 0.5) _
[(s + 2)2 +1.2°][(s + 4)2 + 4.4%2) (s + 6)2 + 7.0%)(s + 8.0)

This guidance law will provide position correction. It will

also give adequate response and stability. The governing
parameters are:

° Governing time constant = 0.5 second
° Governing root damping ratio - 0.84
° Secondary root r; damping ratio - 0.64,

It should be noted that, for operations typical of the AFBGW,
an autopilot with a long time constant (e.g., >l second)
precludes an effective, simply formulated guidance system
that is also highly accurate. An autopilot with a short time
constant (e.g., <0.5 second) is compatible with a simply
formulated guidance law.

It should be emphasized that guidance law formulation
may not be the primary factor in definition of the autopilot
requirement for this application. For this air-to-surface
missile, the guidance law is merely a convenience in the
transportation of the missile from launch point to terminal
acquisition point. The autopilot must, of course, be com-
patible with this function. It must also provide adequate
terminal accuracy; it must assure economical management of
kinetic energy to maximize range; and it must possess suffi-
cient dynamic response flexibility in trajectory shaping to
assure the military utility of the weapon.

The above considerations may make the autopilot that was
derived in this section undesirable. If so, there are other
alternatives. For example, if a very simple pursuit guidance
law is desired, the Boeing virtual target steering method
can be used. (This method is discussed in Appendix A,

Volume II.) It allows great simplicity in guidance law
formulation, but requires a digital computer capability to
formulate virtual target trajectories. If this constraint is
to be avoided and an autopilot with a short time constant is
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considered otherwise desirable, its use can materially sim-
plify the formulation of a guidance law.

ANALYSIS OF TRANSIT DYNAMICS—SLOW NONLINEARITIES

Up to this point in the analysis, the effect of variation
of range with flight time has not been discussed. The most
significant effect of this variation is that the kinematic
loop of Figure 13 cannot be linearized in the general case
because range (1/R) appears as a variable factor in the loop.
As the (velocity) x (missile time constant) produce (V x 7)
becomes significant compared to the range remaining, the
loop begins to develop slow nonlinearity (that is, a change
in dynamics that is slow compared to the time constant of the
system and which may be corrected by gain variation).

An examination of Figure 13 indicates that it contains
previously defined flight parameters, the autopilot/airframe
system, and the navigation function. The complete autopilot/
airframe system has been closely approximated in an earlier
subsection by the following:

s (s + 2.5)(s + 4) (s + 10) (s + 40)
(s + 7)2(s + 0.68) (s + 8.12) [(s + 5.75)2 + 7.252]

Ne

and typical guidance laws were defined including the follow-
ing forms:

tosy = k1 s+ ka

k" s2 + k!'s + k

The k", K', and k values in general should be functions
of R and R. However, traditional guidance law practice in-
volves the use of k", k!, and k as constants. This approach
has its origin in the design applications where range data
are not available and compromises have been required. The
problem is illustrated by a root locus plot of an undersea
system (Figure 21) which shows the variation of performance
of a system as the range to target decreases. The general
transfer function of this system is approximated by the follow-
ing expression:
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by _ g(Ky s + Kj)

bx  R(s?) [(s + 0.36)2 + 0.522] + g(k; s + K,)

This results in a time constant of 50 seconds. As the weapon
moves in from 15,000 feet and begins to close on the target,
the time constant increases. At a range of almost a mile
(about 4,200 feet), the weapon is virtually committed-—the
time to go is less than the time constant.

One would intuitively expect that the time constant would
decrease at longer ranges, since it increases at shorter u
ranges. This, in fact, is not the case. Figure 21 shows
that the governing root intersects the real axis at 15,000

feet. At prior ranges, its time constant was smaller than at
15,000 feet.

Thus, with angle data only, there is a very slow response i
at very long range, an increasingly fast response to some
intermediate range, and a slowing response as the missile
closes on its target.

The above arrangement is not acceptable, even for an
air-to-surface system with a slow moving target. It would be
desirable to adjust the weapon autopilot gain to maintain a 4
time constant in the region of 0.5 second and thus to ensure 1
an effectively responsive weapon. :

It is, therefore, illustrated that, for the system under
discucsion, further improvement could be achieved by changing
gain with range. This would have the effect of assuring
operation at the design point for all ranges, and would allow
the fastest available response for a given autopilot design.
It would also result in a large part of the error correction
being made at long range. Systems with fixed gains (un-
stabilized k", k', and k) have to increasingly mancuver at
high load factors to make corrections as the end of the flight
approaches. This can result in control surface saturation,

premature loss of missile kinetic energy, and unstable per-
formance.

Note that a knowledge of range rate does not appreciably
improve the situation except in cases in which rapidly moving
targets require advance knowledge of future range.
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ANALYSIS OF TRANSIT DYNAMICS—FAST NONLINEARITIES
Hﬁ (DESCRIBING FUNCTIONS) (REFERENCE 13)

i tataa s

System nonlinearities are considered fast if they cause
l} dynamic changes that cannot be compensated by gain adjustments.
| In real time, saturation is the principal fast nonlinearity in
! the kinematic loop of the AFBGW. The effect of saturation is
conveniently analyzed by use of its describing function (the
ratio of the fundamental of the loop response to a sinusoidal
input signal) (Reference 8).

s el B

The equation of the describing function of saturation is:

)
x
ST

S S S
.o~1 o Q0 =1 So
sin P CcOs | sin et
( LS [ \M(,x])

where S, is input limit of linear operation, |Ms| is input
magnitude, and K, is system gain under linear operation.

} The describing function approach is effective in making
E 3 a qualitative assessment of performance impact in the fre-

§ quency domain. The approach is not an exact method, and no
1 analyst has made a rigorous evaluation of its accuracy. The
| technique is usually assumed to yield results with an

accuracy of about 20 percent, however.

A plot for the AFBGW of the describing function for
saturation is given in Figure 22. The result of exceceding
the saturation limit by a factor of two is indicated by the
revised root positions shown as p;, gy, and p3. The result
is an increase of time constant from 0.5 second to 1 second.

i No increase in frequency response is indicated by this
3 ) analysis. ‘

ANALYSIS OF TRANSIT DYNAMICS—FEFFECT OF SAMPLING RATE
(REFERENCE 14)

Although it has been tacitly assumed to this point that
all data are continuous, this, in fact, i3 not the case. The

. AFBGW control system may have to operate with sample data in-
3 i puts. If the data rate is less than three times the AFBGW

: natural frequency, a detrimental performance effect will be
- experienced.

: To examine the problem, a Bode Plot of the selected con-
L cept is shown (Figure 23). The plot shows a 5.00~db gain

+
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margin for a continuous system, which corresponds to the root
locus plot of Figure 20. The curves also show the effect of
decreasing the sampling rate to the point where a continuous
system is no longer approximated. At 10 samples per second,
there is almost no change in the gain margin. However, when
the sampling rate is dropped to 3.0 samples per second, the
gain margin drops to about 3.5 db. This situation is con-
sidered borderline, and is characterized by an overshoot to
command response of about 50 percent. The frequency re- ¢
sponse is magnified by about 6 db, and the time constant of
the loop is beginning to be adversely affected.

SUMMARY

A guidance law methodologyy was developed that involved
extensive use of root locus synthesis to assess the response
of the vehicle to corrective commands. It included an eval-
uation of such nonlinearities as range variation, saturation,
and digitization.

This section resulted in the definition of two guidance
laws that could be applied to the AFBGW/short range vehicle.
Both would provide adequate terminal accuracy and maneuver-
ing flexibkility. One was suitable for use with the stipulated
AFBGW/short range autopilot. The other required some gain
adjustments to reduce the time constant. The use of the Boeing
virtual target steering approach was also discussed. The
effect of nonlinearities and sampling rate on the performance
of a candidate guidance law was also investigated. '
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LIST OF 5YMBOILS

SYMBOL DEFINITION
A-1 Parameters associated with the accelera-
tion autopilot loop.
a f,g.
b famg + fFgmy = fFami.
c Fomg ~ fame .
Dy Denominator ot the open loop transfer
function of the pitch loop {n/0.}.
Dy Denominator of the open loop transfer
function for the lateral acceleration
loop {n/n.!}.
d Missiie diameter.
e mg - f£s + mh.
fo Normalized side force resulting from
angle of attack.
£ Normalized side force resulting from a
control surfate deflection.
Gg Sinusoidal input in describing function
analysis.
Gy, Gy Transfer functions in block diagram re-
duction.
Gy Open loop transfer function of the pitch
loop {n/f.}.
G, Feedback-transfer function of the pitch
loop {n/f_}.
Gy Closed loop transfer function of the
pitch loop {n/§.}.
Gy Closed loop transfer function for the

lateral acceleration loop {n/n¢}.
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LIST OF SYMBOLS (CONTINUED)

SYMBOL DEFINITION

g Gravitational acceleration constant.

h my + mif,.

Iyy Missile moment of inertia about the
pitch or yaw.

il famy - mg - f,m§.

J Radian to degree conversion (57.3).

j Imaginary part of transfer function
roots.

K Equivalent airframe gain relating normal
acceleration to control surface deflec-
tion.

K, System cgain under linear operation in
describing function analysis.

\'

K’ - K.
g

K Gain constant when transfer function is
of the form G(s) = K/s + s,.

K Root locus gain constant when transfer
function is of the form:

G(s) = _s....._IS_.._.
— + 1
52
K1, Kj Gain constants in block diagram reduc-
tion examples.

k Gain constant for guidance law using
correction signals proportioral to the
error in LOS.

k! Gain constant for guidance law using

correction signals proportional to the
error in LOS.







'Ni LIST OF SYMBOLS (CONTINUED)

- SYMBOL DEFINITION
] Nex Externally commanded missile normal
! acceleration,
hg Difference between conditioned externally

commanded missile normal acceleration and

current missile normal acceleration.
q Dynamic pressure 1/2pV2. ?ﬁ
f 4
] R Range.
| r1, Y2, Fa Indicate specific roots on the root

locus plots.

if- 5 Missile reference area (body cross- i
E ! sectional area). .
; 8o Largest input magnitude that will result

in a linear output in describing function
E analysis of the saturation effect.
1
3 S The Laplace operator. Indicates the

operation d/dt on any variable associ-
ated with it. Its inverse indicates
integration. Powers of s indicate orders
of differentiation. To designate
specific values in this text, subscripts
of s have been used; even values indi-
cate roots, odd values indicate zeros.

Missile velocity.

P e

Changes in flight path reference.

Linear displacement of the missile aim-
point from the desired aimpoint.

Missile weight.
= 3) Composite denominator coefficients for - f

the closed loop transfer function of the 3
lateral acceleration loop. I
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LIST OF SYMBOLS (CONCLUDED)

SYMBOL

Yi(i =0 to i = 3)

Zi(i - 0 to i ~ 3)

Do
Q

De
m

u

Pre P, Pj3

Dots (~f

DEFINITTON

Composite denominator coefficients for
the open loop transfer function of the
lateral acceleration loop {n/n.}.

Composite denominator coefficients for
the closed loop transfer function of the
pitch loop in/0,. = G3}.

Orientation of missile velocity vector
with reference axis.

Control surface deflection.

4

Ef fective control surface deflection.
q $D2/2 VI.

Damping ratio.

qS/mvV.

Missile angular orientation.

-

Equivalent commanded missile angular
rate (pitch or yaw).

Difference between equivalent commanded
missile angular rate and current missile
angular rate.

Accelerativon-angular rate lead frequency.

gsd/1I.

Indicates specific roots on the root
locus plot.

Indicates the real axis on a root locus
plot.

Frequency.
Dots above a variable indicate time

differentiation. The number of dots in-
dicate the order of differentiation.
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SECTION V

ERROR PROPAGATION

Missile navigation is defined as the process of determin-

ing position; gquidance is the process of using navigation data
to steer the vehicle to its objective. ‘

The previous section discussed the guidance analysis.

The balance of this report is concerned with the accuracy of
navigation.

In this section, error propagation is examined as follows:

) The design requirements that govern the magnitude
of error forcing functions are stated.

° The equations that relate error forcing functions
to system errors are derived.

o System position and level errors are calculated as
a function of time.

° The significance of the form of system position
error histories in the use of auxiliary sensors
is discussed.

° The significance of computational errors in a
strapdown mechanization is examined.

INERTIAL SYSTEM DESIGN REQUIREMENTS

Inertial requirements for AFBGW and RACG are established
by two factors: navigation accuracy and auxiliary sensor
datum needs.

In this context, navigation accuracy refers to the
ability to determine horizontal position. Auxiliary sensor
datum needs refer to altitude, velocity, and attitude refer-
ence parameters that are vital to the orderly operation of
update sensors. For example, RACG requires an accurate
vertical reference; the Global Positioning System (GPS) may
require a velocity reference for counter-countermeasure
operations; the doppler radar requires an independent head-
ing reference; and terrain elevation correlation requires a
means to measure distance between elevation sample points.
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Navigation accuracy for the AFBGW/RACG concept depends
on update acquisition capability. Target midcourse accuracy
of 3,000 feet is required to assure adequate acquisition capa-
bility for the RACG correlator. 1In this study, it is assumed
that the AFBGW must reach the 3,000-foot acquisition envelope
with a 95 percent confidence level (i.e., 3,000 feet is a 20
number. (Note that inertial component parameters are normally
quoted in lo figqures defining a 62 percent confidence level.)

b

RACG requires a very accurate level reference; conse-
i : quently, emphasis must be given to the propagation of both
' position and level errors. The required baseline level

, accuracy for this study is 0.3 degree (10) (Reference 15).

E The AFBGW/RACG performance objectives for the inertial
i ¥ system are shown in Table 22, as defined by Lockheed (Refer-
ence 15). Three classes of error sources are listed: those

caused by gyroscope imperfections, those caused by accelerom-
eter imperfections, and those caused by failure to initialize
the navigation system adequately.

Gyroscope imperfections are the result of gradients in

F 3 magnetic field and temperature that cause variations in the

i physical properties of critical components and parameters.
These result in a drift of the output axis of the instrument.
The day-to-day bias is a prime measure of instrument quality
and is, in fact, a valid estimate of the drift rate to be ex-
pected 24 hours after calibration. Random drift is the drift
] that remains after thorough calibration. Mass imbalance

1 error depends upon the intensity of the gravitational field

1 in which the instrument is operated and is closely related

to vehicle load factors. Electromechanical and laser gyro-
scopes differ in their sensitivity to error forcing functions.

For example, input axis variation due to random drift and
mass unbalance are not applicable to ring laser gyroscope
systems, but conventional (electromechanical) gyroscopes are
affected by these error forcing functions in a strapdown
application.

The accelerometer performance required by the parameters
listed in Table 22 are of somewhat higher quality than the
E gyroscopes. Consequently, the total system position error is
E ) not greatly influenced by the accelerometer parameters.
y Alignment performance and level accuracy are the primary fac-
tors in the selection of a relatively high-grade accelerometer,

The initialization errors are determined by the accuracy
of the reference sensor data and the effectiveness of the

1. Sl




TABLE 22. AFBGW/RACG PERFORMANCE OBJLCTIVES
FOR INERTIAL SENSORS

PARAMETER

Gyroscope
Day-to-Day bias
Random Drift*—OQutput
Axis Variation (OAV)

Random Drift*—Input
Axis Variation (IAV)

Mass Unblanace

Accelerometer

Bias Stability
Random Bias

Scale Factor

Initialization

Azimuth

Velocity

Position

Level

CURRENT
RACG

*
10-minute drift.

2 degrees/
hour

0.2 degree/
hour

0.3 degree/
hour

2 degrees/
hour/qg

2 x 1074 ¢
3 x 1075 g

0.04 percent

2.0
milliradians

2.0 feet/
second

1,500 feet

1 minute

PROJECTED

1.0 to 0.5
degree/hour

0.1 degree/
hour

0.1 degree/
hour

1 degree/
hour 4 g

2 x 104 g
3 x10°° g

0.04 percent

2.0
milliradians

2.0 feet/
second

1,500 feet

1 minute




i

transfer process. The tabulated valucs reprosent the level of
quality of an A-7 aircraft platform (AN/ASN 90).

DERIVATION OF ERROR LEQIUATTIONS

The error equations relevant to AFBGW systen performance
are shown in Table 23. These eqguations assume a local verti-
cal inertial mechanization, which can be attained either by
use of a platform or by equivalent strapdown computation. A
block diagram corresponding to a single channel representa-
tion of the system is shown below the table. 7This diagram
represcents the familiar Schuler loop with an 84-minute period.
The sine and cosine functions prominent in the table retlect
this characteristic oscillation. While Broxmeyer is cited
as a reference, Leondes, Fernandez and MacComber, Parvin,
and others all give adequate explanations of these and other
error sources (see References).

The error sensitivity coefficients given in Table 23 re-
sult from a single-axis model. FError coupling lerms also
appear, but these are only applicable to a full three-
dimensional analysis. Azimuth gyroscope drift may be omitted
because of the short flight duration.

Table 24 shows the error sensitivity polynomial approxi-
mation, which may be used effectively for flights of 20
minutes or less. These expressions can be useful in short
flights because error expressions are easier to model.:

CALCULATION OF SYSTEM PERFORMANCE ERRORS AS A FUNCTION OF
TIME

I1f values from Table 22 are combined with the equations

from Tables 23 and 24, and time (t) is taken as an independent

variable, an error propagation history can be developaed,

This error propagation nistory is shown in Figure 24 for
typical mission parameters. [light times are approximated at
4 and 10 minutes for the shortTrange .and long range versions,
respectively. The resulting error is déte{miiig from the
root sum square (rss) combination of the constituents. No
confidence level (lo, 20, etc.) is designated; howsver, the
input and the result must correspond in confidence level.

1.3%
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Figure 24. Position Errors as a Function
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POSTITION ERROR HISTORILDIS AND THE USD ¢ AUNTLIARY SENSORS

Figure 24 suggests the combination ol measurements to
obtain a synergistic reduction o/ syster errors, which is em-
phasized by plotting avroscope drifl and initial azimuth on
a linear scale (Fiqure 25). The result shows that, in the
first 100 seconds of flight, gvioscope drift results in little
error. However, as the fliaght precceeds, gyvroscope drift be-
comes an overwhelming source of orror compared to azimuth
misalignment,

Consider a hypothetical aided system with a local verti-
cal capability and a velocity refqrence. The local vertical
system is based on a l-degrec/hoar gyroscope, and the velocity
reference has a 2-foot/second ervoer. The system error gener-
ated by the velocity reference is coincidentally exactly equal
to the error agenerated by a 2-milliradian initial azimuth
misalignment. ‘

A classical problem in the combination of sensors in-
volves minimizing systen crror. Tdeally, it is possible to
calibrate the velocity refcecrence during the first 100 seconds
Qf flight. If the systematic biaseg exhibited during this
time are stable, then the system error can be reduced in pro-
portion to the gyroscope error at 100 scconds. The system can

be reduced in proportion to the gyroscope error at 100 seconds.

The system can use velocity dead reckoning during the last 400
seconds of the flight, and position errors will propagate
along line (a). This will result in a velocity error of

0.050 foot/second, or a final position error of 150 feet.

Under practical operating conditions, complete error
stability cannot be ensured. Usually, some cyclic error is
associated with the bias from any error sourcc. Assume that
the position error generated by the velocity cyclic error is
represented by curve (b). TIf the velocity sensor is cali-
brated at 100 seconds, dead reckoning position error propaga-
tion will proceed along line (c). Then, realistically, a
400~-foot error could be expected at the end ot 400 seconds.
This is a great improvement over the 1,500-foot error expected
from the gyroscope reference. 1t is also better tnan the 800-
foot error expected from an uncalibrated velocity reference
error.

In synergistic mechanisms, it is important to note that
the critical factors in final system error are the stability
of the velocity error and the ability to define the cyclic
process rather than the original magnitude of the velocity
error. The conventional ard Kalman processes discussed below
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At Mach 1.0 (~1,000 feet/second), the same cross course
error propagation is produced by a l-milliradian initial
azimuth error as is produced by a 1-foot/second velocity
error.

Figure 25. Position Errors as a Function of Gyroscope
Drift and Initial Azimuth Error
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that apply this principle are analogous but involve more
sophisticated mathematical procedures (Reference 18).

LEVEL ERROR ANALYSIS

The RACG system requires the inertial navigation system
to supply an accurate vertical reference (or horizontal level
datum). The relationship between sensor error parameters and
vertical reference accuracy is shown in Figure 26. The curve
shows that an accuracy of 3 milliradians can be maintained
for the 600 seconds required of the AFBGW/long range.

/ COMPUTATIONAL ERRORS IN A STRAPDOWN SYSTEM

e
el

e el

The AFBGW/RACG system will employ a strapdown inertial
navigation mechanization. Because of exposure to high angu-
lar rates and angular accelerations, strapdown sensors are
subject to errors not experienced by conventional (gimballed)
platforms. The magnitude of these errors is influenced by
the character of the algorithm used in coordinate conversion
and by the computational rate of the coordinate conversion
computer program. Table 25 identifies typical error sources
in terms of computational rate. Also noted are the types
and magnitudes of motion resulting in the error forcing
functions. The body of the table lists the formulas used to
determine gyroscope drift caused by inadequate computational
rate and missile motions. Figure 27 indicates the magnitude
of gyroscope drift as a function of computational rate for
three types of angular integration algorithms. The curves
show that gyroscope drift resulting from environmental dis-
turbances can be made negligible if sufficient computer re-
sources are used. The material used in Table 25 and Figure
27 was developed from data provided by Sperry Gyroscope
Company and a paper by J.J. Sullivan (Reference 19) on strap-
down errors. Further data on strapdown systems and their
computational requirements appears in Appendix C.

SUMMARY

This section has related the design characteristics and
preflight conditioning standards to operational performance
for gyroscopes and inertial platforms. The section starts
with a statement of inertial specifications for AFBGW navi-
gation., It then derives the error equations that relate
sensor and platform specifications to navigation accuracy.
The equations reflect the cruise glide trajectory of the
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of the AFBGW but otherwise can be applied generally to all
inertial navigation situations.

Calculation of system errors consists of applying the
specifications parameters to the error equations to produce
error time histories. This concludes the explicit assessment
of error propagation.

The balance of the section is devoted to a discussion of
error propagation and its relationship to updating, level
error analysis, and a discussion of computational errors.

The section establishes the single axis error for the 10~
minute long-range flight as 6,000 feet. It also establishes
the single axis error for the 4-minute short-range flight as
600 feet. (All axis errors are 1.66 times the single axis
error.) The section also shows the way in which a knowledge
of error propagation profiles can be helpful in developing
aiding approaches. A level error of 3 milliradians after 10
minutes of fiight is established; also established are com-
putational procedures that will avoid the gross errors that
can result from the lack of isolation characteristic of the
strapdown approaches.

This study has not addressed the effects of Scorsby or

coning motion which may be induced into the AFBGW environment
by limit cycles induced by the airframe/autopilot combination.
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LIST OF SYMBOLS

DEFINITION

Amplitude of missile oscillation.

Accelerometer scale factor error.

Number of calculations per second.

Gyroscope drift rate (g insensitive).

Gyroscope drift rate (g sensitive).

Angular quantization level (arc second).

SYMBOIL,
A
a Accelerometer bias.,
S, Computational rate of algorithm.
g Gravitational constant.
K
N
n Number of bits in computer word.
R Earth radius.
t Time.
\Y Vehicle velocity.
Vs, Initial vehicle velocity.
-8
8!
A Schuler frequency.
tq Initial level error.
A
Vo Initial azimuth error.
§

Missile angular rate (degree/second) .

Frequency of missile oscillation (cps).

b
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SECTION VI

ALIGNMENT AND INITIALIZATION

INTRODUCTION

This portion of the study involves the identification and
evaluation of current methods for airborne alignment and
initialization of strapdown and gimballed low-cost platforms.
These functions may be performed in the following ways:

At base prior to takeoff without the use of air-
craft equipment.

While the missile is attached to the aircraft,
using aircraft equipment as the primary source
of reference data.

After missile launch, using onboard missile
guidance and navigation equipment.

Each of the above methods has its advantages and disadvantages;
they will be discussed in detail further in this section.

Alternative alignment and initialization methods are pre-
sented in Table 26 and are discussed in detail in this section
under the following headings:

Leveling and alignment

= Gyrocompassing

- Transfer alignment-—parameter matching

- Discrete fixtaking alignment

Initialization

- .Missile gyroscope and accelerometer cali-
bration

- Initialization of missile position and
velocity

- Transfer of update sensor data to missile

- Prelaunch environmental conditioning of

sensors and support equipment.
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1 w TABLE 26. ALTERNATIVE ALIGNMENT 2
4 Function Alternative Approach
&
¢ Alignment J
X l.eveling and azimuth alignment Gyrocompassing and self-level with Missile can
i missile sensors aireraft equil
o - o
1
o :
L. ] ]
- 3 ] 3
Parameter matching High speed i
3 Allocotes eq
launch airel
Eliminates |
Successive discrete fixes by RACG Requirces o
aireraft se!
Initialization
Missile gyvro and accelerometer NMateling to aircraft sensor Dighly relia
calibration No stringen
ments
Modulation, Modelling of environ= Perl‘ox'man‘
ment reference s
L
Successive discrete fixes by RACG Full alignm
to align and calibrate sensors supporting
g
A Imtialization ol missile position Transler [rom master inertial Simple, dipg
and velocity navigator
Successive discrete lixes by Very accurg
k RACG /
g
| Arding devices in the aiveraft Best mix o
i emyloying prelaunch velocity cor= can give co
. ~ s
: rection and position update, GPS, 4
: ground mapping, radar fixes, radio
navaids, visual {ix may be applied
Transfer of update sensor data Transfer to missile at base No aircrafti
to missile update sensi
4
Transfer from missile to Target sele
. aircraft
Ability to p
captive flig
i initializatig
i ‘:_
g Prelaunch environmental con= Environmentally immune No launch
K ditioning of sensors and support sensors (operate from ~15 e
3 equipment to 180°F)
Heated sensors with a limited Decreased |
A tolerance to temperature level -
change s




VE ALIGNMENT AND INITIALIZATION APPROACHES

evel with

Viron-

Advantages

Disadvantages

Missile can function without high cost
aireralt equipment

Iligh speed

\locates equipment requirements to
launch aircraft

Eliminates missile ‘aiveraft interfuce

Requires onlv missile cquipment, no
aireraft sensors cmploved

Highly reliable, sinple procedure,
No stringent computational reqiire-
ments

Performance nat dependent upon
reference sensors

Full alignment / calibrarion without

SUpporting systems

Simple, direct, high speed

Very accurate

Best mig of sensors on aircraft
can give cost-effective mmitialization

No aireraft computer requirement {or
update sensor

Target selection flexibility n transit

Ability to provide data to RACG during
captive [light for self-alignment and
initialtzation

No launch delay

Decreased cost for a given accuracy
level

Time consuming

Requires Tong calibration period for low
.
cost gensors to level

Vzimuth alignment not feasible with
nmissile sensors

Requires mancuver inflight which ma
form an operational constraint

Requires aircraft platform

Can impose stringent data storage requires
nients on missile

Requires aircraft sensors that are ai least an
order of magnitude (v 10) mope precise than

the calibrated sensor

Can leave high vesidual drifts, Transfer of gim=
balled platforn: proven technologies has not been
demonstrated 1n a strapdown situatjon

Limitation in ohsvr\'ahihty of some sensor
alignment error conmbinations

Hequires exceptionally high quality navigation
capability on the arrerafy

\ geometric growth of computational
requirements results fram loading more
and morve requirements on the RACG, Air-
craft computer or low cost semiconductor
technology mav he the angwer

As the required equipme
plex, the task of we
equally complex

nt List gets more com=
apon assignnent becomes

limits operational flexibility larget situation,
cannot be changed from aireraft takeoff to
missile launch

Requires bulk computer memory on aperafl

gher cost for a Elven accuracy level

Launch delay
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Capsule summaries of alternative alignment and initiali-
zation methods are given in the following paragraphs.

Leveling and Alignment

Gyrocompassing is a leveling and alignment process that
can use low-cost sensors, but it requires a time-consuming,
iterative calibration procedure. Gyrocompassing is accom-
plished with the use of a velocity reference while the AFBGW
is still attached to the aircraft. The final azimuth error
resulting from gyroscope drift rate in earth rate gyrocom-
passing 1s given by the following equation:

Al =

Ztos

where ¢ is gyroscope drift rate, 0 is earth rate, and Ay is
steady state azimuth error.

A l-degree/hour gyroscope drift and an earth rate of 15
degrees/hour produce a 67-milliradian heading error, which is
considerably greater than the acceptable error for the AFBGW.
Therefore, the only form of gyrocompassing that can bhe con-
sidered for the AFBGW is one in which the launch equipment
includes a gyroscope of higher quality (e.g., 0.02 degree/
hour) that could be used as a continuous reference for the
missileborne gyroscope. Self-level is not precluded by sen-

sor capability, but it may require an undesirably long period
of time.

Parameter matching involves a comparison of missile and
aircraft sensor outputs to estimate the differences in ori-
entation of the two platforms. The match can be made either
by a direct output signal comparison (angular rate and
acceleration) of all sensors, or by comparison of naviga-
tional data. The first method must overcome the problem of
aircraft flexure; the second must distribute errors in navi-

gation variable differences among the various possible sources.

Some of these error sources are shown in Table 23 (8ection V).

During a parameter matching operation, differences in
position and velocity must be distributed among the error
sources. However, this problem can be partially circumvented
by using a predetermined aircraft maneuver. This eliminates
many of the basic inertial system error sources and allows a
relatively simple computation of relationship between navi-
gation errors and platform misalignment.

149

e -

i MR il T




e it

G dei bl e e

Several investigators have examined platform alignment
through successive discrete fixes and have advanced algorithms,
but these algorithms have not been demonstrated-operationally.
This process involves determining heading errof by measuring
changes in position error as indicated by position fixing at
predetermined intervals.

The discrete fix methods of alignment have been investi-
gated by several specialists, including Sutherland at TASC.
This technique can involve the use of the RACG sensor to ob-
tain position data at predetermined points along the flight
path (prior to launch or after launch). All of these tech-
niques are based on the premise that, if sufficient commonly
based data on position are obtained, all navigation variables
(prosition, velocity, and attitude) can be determined. Sim-
plistically speaking, if three position fixes are taken, nine
pieces of data are provided. This should be sufficient to
solve simultaneous equations to provide position errors in
three coordinates (cross~track error, on-track error, and
inertial error), velocity error in three coordinates (axial,
transverse, and vertical), and attitude error in three coordi-
nates {(roll, pitch, and yaw—from which azimuth can be de-
rived). Alignment by discrete fixtaking usually involves ex-
tensive digital computer utilization because of the large
state vector associated with the process. (5tate vector in-
cludes all error parameters in all dimensions and can include
a subdivision of errors into its constituent components.)

Initialization

Missile gyroscope and accelerometer calibration are
critical issues. Draper laboratory specifications for the
modular sensor show a 10:1 turn-on error to random error, in-
dicating that prelaunch calibration is highly desirable to
reduce the effect of the initial error to acceptable levels.
Calibration by matching to the aircraft sensor can be per-
formed either prior to the alignment process or simultaneously
with it. Several investigations, -including those performed by
Delco and TASC, have encountered technical difficulties in per-
fecting algorithms that provide simultaneous alignment and
calibration. Computer requirements, which otherwise are
relatively simple,qalso become stringent in a simultaneous
calibration/alignment operation, increasing by a factor of
four over a simple calibration process.

Calibration by Modulation. Calibration can alternatively
be achieved by modulation of the platform or gyroscope. Mod-
ulation consists of a cyclic variation of-some parameter that
influences gyroscope drift. Tt could involve the rotation of
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the platform to compare indicated instantaneous velocity with
indicated average velocity. It could also include a sinusoidal
variation in the spin motor speed. This would cause a cyclic
change in the momentum of the gyroscope wheel, which would
allow the detection of drifts caused by nonuniform changes in
dimension and magnetic field. (All of the above calibration
techniques are required because it is desirable to calibrate
as short a time as possible before launch. If calibration be-
fore takeoff of the carrier aircraft were adequate, it would
be possible to simply observe the apparent velocity of the
platform when the system was at rest.)

Modeling cf g-sensitive errors involves a determination
of the relationship between gravitational field and gyroscope
drift rate. The knowledge of this relationship is used to
provide drift rate compensation. The process can involve em-
pirical analog arrangements within the instrument or explicit
digital computer calculations.

Initialization of Missile Position and Velocity. The
approaches to initialization of missile position and velocity
listed in Table 26 include the transfer initialization method,
the successive discrete fixtaking method, and the aiding sen-
sor method. An exceptionally high quality master inertial
navigation system on board the aircraft is a requirement for
transfer inirialization; only the LN33 or the SKN2400 systems
are satisfactory for the AFBGW/RACG system,

If discrete fixtaking is employed for alignment and gyro-
scope calibration, it will be available for initialization of
velocity and position. However, this results in a 12 state
vector computational problem. Specialists estimate that
simultaneous operations that involve 12 primary state vectors
are about 20 times more difficult than a simple three-state
operation,

Aiding devices on board the aircraft (e.g., GPS, doppler
radar, LORAN, radio navaids, and radar) can also be used to
initialize position and velocity. Although these can be cost
effective, they present logistics problems. For example, in
a large operation, it would be necessary to identify aircraft
with appropriate avionic systems. This could cause problems
in weapon assignment and, in critical cases, could adversely
affect their operational value.

Finally, update sensor data transfer and sensor equipment
prelaunch environmental conditioning are discussed. This
points up an important decision in the selection of inertial
sensors. If temperature control is required, a heating cycle

Bkl A |
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is necessary before launch, and this delays the initiation of
the weapone flight, If design obviates the need for gyro-
scope heating, then a cost penalty will be incurred for a
specified level of accuracy.

The alignment/initialization alternatives identified
above pose a complicated problem that involves system accuracy,
operational flexibility, and expendable sensor sophistication.
The most cost-effective systems could result from combinations
of the above alternatives for a given function (for example,
it might be desirable to self-level and then align with a
discrete fix). The followinygy sections examine each of the
functions in Table 26 and provide a basis.f#r selecting pre- ..
ferred concepts. ~

ALIGNMENT—LEVELING AND GYROCOMPASSING

Leveling is the process of establishing a vertical refer-
ence to prevent the effect of the earth's gravitational field
from distorting calculations that involve vehicle lateral
acceleration. 1In a gimballed platform, the inertial block is
physically aligned either to the local vertical or to the
earth's center of gravity. In a strapdown system, the process
is computational. Prior to the introduction of optimal align-
ment techniques, the leveling operation preccded the elimina-
tion of heading reference errors because the level errors
coupled into the heading aligrnment loop and complicated the
process. Using optimal estimation technigues, however, the
entire level/heading error compensation procedure can be
accomplished at one time.

Leveling in its basic form is done from a fixed position
on earth. The magnitude of accelerometer readings when the
vehicle is at rest indicates the initial angle of the system
with the horizontal. The ability to level at rest depends
upon the accuracy of the accelerometer (2 x 10-% g bias
corresponds to 40 arc seconds).

Since the comparatively inexpensive AFBGW gyroscopes have
a relatively high drift rate, they will be leveled from the
launch vehicle, close to launch, to minimize drift errors.
This can be done either by using a velocity reference to
account for the aircraft motion or by matching the aircraft
accelerometer output to the platform output. A typical level-
ing mechanization using a velocity reference is shown in
Figure 28. Theoretically, the loop could be leveled in an
arbitrarily short time. However, there are random as well as
bias errors to the loop. The equation below indicates rela-
tionship between pitch level errors and pitch sensor error

sources:
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A¢, A0 = LEVEL ERRORS (PITCH AND ROLL AXIS)
A = Vg/R

*NOTATION AND VALUES GIVEN IN TABLE 27.

]

Figure 28. Platform Leveling Diacfiram
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(% + B)Aa + (s + a)s o+ (s + a)wldp + (1 + Bs)AV(s)
- R
N RS === 5 3 (1)
s + as + (1 + RR)° e
The steady state form of Equation (1) is:
1 . o
R + R)ra 4+ ol + awhAy + ﬁz\v
’\(),7.‘% = = — — _ (2)
Rl 2
(1 + RR)) C

The notation is the same as that shown in Figure 28. All the
above error sources may be represented by a power spectrum;
however, only velocity reference [AV(s)] is shown as a fre-
guency variable because its non-zero frequency dependent
errors are usually critical to a velocity reference leveling
system.

In specifying the gains for Figure 28 (n and R), it 1is
important to strive for three objectives that are, to a cer-
tain extent, contradictory: (1) a loop with a fast time con-
stant; (2) a loop that results in a minimum value for A6 in
Equation (2); and (3) a minimum value for the errors result-
ing from the term (a/R + 2s)AV(s) in Equation (1), which in-
volves steady state and noise errors. The noise errors for
the system are given by the following equation:

o
LA AR

Cz(t) B 2[ 2'("1')]G(j'0)l2d(ﬂ 5 (3)

O

where C(t) is error output, t is time, ¢(w) is noise process
of the velocity reference, |[G(jw)| is magnitude of the fre-
quency response of Equation (1), and w is frequency. A low-
cost doppler velocity system is characterized by the follow-
ing noise process:

P w) = s (4)

where K is power spectral density of the noise process (mag-

nitude), and r. is correlation time.
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Typical values for this mission are:

- 15 (foqt/secondf
radian/second

E 1 - 7. = 30 seconds

By a trial-and-error process, selected values of o and £
were applied to Equations (1), (2), and (3) to evaluate the
time constant, achieve an acceptably low value for A344, and
minimize the value of c2{t). A reasonable system was defined
by using the following parameters:

a = 0,0125

| 4 N ‘ € =5 x 10-6

The time constant is derived by the following rationale:

/A ‘ ° The denominator of Equation (1) is:
s2 + as + (1 + RP)A?

) Applying the values from Table 27, the denominator
becomes:

s2 + 0.0125s + (1 + 2.06 x 1075 x 107°)(1.56 x 1079)
or:
s2 + 0.0125s + 0.000162
° The roots of the equation are:

s = -0.00625 + 0.01067
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° The reciprocal of the real part of the root is 160,
which is an approximation of the eguivalent [irst
order response time constant.

Table 28 shows the platform level errors for minimum
noise output, assuming the terms of Equation (2).

TABLE 28. TYPICAL LEVE[, ERRORS*

ERROR
CONTRIBUTTON
____SENSOR SOURCE ____SENSOR INPUT ~_(seconds)
Gyrcscope Drift () 1 degree/hour 80
Accelergmeter Bias G 0k dry 40
(Aa)
Azinuth LCrror :
Coupling () 1 degree 14
Velocity Rias (AV) 5 radians/second 8
) , . (foot/second)
] 3 5 .
Velocity Noise [AV(s)] 15 AR TV T 4
GOMERSTTE:. « « & o o « s o o B e e s of 1 g0 Sk

See Table 29 for equations and Table 27 for values.

The results are compatible with the use of low-cost
velocity reference equipment discussed in Section II. The
velocity reference in Table 28 could be mounted on the air-
craft or could form part of the AFBGW itself. Total leveling
time to attain the above performance is estimated at 400
seaconds or about 6.6 minutes.

Gyrocompassing

The process of gyrocompassing entails use of the earth's
rotation and the platform gyroscopes to establish a north
reference in a situation where the platform is fixed to the
earth's surface. 1If the platform is in motion and a velocity
reference exists—external to the platform being aligned—then
the earth rate and the platform rate may be added vectorially,
and the resulting spatial rate vector can be used to align the
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TABLE 29. [EQUATIONS FOR GYROCOMPASSING ERRORS

LEVEL ERROR SOURCE _ _EQUATION SOURCE
Gyroscope Drift % il
) ‘(6) e Equation (2)
(L + RRYXT
Accele t 18 ,
cce bésme er o - Equation (2)
(L + RR)X
Azimuth FEr , .
E muuQ”Frror _mﬂéﬂw_s Equation (2)
(1 + RB)T
~1t 1 A
VelOL:k% a.A %%«~ lmyw~3§ Egquation (2)
h (1 + RR)A
Velocity Noise - . .
[AV(S)] Equat ion (3). Reference 20

platform. Gyrocompassing applies to both gimballed and strap-
down platforms. 1In the latter case, the alignment reference
is computed rather than observed.

Gyrocompassing, the most frequently used method of
aligning gimballed inertial platforms (Reference 21), was
originally performed exclusively on the ground. Subsequently,
an airborne velocity reference (the doppler navigator) per-
mitted airborne gyrocompassing by compensating the aircraft
motion with a reference external to the IMU. A cursory
literature search on doppler inertial mechanizations that
discuss gyrocompassing easily produced over 100 references.
General Precision Laboratory (Singer GPL) alone has produced
dozens of studies since 1960, with Frank McMahon, Heinz Buell,

and Lou Marino (who wrote Appendix D) making outstanding
contributions.

As was discussed earlier in this section, the limitations
of the gyrocompassing method make its direct application to
the AFBGW unsatisfactory. The chief objection is that it
would require the inclusion of a high quality gyroscope
(0.02 dagree/hour) in the launch equipment. However, the
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technique provides background for discussing other modes of
alignment and is relevant to a possible hybrid system dis-

cussed in Section VII. The primary objection to the gyro-
compassing approach is its inherent inaccuracy, which arises
from the high effective drift in the eastward direction.
When a strapdown system is referred to, a virtual east gyro-

scope drift is derived from the strapdown axial and lateral
gyroscope drifts as follows:

o = gSinp - §,cosy (5)

where o, is east gyroscope drift, o4 is axial gyroscope drift,
¢, is lateral gyroscope drift, and J is missile heading.

The application of gyrocompassing to the AFBGW/RACG would
regquire a special pod containing a single-axis reference for
launch aircraft without inertial systems. This equipment
could form a part of the AFBGW launch equipment and could be
provided at a fraction of the cost of an inertial pod system.
However, some method is required to compensate for flexure be-~
tween the reference and the missile. Alternatively, a single-
axis reference could be placed at each mounting point.

Gyrocompassing is typically executed during the last 15
minutes before launch. 1Its errors arise from three principal
sources: east gyroscope drift, reference velocity bias, and
reference velocity noise. The orror model is shown in Figqure
29. A single x-axis representation of the errors associated

with velocity reference gyrocompassing is given by the follow-
ing transfer function:

I< N
g 32 2 2 2 2
’ 3] E— . 3 ey - | ) - N ol iy
it sda(s) it (s A )AvVisy - | 3,\ %h) [.s + l\ln (n+ 1\2) A ]éz(s)
A== 3 3

. 3 2
s + l\l s (1 *|\2)A 5 . l\3 u).'_)(

Y

i (6)

where Ay is azimuth orientation error, R is earth radius
(2.06 x 107), Aa is accelerometer bias (2 x 10-4g), A2 is
g/R (the square of the Schuler frequency) = 1.56 x 10-6, AV
is velocity error, § is gyroscope drift rate, Kj;, K, Ki, K;
are gains shown on the diagram of Figure 29, the subscripts
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X, ¥, and z refer to the roll, pitch, and yaw gyroscopes,
respectively, and w is the waynitude of the platform rota-
tional rate. The steady state errors are given by the follow-
iny transfer function:

. ~ \Vx L‘)y 1+ K, )
‘Wss”‘ﬁf" ”’*‘"““7_‘% (7)
0 Wy K}“w

Obwiously, the values of many transient and steady state
erracs vary with choice of ¥; values, which in turn depends
upcn a tradeoff involving steady state errors AVy, S8y, and d,
and tls velocily noise errurs (References 20 and 22).

alvalent oo lse errovs for doppler radars of the quality
di = »>1 bere aboul 1 foot/second (Refercnce 17). System
sy hasis Lo determine the %; values involves a tradeoff of

bias .nd noise ervors. Bias errors for the type of doppler
radas considered "ere are about ? feet/second (aircraft/non-
expendabla; . A special nonexpendable east gyroscope for air-
cr2t launch equipment supplement could have an accuracy of
0.9} degree/hour

Assuming the above parameters, the portion of Equation
(6) dealing with azimuth errors could be normalized to the
following form:

32 4 m2
SE) =) et Sl 3 Ol (8)

(Ts + 1P

The portion of Equation (6} that deals with velocity
noise ervors can be written as:

3
T K 2 2
A (s) = R:3 S A = - AV (s) (9)
(Ts + 1)

The errors that result from AV(s) are of two types—noise
and bias. The noise errors are given by the following equa-
tion, which is derived from Equation (3):

l6l

" - r p
o 1 gt et L ke e e e e e e i B o Rt SN ik R i i




e r 2 P
AY(E)2 = ——?——1—5- = | - (-3‘--“---&—-)——3 du (10)
R p it ( ' T
200" + =
- o0 TZ

As the value of T increases, the effecl of the bias errors

increases; as the value of T decreases, the effect of noise
errors lincreases,

It is important to determine a value of T that will pro-
vide a minimum composite value of noise and bias. This will
aillow the use of a T that is compatible with a near minimum
value when all error sources are considered. Through a trial-
and-ervror process that considered all of the above factors, a
T value of 0.25) was chosen (about 200 seconds). This indi-
cated that a system c¢ould be formulated that would have an
adequately fast response to meet the needs of the AFBGW launch
aircraft. ‘The steady state value of Ay.s)/d8(s) is given by
allowing s in Equation (6) to go to zero, which gives a
residual value of 3T. On the other hand, smaller values of T
increase the values of the noise integral (James, Nichols, and
Phillips [see Appendix A, Volume II])). Speed of alignment,
accuracy potential, and practicality can be demonstrated.
However, the concept would require the dceployment of special
equipment whose sole purpose is to align the platform.

Figure 30 shows the typical gyrocompassing cperation as
it might be applied to the AFBGW. The curves were calculated
by use of Equation (6). Table 30 shows the correspondence
between terms 1n the numerator of Equation (6), the form of

the input to the equation, and the labels of the curves in
Figure 30.

Table 30 shows the way in which Equation (6) is used to
construct Figure 30. Column 2 of Table 30 gives the numerator
term of Equation (6) that is applicable to the error source
in Column 1 of Table 29. Column 3 of Table 30 indicates the
value that replaces the applicable dependent variable in
Equation (6). Note that there are two rows devoted to
velocity errors. This occurs because velocity noise errors
are significant in this analysis, while gyroscope and accel-
erometer nolse terms are not. (If gyroscopes of lower qual-
ity, say 100 degrees/hour, were being inveéstigated, all
sources would bce analyzed for noise.) The velocity noise
cannot be analyzed by simply putting a transfer function into
Equation (6). All noise calculations require the use of
Eguation (3), which was mentioned in connection with the dis-
cussion on leveling.
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The expressions that appear in Column 3 of Table 30 in-

fyk. clude constants and transfer functions. Where the term 1/s
occurs, it indicates that the input 1is an impulse or instan-~

t taneous value applicable only at the instant when t = 0 (s = =),

! The numerical values in Tahle 30, Coldmn 3, bave the
following origins:

° For §,(s) = 0.01 x 4.85 x 107% x 1/s:
2 ’ = 0.01 is the gyrosccpe drift rate of the |
4 auxiliary launcher mounted agyroscope in
{3

dearees per hour.

] - 4,485 » 10-Y is a conversion factor from
degrees per hour to radians per second.

For &.{(s} = 0.0l6, an initial azimuth mis-
aligament of 16 milliradians or slightly less
R than ] deqree isg assumed. This value would
e reasonably achieved with simple magnetic

i refere,.

@ ror V{s) = |L x 1/s, a4 1 foot/second velocity
reference is used for this calculation-—
possible with the GPS X-receiver.

F . The expression ¢(w) = 15/w?2 + 0.0302 is repre- b
; sentative of doppler noise. It is thought to 1 :
: be applicable to most radio-derived velocity . :

" sources, although individual classes of in-

struments vary in capability.

k Transfer Alignment—Parameter Matching

The transfer of attitude reference from aircraft master
inertial navigator to missile inertial measuring unit (IMU)
may be performed by parameter matching (Reference 21).
Originally called velocity matching, the process now includes
A acceleration and angular rate. Because of its simplicity
2 and operational flexibility, parameter matching is considered
‘ a primary alignment candidate. The limitations of this tech-
. nique include requirements for a prelaunch maneuver and for
an 1nertial navigator on the launch aircraft; however, these ]
are largely offget by the flexibility factor, which eliminates i

. the need to arrive at a specified area before launch. Further- i
more, allocating all requirements to nonexpendable aircraft
equipment minimizes expendable equipment cost. From this view-
point, velocity matching also seems desirable.
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Table 31 outlines some of the variations of parameter
matching that can be applied to the AFBGW tactical situation.
Response times are relatively short, and computational re-
quirements are reasonable. As examples of the effectiveness

potential of the generic approach, Systems 6 and 7 were chosen
for further examination.

System 7 evolved as a part of the Simple High Accuracy
Guidance (SHAG) Program. Employing several innovations that
have not been generally adopted, the system is outstanding in
that it employs both acceleration and angular rate matching.
This allows an unprecedented flexibility in choice of align-
ment maneuvers. The pilot can use a straight approach with a

small roll oscillation, a 39 S maneuver, or a lateral maneuver
(Reference 23).

Another unique and desirable feature of System 7 is re-
lated to the application of aircraft flexure modeling. The
system empluys a weighting matrix that is tied te actual air-
craft flexure. 1In the final algorithm, one noise intensity
matrix was computed by Honeywell to compensate for the air-
craft bending process, and the other was tied to the gyroscope
drift process. System 7 is identified by its mechanization
equations, which appear in Appendix D, Volume IT.

The SHAG concept (System 7) was compared to a class of
algorithms developed specifically for the RACG program
(Table 31, System 6). The objectives included an alignment
accuracy of 15 arc minutes and a level accuracy of 50 arc
seconds. Gyroscope calibration was also achieved with this
algorithm. 1Initial drift rate was assumed to be 3 to 5
degrees/hour, and a calibrated value of 0.3 degree/hour was
sought (Reference 24). Two generic concepts were included
under System 6-—Kalman filter and an analog mechanization.

The Kalman system is designed for minimum computational
complexity within the accuracy objectives stated above. It
allows 10 minutes for the alignment/compensation process, but
the final system is capable of achieving its accuracy objec-
tives within a much shorter time period. Six error states are
employed in the system, and direction cosines are employed in
the transformation.

The problem of coupling of misalignment into the gyro-
scope correction process is significant in the Kalman filter
concept. It is necessary to reduce the gyroscope drift sample
to 20 arc seconds in 1 minute of observation. This requires
a 5- to 6-minute period of gentle maneuver with a very short
iterative interval (1 to 5 seconds). The Delco RACG Kalman

approach of System 6 is described in detail in Appendix D,
Volume 1I.
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TABLE 31. TRANSFER ALIGNMENT BY PARAMEl
Development Maneuver 3
System Data Source Base Application Parameters Used i
1 Vanderstoop Jan. 1963 Strapdown to Acceleration 2.5 g
Boeing strapdown ?
2 MacLoon Jan., 1968 Gimbal system  Velocity incre- 2-g turn
Nortronics ment 4
1
3 Fagan June 1969 Strapdown gim- Acceleration Long dura- |
TASC balled ref. tion lateral *
turn »'ii
4 Lackowski July 1969 Strapdown Angular rate Quick res-
Honeywell Strapdown ref, ponse with
slow maneuv, |
semirigid L
path
5 Schultz Oct. 1971 Strapdown Acceleration 3-g turn 1‘;
Honeywell Strapdown ref. 1
6 Wolfe June 1972 Strapdown to Velocity 0.5-g turn
Delco strapdown change
7 Schultz July 1972 Strapdown Angular rate 3-g turn
Honeywell Strapdown ref. acceleration
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LMEN'I‘ BY PARAMETER MATCHING—RECENT DEVELOPMENTS/

Sensor Time Constant
( Maneuver Accuracy Initial Error
’ Used (Missileborne) Final Error Concepts Remarks
2,5 ¢ 0.5 deg/hr T =200 sec Alignment test and
E Ay 20 mrad synthesis effort
i A¢f=1mrad
-  2-g turn GBU-15 type = Compatible with  Directed to low 6-state Kalman filter, NAC 10
] sensors AFBGW performance IMU  C5A computer characteristics
. Long dura-  Parametric 13-min gyrocomp. 6-gain GC Angular rate matching also
. tion lateral examination 5-min Kalman 3 and 6 state Kal- considered
) turn g man
“ Quick res- 3 deg/hr T=3.0 sec l.east squares Demonstrated feasibility of
. ponse with AY= 9 mrad nonrecursive using angular rate
. slow maneuv. %=1 mrad
| semirigid
~ path
; 3-g turn 60 deg/hr T =19 sec SHAG Especially dirt'ected to fighter
E Aly= 20 mrad aircraft situation
f A%= 1 mrad
1
0.5-g turn 3 deg/hr (day- T = 50 sec " Analog Simultaneous gyro drift
to-day) AY= 5 deg 6-state Kalman calibration and alignment
1 0.3 deg/hr (10- &= 1 mrad
min drift)
"i 3-g turn 60 deg/hr T =13 sec Angular rate Modeling of aircraft flexure
3 aY,= 1 deg matching
A¢f= 1 mrad
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To reduce computer requirements and to increase flexi-
bility, a similar algorithm was developed by using analog
processing. This system is illustrated in Figqure 31. The
basic elements of the analog algorithm are two first-order
leveling loops with a l-second time constant and high accuracy.
However, the process is adversely affected by the presence of
high gyrosceope drift rates. When the aircraft is flying in a
banked turn, the bias drift in the y gyroscope cannot be dis-
tinguished from the azimuth misalignment in the horizontal
plane coupled with the aircraft angular rate. Consequently,
there is residual azimuth error of about 2 milliradians for
an uncompcnsated gyroscope bias. If the bias is compensated
simultanccusly with alignment, zero azimuth error can be
achieved in 4 mirutes or lcss,

The analog approacn ol System 6 and several options for
System 7 were compared during this study. This involved ad-
justin. raw data from Delco's simulation analyses to make the
dati. _onpativle. The resulis are shown in Figure 32. System
7oie conscederably fLaster than ecither the analog or Kalman
veraicns ol Systen 2 when both acceleration and angular rate

matoning are emelcyed. Whea only acceleration matching is
nsed, Iyvstems & and 7 oare comparable, although System 7 main-
taine a poo formence marain. Decreasing the maneuver intensity
from 3.0g to 0.5¢g did not have a markedly detrimental impact

on the AFBGW mission requirements for either system. However,
gain marrix and maneuver strategy changes were required to
keep the response and accuracy at acceptable levels.

Urscrete Fixtaking Alignment

Azimuth alignment, which may be achieved through a series
o discrete position fixes, has the advantage of not requiring
external data. For a full velocity position and attitude
alionment, three position fixes are required. Fixtaking pro-
cesses such as the RACG and terrain elevation correlation pro-
vide two dimensions of position. It is assumed that a third
dimension of altitude can be provided by raw data from the
barometric or radar altimeter in combination with the inertial
accelerometer (Reference 25).

Available algorithms for discrete fixtaking alignment vary
greatly in sophistication; the situation is somewhat analogous
to that presented by the velocity/angular rate matching. At
one extreme is a full Kalman system with many error states and
multiple error models. At the other extreme is a basic solu-

tion using velocity, position, and azimuth error equations
simultaneously.
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In the basic solution, the navigation equations can be
decoupled to give the following single channel relationship:

APy = APy + AV, (2t) [ty - 2t] - Aygt[t, - 2t]%/2

where APym is position error at the end of flight, APy is
initial position error, AV, is initial velocity error, t is
time between fixes, ty is time between last fix and end of
flight, Ay is initial azimuth error, and g is gravitational
constant.

If three position fixes are taken, the following relation-
ship results:

- ~4t2
1 2t 4t APy Pym]
] =it il fvy = Pymz
1l 0 0 giy/2 Pym3

where Pypy, Pym2 s and Pyp3 are components of position error at
the end of flight.

The initialization errors at the end of the fixtaking
process are given by the following (Reference 26):

LPy = Pym3
AVg = (Pymy = 4 Pypy + 3 Pyp3)/(2t)

Ap = - (pyml = Pym2 + Pym3)/gt2

The total error in initialization can be expressed as a
function of errors in the fixtaking technique by the follow-
ing:

172

dhagmien s ke ot o e T b s b e e st ) e a1




st e e i

T i g o iy it i b e e i L U e R
it e L s Co S T e e R —— . o

o>

<
x

it

2.068P/t

Ay 0.0768P/t2

where 8P is the error in the fixtaking process.

The errors in azimuth are shown in Figqure 33 as a func-
tion of discrete fixtaking error. They show that multiple
fixtaking is a practical approach to the alignment problem.
However, the curves do not convey the disadvantages of con-
strained approach and severe computer requirements.

Alignment Methods—Comparative Summary

The alternative methods of heading error elimination are
summarized in Table 32. The following order of preference is
suggested: (1) prelaunch transfer alignment; (2) prelaunch
alignment by successive position fixing; (3) postlaunch align-
ment by successive position fixing; (4) prelaunch analog gyro-
compassing; and (5) postlaunch analog gyrocompassing. Items
(1), (2), and (4) require precision reference equipment on the
aircraft. These approaches are desirable for controlling the
cost of expendable equipment; however, a lack of flexibility
in the choice of launch aircraft is an associated penalty.
Items (3) and (5) involve a relatively high missile invest-
ment cost but offer the ability to launch from any attack
aircraft without regard to navigation avionics.

Transfer alignment was chosen as the preferred mode of
heading error elimination on the basis of its accuracy, flex-
ibility, and economy of missilehorne equipment. All of these
methods are valid for application where the missile and air-
craft platforms do not share a common rigid physical struc-
tural interface. They apply to situations where the missile
is wing mounted or located in a bomb bay that is remote from
the aircraft inertial navigation system (INS) location.

Under these circumstances, diff( >nces in angular position of
the missile and aircraft reference structure can approach 3
degrees. Since the differences in angular orientation are a
function of random forces, it is impossible to predict or
compensate for position. For the level of accuracy sought

in transfer alignment, the motions of the aircraft and missile
are virtually uncorrelated in straight and level flight
periods of less than 10 minutes.

It is important to note that accurate transfer alignment
is possible at rest by direct comparison on the ground, or on
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Alignment
Approach

Aircraft Equipment

Missile Equipment

TABLE 32. ALIGNMENT ALf

n

Sensor Requirements

&

Prelaunch
transfer
(navigation
parameter
matching)

Inertial platform
required

Prelaunch
successive
position fixes

Position fix device

Postlaunch None
successive
position fixes

q Prelaunch Inertial platform

] analog velocity reference
gyrocompassing

1 2ostlaunch None

E | - analog
gyrocompassing

Strapdown IGS of

1 deg/hr to 10 deg/hr

quality (absolute
value)

Strapdown IGS

Position fix device
Strapdown IGS

Strapdown [GS

Strapdown
Velocity reference

Aircraflt

Velocity reference

Doppler radar navigator

. GPS receiver

Aircraft
Group A
Radiometer
TERCOM
. Ground mapping radar
Group B
. LORAN
OMEGA
. GPS

Above aircraft equipment must
be placed on missile,

Add missile

Aircraft

Doppler radar
. IGS

Missile

. Doppler radar
L] IGS

T

Softwarjg

Aircraft

Depends ori;l
equipment,
goals, and ¢

Minimum ¢

i
100 words/
adds :

Maximum

10 state Kal
2000 words

Aircraflt

10 state Ka
2000 word |
Group A caj
an addition
5000~ 10, 00

Above airbog
ware must b
on missile.
Stringent com
requirement

None attribu
alignment

None attrib
alignment




ALIGNMENT ALTERNATIVES MATRIX

nust

Software Constraints References
Aircraft Time/maneuver/sensor accuracy tradeoff Lear Siegler, Inc., An Investigation of

Depends on quality of
equipment, accuracy
goals, and constraints

Minimum

100 words/ 600 equiv.
adds

Maximum

10 state kalman
2000 words

Aircraft

10 state Kalman
2000 word average.
Group A can require
an additional
5000-10, 000 words

Above airborne soft-
ware must be placed
on missile.

Stringent computer
requirements

None attributable to
alignment

None attributable to
alignment

I’xample Point
5 minutes

. 28 deg bank angle maneuver

5 deg/hr gyro drift

Produces about 1 mrad accuracy

Group A
Must fly over preselected points

Groue B

Must be within the effective operating
envelope of the device

Above constraints apply to missile

5-10 minute preflight. Gyro drift rate
an error source

5-10 minute postflight. Gyro drift rate
an error source

T ——

an Augmented Strapdown Inertial Guid-

ance System, by Alan Bronkhorst,
Rodney D, Wierenga, and Wayne D,
Bard, GRR-005-0669, June 1960,

Analytic Sciences Corporation, MPMS/
AIRS Calibration and Alignment Study,
by Edward M, Duiven and Bard S,
Crawford, September 1873,

Earl R. Norman and Donald J, Hafner,
A Timed Cut-Off Technique for Fast
Inertial System Alignment on an Accel-
erating Base, The National Aerospace
Electronics Conference, Dayton, Ohio.
1962,

Masgsachusetts Institute of Technology,
In-Flight Alignment of Inertial Naviga=-
tion Systems by Means of Radio Aids,
by Walter Tanner, R-720, June 1972,
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an aircraft when a rigid structural load path exists between
the missile and aircraft INS. Under these circumstances, the
orientation of the missile may be entered by direct transfer
of digital, analog, or synchro data.

It is also possible to instrument the aircraft between
missile and aircraft INS. This provides a real-time deter-
ministic measure and allows compensation for differences in
orientation angular rates and angular acceleration that are
caused by aircraft flexure. Compensations may be accom-
plished by systems employing strain gauges, optical refer-
ences, or mechanical sensors. Examination of these approaches
was not pursued because they impose particular requirements
on the aircraft prime and support equipment.

The type of transfer alignment schemes that were eval-
uated here involve the use of a maneuver to match the state
variables of the missile system with those of the aircraft
system. This was formerly called velocity matching, but sub-
sequent use of position acceleration has led to a more
general designation. The physical effect of the maneuver is
to produce a sufficient monatonic change in a navigation
parameter to overwhelm the random effects induced by aircraft
flexure. The measured changes in navigation parameters are
used to compensate sine alignment gyroscope drift and other
error forcing functions.

Figure 34 compares typical examples of alignment tech-
nique that could be applied to the AFBGW concept. Curves 1
and 2 both provide the accuracy and response that are re-
quired. Curve 3 represents a marginal -capability.
INITIALIZATION

Steps in initialization are discussed in the following

paragraphs.

Missile Gyroscope and Accelerometer Calibration

The extreme importance of gyroscope calibration was em-
phasized in Section V. Draper Laboratory (Reference 5) in-
dicates that their low-cost modular rate-integrating gyro-
scope (RIG) may have a day-to-day drift of 1.0 degree/hour
and a random drift of 0.1 degree/hour. This indicates an
excellent opportunity to reduce cost or improve performance
at cost by adequate gyroscope calibration.
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Three options for gyroscope calibration are well suited
to the AFBGW/RACG application: (1) velocity matching; (2)
calibration by modulation; and (3) discrete fixtaking. The
Delco alignment study shows the feasibility of simultaneous
attitude alignment and gyroscope calibration by acceleration
matching. The gyroscope calibration process under this
mechanization is much more time consuming than is the attitude
alignment process.

The Kalman approach with an S maneuver and an iteration
rate of 1 second provides the best performance for calibra-
tion of gyroscope drift. The ability to null level gyroscope
drift to about 0.12 degree/hour (8 meru)* in about 250 seconds
is possible. 1In all simulation runs, the azimuth gyroscope
calibrated more slowly than did the level gyroscopes. Z-axis
azimuth gyroscopes typically calibrated from 5 degrees/hour
to 1.5 degrees/hour in 250 seconds, ultimately reaching 0.12
degree/hour in 600 seconds. (Azimuth gyroscope drift is not
a critical error source for flights of short duration.)
Representative drift profiles for velocity matching are shown
in Figure 35,

Performance improvement through gyroscope output modula-
tion has been pursued extensively in the inertial navigation
industry. As discussed in Section V, gyroscopes are subject
to three principal types of errors: uncompensated drift;
torquer scale factor instability; and misalignment of the in-
put axes. Gyroscope drift is caused by changes in the physi-
cal and mechanical environment of the gyroscope. Temperature
distortion, electromagnetic field variations, and small
pressure differentials can cause minute variations in the
geometry of critical components. These, in turn, can cause
significant errors in navigation. For example, a shift in
position of the gyroscope's spinning wheel element of 1lu inch
can cause a 200-foot increase in navigation error for the
long-range mission.

Scale factor errors generally result from variation in
torquing current. These error processes are not stationary
and, consequently, cannot be modeled. Scale factor error
causes an error in computed platform rotation that is pro-
portional to the rate of rotation. Imperfect alignment of
the gyroscope input axis causes the gyroscope to detect a

One meru (milli-earth rotational unit) is equal to 0.015
degree/hour.
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small part of the angular rate about another axis. The result

is an apparent gyroscope drift that is proportional to the rate
of the other input axis.

Correction of the above ecrrors can be attempted in a
variety of ways. An example is rotation of the IMU sensor
block. The most successful and significant application of
this practice is found in the use of the Carousel platform
(Reference 27). Although the technique has not yet been
applied to strapdown systems, there seems to be no physical
reason why this cannot be done. The suggestion frequently
arose in discussions with experts during the survey. The
point is significant because Carousel achieves an accuracy
factor of 80 when compared with nominal expected performance
(i.e., Carousel can modulate a 0.8-degree/hour gyroscope and
achieve a l-rautical mile/hour performance). This is much
greater leverage than can be obtained from simple drift com-
pensation. It is well beyond the performance expected from
the random drift performance of the instrument.

Another modulation approach involves variation of the
spin motor speed. Experience with this approach is found
primarily in the area of low-cost, rate-integrating gyro-
scopes. A performance level somewhat below the potential of
velocity matching has been achieved by this technique.

The simultaneous modeling of gyroscope drift and attitude
error while making discrete measurements of position has not
been developed in a manner that allows direct application to
the AFBGW/RACG. The correction of velocity, position, and
attitude with successive fixes accomplishes a similar result,
however. Extension of this effort into identification of

individual error sources would be required for a true calibra-
tion model.

Initialization of Missile Position and Velocity

The transfer of initial position and velocity from the
launch aircraft to the AFBGW may be accomplished in the
following ways: (1) direct data transfer from the aircraft
master inertial navigator; (2) use of the RACG to secure
position and velocity data; and (3) use of alternative air-
craft sensors.

With the first option, master inertial navigator transfer,
the adequacy of the reference is critical. Table 33 indicates

the types of aircraft IMU performance that can be expected for
the deployment of the AFBGW/RACG system; it also shows that
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aircraft IMU initialization is probably not feasible. Even

the expensive systems arc not capable of satisfying the initial

conditions and requirements.

The second option, use of the RACG for initialization,
was shown to be feasible in the discussion of discrete fix-
taking alignment. The position fix potential of the system
is unquestionably adequate. Velocity is given as 2.06 Pym/t.
This indicates a 100-second interval between fixes for each
100-foot error (20) anticipated by the fixtaking device.

Transfer of Update Sensor Data to Missile

Airborne auxiliary equipment sensors and computer memory
offer the greatest flexibility for cost-effective initializa-
tion. There is clearly a need for position update after ex-
tended flight. Radar, LORAN, differential Omega, DME, and
GPS all are adequate to provide velocity and/or position up-
date to the required accuracy. An RACG bulk storage capabil-
ity onboard the aircraft with adequate interfaces with the
missile would allow position velocity and azimuth to be
determined ir: captive flight.

Prelaunch Environmental Conditioning of Sensors and Support
Equipment

In many applications, it is considered appropriate to
bring the temperature of the gyroscope to a specified level
and to stabilize temperature differentials before system
activation. 1In the low-cost gyroscopes emphasized in this
study (Section IV), temperature control is not required.
However, the final decision concerning heating requires a
tradeoff involving cost, performance, and operational con-
straints. Aircraft launch equipment requirements constitute
a critical aspect of this tradeoff.

Temperature stabilization detracts from operational
flexibility because it requires a certain heating period.
It also requires appropriate power requlation and precise
temperature measurement. Temperature control is attractive
because it allows the gyroscope to operate at the temperature
design point without elaborate compensation arrangements. A
few of the more obvious advantages are neutral stabilization
buoyance, maintenance of tolerances, uniform friction co-
efficients, and predictability of fluid properties.
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SUMMARY

The purpose of the effort reported in Section VI was to
identify and evaluate known alignment techniques. This phase
of the investigation showed that gyrocompassing is a marginal
technique for the AFBGW. It also showed that a series of
discrete fixes can be used to align the system to the required
accuracy within a reasonable period of time.

The alignment investigation included a comparative analy-
sis of several techniques that employed velocity and angular
rate matching. The results showed a progressive increase in
sophistication, alignment speed, and accuracy as these sys-
tems are improved and tested.

The investigation indicated a general parity of the pre-
launch discrete fixtaking approach and the parameter matching
approach. The prelaunch discrete fixtaking approach has not
been subjected to as extensive a series of tests as has the
parameter matching approach. However, the discrete fixtaking
approach will not require that the launch aircraft have an
inertial platform-—as will the parameter matching approach.
Both technjques will constrain the aircraft, but in different
ways. The prelaunch discrete fixtaking method will require
that the aircraft fly over a designated fixtaking zone. The
parameter matching technique will require a prelaunch maneuver.,

The above considerations do not indicate a clear advan- J
tage for either system. The major factor in selection in- 1
volves the requirement of » master navigator for the transfer
alignment process. If the AFBGW were to be launched only
from aircraft with a third-generation inertial platform,
transfer alignment is recommended. If the AFBGW were to be
launched from aircraft with no inertial platform, discrete
fixtaking is preferred. -
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SYMBOL

Aa

ce(t)

IG(ju)l

g

K1, K2, K3

AP,

8P

APy

pymlv Pym2' Pym3

Tx' Ty' 'I'z

tir to

AV

LIST OF SYMBOLS

DEFINITION

Acceleration bias (2 x 10-4qg).

RMS error due to a cyclic error forcing
function (any variable may be substi-
tuted for Q).

Magnitude of system frequency response.

Gravitational constant (32.2 feet/
second?) .,

Power spectral density magnitude.
wa3o

System gains in gyrocompassing mechani-
zation.

Initial position error.
Error in the fixtaking process.

Position error at the end of flight
(total system).

Components of position error at the end
of flight.

Earth radius (2.06 x 107 feet).

Time constant of the gyrocompassing
loop (T = 3/Kj).

Torquing rates,
Time.

Time between last fix and end of flight;
time between fixes.

Velocity reference error.

Initial velocity errors.
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LIST OF SYMBOLS (CONCLUDED)

SYMBOL

AX, AY, AZ
w
g
S
¢

©

$(w)

Ao, Ad

A (t) 2

w

Wxs Wy

Subscripts x, y, 2

DEFINITION

Errors in inertially derived position.
Feedback loop gain (analog leveling).
Forward loop gain (analog leveling).
Gyroscope drift rate (level gyroscope).
Virtual east gyroscope drift.

Error process (power spectral density).
Gyroscope drift.

Level error; orthogonal quasi-level
axes.

Steady state heading error.
V3/R (1.25 x 10-3).
Correlation time.

Heading error.

RMS azimuth alignment error.
Earth rate (15 degrees/hour).

Magnitude of the vehicle angular rate
vector; frequency.

Vehicle angular rates; quasi-level axes.

Quasi-level orthogonal axes and computa-
tional vertical axes.

Missile heading.
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SECTION VTI

AIDING

This section deals with the way in which information from
navigational aids and the IMU are combined. [Its content is
somewhat theoretical in that it deals with mechanization
equations rather than specific update hardware. This was
done intentionally to preserve the general applicability of
the equations and algorithms discussed. Equipment descrip-
tions and descriptions of the mathematical processes that
occur before combination appear in Section VIII.

Selection of an approach to inertial aiding is influenced
by the error process of the aiding system and by the availa-
bility of data from the aiding sensor. The error process may
be considered to consist of either a bias-type component and
a noise-type component, or a spectrum in which the zero fre-~
quency point represents the bias. The availability of data
may be influenced by tactical or geographic considerations or
by the nature of the aiding device. Currently available de-
vices (discussed in Section VIII) may be classified by data
availability into two groups: (1) those providing discrete
inputs; and (2) those providing continuous inputs.

This aiding analysis was organized, as shown in Figure
36. Discrete mechanizations were addressed first and are
covered in the initial part of the section. The conventional
systems are then examined, and the analytical methods of
establishing system gains are demonstrated for the AFBGW
parameters. Relevant Kalman filter experience in weapon sys-
tem guidance is reviewed. Synergistic systems are then dis-
cussed and the relative performance of selected candidates
is defined.

DISCRETE AIDING SYSTEMS

The discrete systems include the RACG, film drum scanner,
and terrain correlation matching. In discrete mechanizations,
the fixtaking process, which can realign the system as well as
provide initialization information, is important because an
enroute alignment can reduce the error accumulation rate as
well as instantaneous position offset. The following param-

eters affect the propagation of errors in discrete aiding
mechanizations:

) Measurement error
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AIDING g
DISCRETE CONTINUOUS
MECHANIZATIONS MECHANIZATIONS
{ {
i CONVENTIONAL OR KALMAN AND
FIXED GAIN VARIABLE GAIN ,
FIRST KALMAN
™| oroer ™|  ExPERIENCE |
SECOND COMPARISON OF 3
™| oroer | KALMAN.BASED 1
CANDIDATES
jio
THIRD |
o | 3
ORDER ;

Figure 36. Organization of the Aiding Analysis
Guidance Study
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® Time between measurements
° Number of measurements taken
° The time between the instant that the last

measurement was taken and terminal acquisition.

Figure 37 shows the relationship between discrete fix-
taking accuracy and system error for selected fixtaking in-
tervals (Reference 28). The curves indicate that it is
highly desirable to distribute the fixpoints of a discrete
system as broadly as possible over the approach course.
Accordingly, fixes taken in the first minute of flight would
require high accuracy-—allowing only 4 feet of error. On the
other hand, if the fixtaking process consumes 3 minutes of a
10-minute flight, a fixtaking process with as much as a 100-
foot error could be used. The more fixes that are taken in a
given series, the greater the accuracy of the system for a
given fixtaking capability. Figure 38 shows the effect of
increasing the number of fixes from three to five. The re-
sult indicates a drastic decrease in fixtaking accuracy re-
quirements.

The above curves represent the performance of a Kalman
filter modeling velocity and position in two axes and atti-
tude in three axes. The approach is illustrated in Figure 39.
Similar results can be obtained from any method of solving
the error equation. Simple one-time inversion is adequate for
the three-fix situation. For the five-fix situation, distri-
bution of redundant data may be accomplished by least squares
or maximum likelihood. (With this limited number of obser-
vations, there is little opportunity for system improvement.)

CONTINUOUS SYSTEMS

The continuous systems form the heart of the effort from
the point of view of applying classical aiding techniques to
the improvement of inertial sensors (Reference 29). The
three generic candidates are DME/TOA, GPS, and doppler radar.
This effort will first examine the aiding potential of these
parametrically—working up from the most basic approach to the
more sophisticated. Topics to be discussed are as follows:

o First-order conventional velocity aiding

° Second-order conventional velocity aiding

o Third-order conventional velocity and position
aiding
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Figure 37. System Error Versus Fixtaking Error—Three

Discrete Fixes
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Figure 38,
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System Error Versus Fixtaking Error—Five
Discrete Fixes
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SYMBOL IDENTITY__ FUNCTION
P Position State Vector
\Y Velocity State Vector
¢ Attitude . State Vector
. Convert From State Vector
{M] Measurement Matrix to Measured Quantity
. . Weights Measured Data;
(C] Covariance Matrix Eerlcets Correlailes
-K Measurement Error Vector Reflect; Wi surenmyt
rrors
M Measured Values Aiding Parameters
{T] Transition Matrix Updates State Vector

Reconcile Derived Data

Correction Matrix and Measured Data

Figure 39. Kalman Filter Model
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® The role of the Kalman filter in the AFBGW
mechanization.

There are certain strategies in aiding that are common
to all approaches. All involve the attempt to use the
accuracy of the most cost-effective sensors (inertial or RF,
etc.); and all attempt to minimize bias-type errors while
controlling the noise-type errors.

First-Order Conventional Velocity Aiding

A diagram of a basic first-order system is shown in
Figure 40.

Aa 1 ﬁVI + .ﬁ\"“

Av

Figure 40. First-Order Corventional Aiding

The transfer function for error propagation from three
major error sources is given by the following:

+ s(ha) + Kls (AVR)

8% & Kys + A2

x| o

AP

wir-

where Aa is accelerometer bias, AVy is velocity error in

inertial equipment, AVR is velocity error in aiding sensor,
AV is error difference in inertial and aiding senscr, K; is
first-order loop gain (y = K3/)), g is gravitational constant
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(32.2 feet/second?), s is Laplace operator (d/dt), § is gyro-
scope drift rate, A8 is level error, and R is earth radius
{3,440 nautical miles).

The corresponding time domain errors are as follows:
- YAt

AP1=A—31" —'e —=';2--'Sin( l"\’2‘>\t+¢))
1 -y

where:

K _—_
Yy = 7} tan ¢ = Vv A2 - K;2/K;?

2AV - YAt e
R L2 —— sin (vfi - y¢ )t + y)s

APy = e ) =
- ; v 1-y<¢

RS - YAt _ -
APy = - 3= %At - 20 4 S sin (V1 - y22t 4 ¢“
V1+y?

where AP, is position error resulting from an accelerometer
bias, AP, is position error resulting ftom a velocity refer-
ence error, and AP; is position error resulting from a gyro-
scope drift rate.

The above equation is, of course, dependent upon random
values of Aa, AVg and §; consecquently, they will not cancel
out. A lo value of the error total corresponds to the root
sum squares of the constituent errors, which is to say
{APlz + AP22+-AP32} = AP2 (total position error).

The purpose of this exercise is to minimize the sum of
the squares by varying y (that is, K;). The result is shown
in Figure 41; it is indicated that, with a first-order sys-
tem, one can reduce the errors dramatically, even though the
value of the error sources may themselves be rather high.

This arrangement could result in a low-cost-effective
operation. There is a constraint on the above system, in
that it must be accurately designed. A variation of 10 per-
cent in the value of K; could cause the error to go ftrom a
nominal 3,000 feet to over 5,000 feet.
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First-Order Doppler Inertial Conventional
Optimization
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Second-Order Conventional Velocity Aiding

R R L A

: The error block diagram is now expended and generalized

' in Figure 42, Bias error transfer functions, bias error final
values, and white noise error transfer functions are shown in
Tables 34 to 36. With these data, a continuous tuned and
damped inertial system will be derived.

T I 1

INTEGRATING
ACCHLE HOMETET
B AV avg AV s

1 1
—-—»@—-—-—» t AL b — ¢ - —.Q e omd - ‘——(\)4—

L}

e FORWE D)
) 3
Ky — an s
] e \r REVIE

RATE

INTEGRATING 5
E GYRO
E b LEVEL GYRO DRIFT RATE AVi SINGLE CHANNEL VELOCITY ERROR (INERTIAL)
; Aa  ACCELEROMETER BIAS AVR REFERENCE ERROR

A9 PLATFORM ATTITUDE ERROR

Figure 42. Conventional Mechanization Alternatives

The strategy in this case will be to reduce the critical-
ity of gain settings so that changes in constants (g and K;)
will not adversely affect performance. The required K; varies
with the variations in the actual error processes as opposed
3 to the assumed error process; g varies as load factor of the j
missile varies. The system will still require a velocity
reference source (GPS, DME/TOA, doppler, etc.). However, the
: overall error will now be reduced by having reduced the
4 sensitivity of system error to gyroscope drift bias and doppler
radar bias.

Figure 43 indicates the response of second-order systems
for a range of fixed gains to 0.0l radian/second. The curves
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Figure 43. Response of Second-Order Systems for
Range of Fixed Gains
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indicate an error of about 1,000 feet at 0.010 radian/second.
The velocity noise curve represcents residual error at 160 feet
at the same frequency. Theoretically, a step gain mutually
calibrative system could achieve this performance level.
Ability to realize this potential depends upon the stability
of the velocity bias errors. A certain portion of the nomi-
nally labeled bias errors are exponentially correlative at
less than an hour. 1In a 10-minute flight, these errors must
also be classified as noise errors. Our investigation did not
produce conclusive results regarding the portion of the spec-
trum below 0.278 x 10-3., However, the survey indicated that

a 2,000-foot error represents a realistic target.

The bias error curves in Figure 43 were developed by
evaluating the inverse transforms of the appropriate error
equations of Table 35 (Reference 30).

Noise curves are commonly evaluated in the frequency
domain by the use of the following relationship(s):

~ 2
o = £ [ owlcowl® a

M ) = .
where e 1is root mean square error in position, ®(w) is
power spectral density of noise process, and |G(jw)| is
mechanization frequency response function.

In this case, 6 has a value of 15 (feet/second)z/radians
per second and has a band limit of 0.003 radian/second.* The
transfer function for position error is given by the follow-
ing: (a is a generalization of ) allowing for variations
in g.)

2
Kls + A K2
2

G(s) = AA\;)R =

s(s + 2ays + az)

where a2 is A2(1 + K,), 2aY is K;, and AP is position error.

As indicated by suppliers of velocity sensors, particularly
Singer Kearfott (GPL).
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If the above expression is bounded, the integral ex-
pression can be evaluated by residue summation, Nichols pro-
cedure, or numerical integration. 1In this case, G(s) is un-
bounded, and impulse integral squaring is used (Reference 9).
The following expression applies:

t

- 2

25 2 -l K,s + KZAZ

e (t) = L -] dt
s(s

s + 2ays + azj

)

The resulting integral is given by the following:

() = R Al - et 4 2[5-‘-’-‘-‘:‘-)-] [1 - e7%2 (2at + 1)]
4a”

Lk . .
+ (é—i) [1 - e™?3%(2at + 1) + 2at? e™22%)

2a2
22 2
+ ~—i§:§l-[l - et (at + 1] + 2 8, -k
A4 aS

where A = 12K, and A2 = g/R.

Third-Order Conventional Velocity and Position Aiding

If a greater flexibility is desired, a third-order mech-
anization can be adapted to the problem. A third-order sys-
tem can employ a continuous position reference or integrate
velocity. Position data can be derived through angular ob-
servations, range observations, or a combination of the two.
Systems that rely on angular data alone can employ celestial
or terrestrial measurements. Celestial measurements provide
data in a spherical coordinate/earth geometric reference sys-
tem. These can provide a level reference and a gyroscope
drift correction only if an adequate ephemeris and time base
are provided. Terrestrial references, whether based on angu-
lar or distance measurement, provide position data without
the need for a precision time reference.
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Reference to Table 34 indicates that there is much greater
scope for varying error sensitivity than there was in a second-

order system. Consider the following equations from Tahle 34
(System 4):

AY . - g(5 + Kj)
T8k, + KyS?

+7(1 + Ky)S + 12Ky

AV S(K; S + Ky A2)
AV g3 4 (Ky + K3)S2 + 27 (1 o+ Ky)S + K3A2

K; and K3 may be assigned an arbitrary range of values, in-
creasing and decreasing the time constant of the system. The
objective is to find gain settings that minimize bias errors
without having the noise process become an error factor. This
depends on two items: system stability and control of K,.

The position error for the above system is bounded and is
given by the following:

1
) B 2 ]
PNR (1 + K2)Kl + A K2

2{K3 -(K1 + K3) (1 + K»2)]

The above type of equation may be derived by using the
method outlined in Grabbe, pages 24-11 to 24-15 (Reference 9).

There are many compilations of these formulations in Air Force
documents. Reference 31 is a good example.

Kalman Filter

An extensive investigation was made to determine the
adaptability of existing Kalman filter mechanizations (as
shown in Figure 39) to the RACG midcourse guidance approach.
The distinguishing characteristics of the most appropriate
candidates are shown in Table 37. The consensus of special-
ists in this field indicated a preference for step-gain
Kalman-derived filters for a short-term flight.

Sperry's P gain optimal filter has break points at 5, 9,
and 15 minutes. This corresponds to the AFBGW inertial error
sensitivities of 0.115 nautical mile/degree/hour, 0.68
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nautical miles/degree/hour, and 3 nautical miles/degrees/hour,
respectively. The mechanization weights inertial sensor '
measurements more highly in the initial flight period than in
subsequent phases. The Army Ele¢ctronics Command concept
achieves good results by matching simulated flight performance
to actual performance and by setting gains accordingly.

The Boeing STAMP concept obtains a performance approach-
ing continuous aiding by use of discrete data projections.
This could present an opportunity for anﬁ’bain margin enhance-
ment in systems like the GPS and DME/TOA.

Litton has developed a large number of Kalman and Kalman-
based systems. 1In a particularly applicable Omega-inertial
concept, good results were attained by using a unified noise
model to reduce the number of states required. It is signifi-
cant that the performances of optimal, suboptimal, and con-
ventional systems were very close in one phase of this study.
The RACG and DME/inertial mechanizations were also reviewed.
Both indicated improved performance by Kalman mechanizations
when compared to conventional mechanizations. However, both
studies indicated that the use of Kalman-derived data in a
modified conventional configuration could improve conventional
performance significantly

The survey indicates that the AFBGW performance could be
improved by application of mutual calibration. Literature
indicated, however, that rapid growth of computational re-
quirements is a problem; this is illustrated in Figure 44. 1If
20 states are modeled, a memory requirement of 6,000 is in-
dicated for the Kalman filter operation alone (Curve 1). If
the quality of the measurements is relatively predictable,
certain shortcuts can be made, and a somewhat less accurate
system results (Curve 2). 1If a preselected, scheduled gain

system was selected, still greater memory economy could be
achieved.

In view of the above problems and the recommendations of
those experienced in the use of optimal processes, emphasis
was on the application of Kalman concepts to scheduled gain
variations. -

Accuracy Potential of Candidates

The accuracy potential of several generic classes of con-
tinuous aiding concepts was evaluated. These included: (1)
a second-order fixed gain model; (2) a second-order scheduled
gain model; and (3) a second-order adaptive gain system. For
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the fixed gain systecm, a combination of parameters was chosen
u,%, from Figure 43 that permitted a damping ratio A value of 0.008,

For the second-order scheduled gain option, a mechaniza-

L tion defined vy Table 34 was used. 1In referring to System 2
k (AZV/S8 and AV/AVp), it is seen that a variation in K, from =

to 0 can cause the final value of AV/S§ to go from zero to g/i.
K1 variations were examined, and position errors proved
relatively insensitive to these variations for the AFBGW
parameters. The corresponding values of AV/AVg are to 1} to 0.
These values were varied to produce high gyroscope drift rate
; sensitivity early in the flight and high velocity reference
; error sensitivity in the latter part of the flight.

] The concept of adaptive aiding is illustrated in Figure 45.
The gains are adjusted by p, the gain adjustment parameter. o

is derived by operating on the observed difference in inertially

derived velocity and the reference velocity. When p is nega-

: tive, the system essentially operates on inertial information

] and calibrates the reference sensor. (The function I' repre-

sents this calibrative operation and includes adaptation and

weighting.) When p is positive, the system operates on cali-
brated AVR data.

The above approach allows the use of inertial data when
these are the most accurate. The approach also provides the
opportunity to compare reference data to inertial data when
the latter is extremely accurate. The comparison is superior
to a prelaunch calibration because it better approximates the
operational environment of the portion of the flight during
which navigation data will be derived from the reference
sensor.

One of the problems associated with adaptive systems,
such as the one just mentioned, is that the uncalibrated error
process is not stationary. Errors that appear to be bhias-
type errors under a 5-minute observation period may, in fact,
be cyclic (cosine type) errors with a l-hour period.

il s S e e et

The manner in which errors vary has a critical impact on
the practicality of the type of concept illustrated in Figure
45. It is absolutely essential that the major portion of the
error either be virtually stationary over the time of flight
or that its variatlons be sufficiently high in frequency so
that they are self-cancelling (using the inertial sensor as
an averaging device).

The potential of the adaptive approach is illustrated in
Figure 46. The curves present a comparison of the three types
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of continuous aiding that were discussed in this section with
pure inertial operation. Pure inertial operation gives an
error of about 6,000 feet (single-channel gyroscope drift
effect only). A second-order fixed gain velocity inertial
system can show some improvement on a statistical basis
(4,300 feet). A scheduled gain system can reduce the error
to 2,800 feet by allowing the system to operate on inertial
data during the first phase of flight.

The adaptive system performance shown in Figure 46 indi-
cates a 2,000-foot error. The construction of the curve that
shows the accuracy was based on the assumption that half of
the error that appeared to be bias was actually noncompen-
satable cyclic error. A check of industry specialists was
made to confirm this estimate. No exception was taken to the
estimate, but the consensus indicated that background data in
this area were fragmentary and inconclusive.

SUMMARY

This section examined the methods of combining naviga-
tion data from diverse sensors to derive the best available
estimate of position, velocity, and attitude (state vector).
Both discrete and continuous update procedures were investi-
gated. The discrete update investigation showed that three
fixes at the midpoint of flight can provide an overall
accuracy of 3,000 feet for the 600-second long-range mission.

In the continuous aiding portion of the investigation,
fixed gain, variable gain, and adaptive gain concepts were
studied. The fixed gain concept was marginally better than
pure inertial operation, while variable (prescheduled) gains
produced an accuracy within the AFBGW requirements for navi-
gation performance.

Performance of an adaptive concept was evaluated by using
an estimate of reference error characteristics. A more rigor-
ous analysis of adaptive gain systems is desired. This will
depend on a more highly developed error process data base than
is now available. The investigation showed that the systems
discussed in this report had an ultimate potential of 160-foot
accuracy with a reference noise of 15 (feet/second) ¢/radians
per second,
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Pys
PNa

AP
AP,

AP,

AP

LIST OF SYMBOLS

_DEFINITION

2 : 1 .
1"Ky—Constant used in calculating unbounded noise
response.

Av1l + K,—Constant used in calculating unbounded
noise response.

Covariance matrix.
Exponential base.
RMS error resulting from noise process.

Absolute value of system output in response to unit
oscillatory disturbance.

Gravitational constant.

First-order loop gain-—velocity feedback.
Second-order loop gain—velocity fe¢ed forward.
Third-order loop gain—velocity feed forward.
Measurement matrix.

Measured values.

Position state vector elements.

Noise power spectral density of velocity reference.
Noise power spectral density of gyroscope drift.
Noise power spectral density of accelerometer bias.
Position error.

Position error resulting from an accelerometer bias.

Position error resulting from a velocity reference
error.

Position error resulting from a gyroscope drift
rate. E
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Time, %
Error in velocity (AvV; - AVR) . i
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Error in reference velocity. %
Correction matrix. é
Ky /) parameter used in calculating gains for first- %
order system, 4
Measurement error matrix. %
Gyroscope drift rate. %
Level error. 4
Schuler frequency. ?
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SECTION Vit

UPDATE TECHNTIQULS

tudy is to provide adequate mid=-
ystem to acquire its target
8 of flight., ag was demonstrated in

i -ial navigation System is
not Sufficiently accurate to provide thisg capability, 1¢ is,

techniques to supplement

This section examines pe &
Sensors and methods that can b i
ments to the inertia] navigation

the capabilitjes of several updating techniques tg operate in-~
dependently and to provide position,

velocity, and attitude
information.

a igated in two steps. First
the capabilitjes and requirements of two discrete navigation

techniques are developed: the Radiometric Correlation Guidance
(RACG) process currently under development for the AFBGW, and

t provide an economical altern-
- These include

‘asuring Equipment (DME), and
LORAN. The organization of thisg section is summarized in

Figure 47 for ease of reference. The objectives of the update
investigation are summarized in Table 38.

System; Section vr

Ploy inertial ang updating data to pro J i
formance that ig more

CG concept is based on on-site
ancy, John Rarich, and Larry Goe
Division. Additional data were

on the RACG concept (Reference
15).
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UPDATE
TECHNIQUE
INVESTIGATION

J

DISCRETE
SYSTEMS

RACG
DESCRIPTION

TERRAIN ELEVATION
CORRELATION

L_-—-

Figure

INVESTIGATION
OF TECHNIQUES
APPLICABLE
TO RACG

1

CONTINUOUS
PROCESSING

DOPPLER RADAR

GLOBAL POSITION
SATELLITE

GPS-CCM
APPENDIX G

e

DME, LORAN, OMEGA
PASSIVE, AIR DATA

47. Organization of Work flow for Update
Techniques Investigation
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A block diagram of the RACG system is shown in Figure 48,

The system, which requires an accurate vertical reference (10
arc minutes of vertical error), provides discrete navigation
updates with relatively high accuracy and can provide a velocity
correction through successive RACG updates. The accuracy of
this process is estimated at 2 feet/second. About half of the
velocity error is attributed to inertial drift during measure-
ment, and half is caused by errors in the correlation process.
This accuracy in velocity data requires a minimum of two
position fixes, and improvement in this accuracy can be
achieved by using up to five fixes. As shown in Figure 49,
typical RACG performance has becen determined by Lockheed. The
‘results assume flight within a 3,000-foot acquisition corridor.
The curves show: (1) that a range of 32 nautical miles can be
achieved with a single fix for the baseline configuration; and
(2) that improving the quality of the inertial system does not
produce a large improvement in the range that may be flown
within the 3,000-foot corridor.

: The RACG system antenna is 1 foot in diameter and operates
B in the 35 GHz region with a 2-degree bheam. System accuracy is
E 4 designated in an angular rather than a positional reference;

current angular accuracy is between 5 and 6 milliradians.
Because of this angular rather than linear error dependency,

it is desirable to take the last fix at as low an altitude as
possible.

Specialists in the field of passive terrestrial measure-
ments (George Clancy, for example) compare the 35 GHz RF earth
mapping operation to IR earth mapping. This comparison is in-
cluded to demonstrate the effectiveness of the concept in the
competitive situations encountered in midcourse updating.

RIS

e e

The 35 GHz spectral region resembles IR in that nonco-

herent natural energy is sensed. However, 35 GHz experiences

a first-power variation of power with temperature rather than

the fourth-power variation of IR. There are no inversions

(changes in the intensity magnitude sequence of an observed

set of emission elements) with 35 GHz RF, and in the tempera-

ture range from 0 to 100 degrees Fahrenheit, there is little
R change in emission level and less in relative intensity.
Since there is no K, band energy in the sun, no day/night
effect occurs. There is also very little tendency for the
RACG system to make a false match (or false fix), although
this could occur theoretically if random readings of radio- §
metric intensity correlated with position source data.

The RACG system has three advantages: (1) the reference
does not require special measurement; (2) the angle of obsecr-
vation is not a problem; and (3) the system is not altitude
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1 limited. Photographs associated with this program are readily

P available at the Defense Mapping Agency. The system is in-

;‘\5 tended for use with pre-briefed strike, but can be used with

: existing reconnaissance data. It is also feasible to con-

1 l struct new references in a van near the strike operations cen-

E { ter using recently acquired data since only 10 to 20 minutes
are required to convert images from photographic material.

3 . (It is not desirable to bhuild reference matrices on site since

1 the intensity and urgency of the operation require massive

;. amounts of reference data to be acquired and processed. How-

E ever, data control at the organization level would be an im-

; portant consideration.) The device is not influenced by the

look angle of the terrain; furthermore, "acquisition at the low

depression angles is as easy as overhead acquisition providing

) that the relevant terms of the radar range equation are equiva-
4 lent.

The system, as configured for demonstration purposes, has
5 a belco MAGIC 362 computer and a special purpose computer of

{ equivalent memory capability. The memory is divided func-
tionally as follows:

st ann

) ) System program - 4,000 words

™ Scratch pad - 4,000 words

T o

® Mission data - 8,000 words.

Cognizant RACG project specialists (who supplied the
above data) indicate that both a midcourse fix and a terminal
fix can be made without difficulty.

The RACG system was assumed to be the discrete update
sensor for AFBGW guidance. 1ts application as a midcourse
correction device forms a major element in this study. The
next paragraphs present a description of a similar discrete
y update system, Terrain Flevation Correlation. The purpose of
3 presenting subsequent material is to document the adaptation
9 to RACG of applicable update techniques associated with
Terrain Elevation Correlation.

. DISCRETE UPDATE SYSTEMS—TERRAIN ELEVATION CORRELATION

Midcourse navigation by the terrain elevation correla-
tion process, illustrated in Figure 50, is similar to the
RACG in that it involves the matching of source data. Both
techniques employ data secured from the Defense Mapping Agency.
Other similarities indicate parallel processes and an oppor=-
tunity to adapt updating techniques.
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Three distinct phases are associated with terrain eleva-
tion corrclation: source preparation, data acquisition, and
data correlation. Source preparation involves the collection
and reduction of terrain elevation measurements into a matrix
of appropriate intervals (50 to 400 fect). The data acquisi-
tion phase involves the measurement and temporary storage of
altitude measurecments by the missile's radar altimeter at
equidistant position intervals. The correlation phase involves
matching acquired data with source data.

Figure 51 shows the use of terrain elevation correlation
in making a midcourse correction. The air-to-surface missile
is launched at any point along the launch perimeter, and up-
date is accomplished anywhere between the 34- and 40-nautical
mile circles. This method has been used for some time with
air-to-surface missiles equipped with a l-degree/hour inertial
systems. Its usefulness to the AFBGW depends on its cost and
complexity, which, in turn, depend mainly on the required com-
puter 1loading (the computer memory required to perform the
calculations in a given arithmetic operation).

The size of the computer memory needed for the midcourse
update scheme shown in Figure 51 is reported in studies by
E-Systems, Inc. (References 36 and 37). An B-bit data element
is required for every area cell of 400 square feet over which
the vehicle will pass.

Consequently, if the missile can navigate with sufficient
accuracy to assure its ability to fly directly over a speci-
fied cell, the computer needs to store only one piece of data.
Alternatively, if it can navigate with sufficient accuracy to
pass over an area containing 100 cells, only 100 pieces of
data need to be stored. If the missile's mission must be
flexible enough to pass over an entire circular band with a
40-nautical mile outside radius and a 34-nautical mile inside
radius, a large amount of data is required. 1f, as indicated
in Figure 51, the approach is restricted to % radian, the area
to be covered is 111 square nautical miles (Figure 51). 1If,
as References 36 and 37 indicate, a data element is needed for
each 400-square-foot element, about 174 data elements are
needed for each square nautical mile of area to be covered.
Consequently, 19,371 8-bit data words are needed in computer
memory to cover this %-radian segment.

Investigations of the terrain elevation correlation effort
(References 36 and 37) have evaluated the use of the aircraft
data processing equipment to initialize the missileborne fix-
taking system., For example, using an aircraft computer to
load source data on missiles during flight adds mission flexi~-
bility. However, loading missile source data on the ground

221




s e o

s

s

41 ks
/'F -
X (e
=== Wbl UM LR TN G s’ e,
SOLEELE LA TA LUIVENIS E ’ - -

AYAILAHLL 0o WS

I ANHING,
\_ (ETI N
[ =

- LAUNCH POINT FOR
COMPUTATIONAL
HEQUIREMENTS
DISCUSSION
)4 11t 50 NM
i AREA AFPLICALLE
—— = 10 COMPUTATIGNAL
HEQUIHEMENT
NECUSSION
\ LAUNIH
PLIOME [t R
Figure 51. Illustration of Source bata Coverage
i
4 222
‘5
g

|

i,

R SR S AR




avoids an aircraft/mis
system complexity. Refe
velocity accuracy
inertial navigatio
midcourse update

sile exchange of source

rences 36 and 37 recom
and 10 milliradians

data and reduces

mend a 2 percent

azimuth reference as

scheme shown in Figur

stringent than the requirement

analysis for
Therefore,

three fixes, 12,000 to 30
The cost of st

$0.40 per word, resulting in
three additional
(Semiconductor me i
Consequently, a price of $5
for midcourse guidance se

They are: (1)
hour (1a) drift rate;
and a continuous u
second (20);

st data nor a

S computational
the discrete corre

taking process,
must suffice,

sly estimated to be in th
16-bit words per fix,

lation fix
estimates

at $0.20 to

t of $2,400 to $4,800 for

fixes, assuming minimal area cove

T AR T

ems probable,

and an intermediate discrete fix w

correlation quidance (RACG)

CONTINUOUS UPDATE PROCESSES

Continuous update
cause the computational
date system seem high,
a capability in the

(}) and (2)

have been discussed
It is now nece




-

e gea el Sl

R s L B Lt

) The 0.15 degree/hour (3,000 feet-20) inertial systems
cost $25,000 to $30,000 apiece at this time for 2,000

to 6,000 units.

° A l-degree/hour (10,000 feet-1lu) capability through

incrtial capability alone costs $17,500 at this time.

) If a $17,500 platform with a $5,000 auxiliary sensor
(total cost $22,500) could perform the required
mission, it would probably be competitive despite
decreased system reliability and the additional ex-
pense of mechanization, and would provide an effec-
tive ceiling on the additional cost that could be
justified for an improved inertial system.

Tt is shown in Section V that a system with a l-degree/
hour gyroscope produces a total error of approximately 10,000
feet at the end of the AFBGW/long-range mission. This indi-
cates that an accuracy of about 0.3 degree/hour is required
to perform the mission with an unaided inertial capability,
assuming that the 3,000-foot baseline system specification 1is
gquoted in lo numbers. It is more reasonable to assume that a
3,000-foot accuracy is desired 95 percent of the time. 1In
this case, a 0.l15-degree/hour (lo) system is required. The
cost of a continuous aiding device or the cost of the sensor
and additional computer capability required for a discrete
update also must be less than the difference in price between
a 0.15-degree/hour system and a li-degree/hour system. The
examination of continuous update systems also considers their
counter-countermeasure potential and flexibility. - Jamming
immunity was not considered mandatory, but the cost and com-
plexity associated with a specified counter-countermeasure
was addressed.

The following candidates were examined on the basis of
cost, counter-countermeasure, and performance:

[ Passive interferometcer

) Air data processor

° Doppler radar

° Single/dual channel Global Positioning Satellite
(GPS)

e Distance measuring equipment (DME)/ALSS and ecquip-
ment.

224

i e, il e S s D A el B ot




T e e R S

ik ol i3

0Of the above concepts, the first two are undesirable. The
passive interferometer requires two fixed ground installations
that would be expensive and high risk in the 1980 to 1985 time
period. They would also lie below the radar horizon when the
AFBGW descends beclow 10,000 fect.

The air data processor depends heavily on the availability
of meteorological data. The air data processing computer must
be calibrated in the early phascs of flight at altitudes from
50,000 to 30,000 feet and between 0 and 40 nautical miles from
the launch point. The system would then operate in a zone be-
low the 30,000-foot altitude and between 40 to 100 nautical
miles from the launch point, conditions in which the calibra-
tion may not he applicable. Experience shows that, even with
these factors, a 10~-foot/second accuracy is possible with the
air data processor. However, widespread use of the device will
require collection, examination, and correlation of substantial
quantities of meteorological data before the commitment of

development resources to the testing ol the air data concept
can be recommended.

The doppler radar and the GPS are of interest with regard
to cost, councer-countermeasure, and performance. The doppler
radar is available at the $5,000 cost level, is almost immune
to ECM, and can meet the 3,000-foot accuracy objective with a
100-nautical mile flight. The GPS can be confiqured to provide
adequate counter-countermeasure capability, and its cost poten-
tial with counter-countermeasure is within the guidelines. 1Its
performance is satisfactory for the 100-nautical mile mission.
Both of these concepts are discussed in greater detail subse-
quently in this section.

The ALSS may be applicable from a performance and cost
point of view. However, the counter-countermeasure capability
cannot be positively assessed because it is a highly classi-
fied program and because a competition was in progress among
several contractors that restricted the flow of information
during the course of this study.

CONTINUOUS UPDATE PROCESSES-—DOPPLER RADAR (REFERENCE 38)

Two doppler radar systems were examined; the doppler
radar velocity system (DRVS) and the 727D system. Their
characteristics are quire similar, as is indicated in Table 39.
Either of these systems can provide the horizontal velocity
accuracy required for the mission (3,000 feet-20 at 100
nautical miles). The inertial sensor group provides the
necessary azimuth accuracy. Appendix E provides a detailed

225

——— B T T — i e at e b ‘,a.;;,"mn,w_r: R ot i e S e i 0
g e e i Y 3 e TR




(*SwIia3l PIATIAP

sorlusoiad a3l 07 DIPPeR DUP Ssuwial AJTOOT3A JURISUOD 3Y3 Aq paT1dr3Inuw pue pajel

-rOTe2 3q OSTe isnw IYyhTTI JO BWI3F 8y?

‘SAQ JO @sed ay3 ul)

*swasl abejuadaad

serq au3l &g peildiaTnu paTeapIl 9DURISTD Te30] 3yl 03 juaTeatnba OsTe ST I0Xad

[e303 9L “ALTOoC[®A 919Tyen 40 FUID4Asd JO SwIel ul passaadxe ST seIq A3TLOOT8A

S3TUO 000°9-000°2)

060°‘¢S
THD GZETCT/MY 0%
¢=00F¢ d TIW
ce
3 t 123 I9AUCH
eaeQ@ IRubTS
: \ R | [R=pe iexs
et U S AL |
i R T te = Fil i {0 0
vipa TRPUNTS

(tuoct3onpoxd L3tT3uend aLaeq)
500°L - 000°S

o
>
(Eg]
x
<

“

(0T) Sd¥/z(3¥) €€0C°0
«oT) 3% ZT°0 + 3uddaad p1°0

K0T) 3% fZ-0 + usdaad ze-0

SOILSTHALOVIVHD d¥AVd dd1dd0d

($) 3sod
(zZHO/Mul) 3InQ I3MOd
JUBWUOITAUY

(M) aamod

(spunod) 3IydbTam

(. S9youl) 921§

(3STON] A3TOOT3A [PIUOZTIOH
(seTg) A3ITOOTDA TEOTIIDA

(serg) A312072A [PIUOZTIOH

HILIWVEYd

"6€ ATAVL

226




o

Bisanieeia gy i Jin

description of the DRVS system tha*t was prepared by Lou Marino
of GPS Singer. The configuration described in Appendix T was
specifically planned for the AFBGW, as performance and packag-
ing are directed to particular requirements.

Either the DRVS or the 727D can absorb the entire error
allowance. 1In an actual operational situation, it might be
desirable to derive position data from the l-degree/hour gyro-
scope system during the early part of the flight and from the
doppler system later in the flight. This would reduce system
error sufficiently to allow provision in the error budget for
the azimuth misalignment.

The cost estimates in Table 39 are derived from production
experience. The 727D system was designed for drone and re-
motely piloted vehicle (RPV) application and is currently
production rated for a CANADAIR system. The DRVS technology
is based on large-scale existing production. Consequently,
the estimated costs carry a high confidence level. Cost re-
duction through relaxation of performance specifications might
be appropriate if a doppler inertial mechanization is designed
on the basis of the principles illustrated in the section on
aiding. As an indication of the state-of-the-art, note that
of the five doppler suppliers contacted, three expressed in-
terest in sensors belnw the 0.62 percent (lo) performance level
and $5,000 cost level. (Doppler error performance is normally
expressed in terms of percent of distance traveled.)

The DRVS installations and configuration for the AFBGW/
long-range are shown in Figqure 52. The microstrip antenna
is conformal and has the same radius as the guidance adapter.
The antenna is flush mounted to the skin of the vehicle, with
cutouts required only for the antenna coaxial connectors,
which are about 0.25 inch in diameter. Coaxial lines connect
the antenna to the receiver/transmitter box mounted in the
vehicle. The receiver/transmitter would be powered by the

vehicle's battery supply. The heam pattern of the DRVS is
shown in Figure 53.

There is extensive electronic warfare (EW) experience
with the implied gain pattern involving emission power levels
below 0.1 mW. The general consensus of the specialists in '
the EW community contacted during the survey was that this
type of emitter is not detectable in a realistic scenario,
and that both doppler systems are virtually immune to counter-
measures.
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Figure 53. DRVS Antenna Beam Pattern
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CONTINUOUS UPDATE PROCESSES—GLOBAL POSITIONING SATELLITE (GPS)
(REFERENCE 139)

This section discusses the possible role of a GPS re-

ceiver and antenna system for the AFBGW/long-range midcourse
guidance.

Table 40 addresses the impact of critical design options
on the accuracy, cost, counter-countermeasure, and flexibility
of a GPS receiver and antenna system for midcourse guidance.
The capabilities and requirements associated with the options
of Table 40 were discussed during the survey, particularly
with personnel from Hazeltine, Inc., and several system guide-
lines evolved.

A cursory review of the position accuracy requirements
suggests that a continuous velocity update capability is ade-
quate for the AFBGW/long-range mission. To assess the most
economical method of providing this capability, several support
and design alternatives were examined. It may be economical
and practical to rely as much as possible on an aircraft (x)
GPS receiver to initialize the AFBGW missile (m) receiver.

The x system transmits the error biases to the m system,
stabilizes the m oscillator, and transfers the appropriate
constants to the missile system before launch. This eliminates
the need for a synchronizing circuit in the m system and offers
potential for a low-cost m system,

The missile system for the AFBGW would include the follow-
ing elements:

) Low noilse front end

) Oscillator

) Superheterodyne converter

[ ) Amplifier

o Code generator

° Timing control loop (two integrated chips)

e Doppler processor (two integrated circuit chips).

The objective of a system based on the above equipment
is to provide range rate information with reference to one
satellite at an accuracy of 1 foot/second (lc). The knowledge
of range rate to a single satellite, together with an adequately




Design Options

TABLE

Accuracy

40. AFBGW GPS Rf

Cost

il .

Single-channel receiver

IFour -channel receiver

Narrow noise bandwidth

Continuous position
update capability

Continuous velocity
update

Antenna directionality

Jammer suppression techniques

Initialization with x receiver
system

Would depend upon INMU

Requires 1.0-5,0 mrad azimuth
reference

Accuracy would be independent
of IMU

1.ag in velocity data and position
data would adversely affect system
response

l.evel of accuracy an order of
magnitude above the requirement

Potential accuracy more than
adequate

No impact

No impact on accuracy

No impact on accuracy

l.ow cost compatible

%2000 target

Migh cost
$10, 000 target

£

Can escalate cost unde
conditions ¢

[

Well above the $5000 H

E

Possible to realize cap
bility in the low thousal

K

Computer and/or elect
mechanical equipment |

Requires additional alﬂ
and processing hardw

5
4
3

Could eliminate the ne:
10-10/S1.C short term

Possible $2000 targetl_

SLO = System local oscillator
x Receiver = Aircraft GPS receiver

i 5
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» AFBGW GPS RECEIVER

Cost

OPTIONS

CCM

Flexibility

OW cost compatible

p000 target

fgh cost
10, 000 target

g

escalate cost under extreme
ditions

i

ell above the $5000 limit

pssible to realize capa-
Jity in the low thousands

!

mputer and/or electro-
ichanical equipment cost

i]uires additional antennas
K processing hardware

1d eliminate the need for
*10/S1.C short term stability

A. sible $2000 target cost

Could be highly susceptible

Single look direction

Could be selective in choice of
satellite

Can provide over 50 db antijam
margin

Requires interpretation of coded
input data. Reduces antijam
margin

High antijam margin potential —
no data reduction required

Beam could be directed to plice
the null on emission source

Could provide 40 db antijam
margin

No impact on CCM

Not inherently inflexible, If sequen-
tial satellite reception was desired,
antijam margin would be reduced.
Continuous tracking would result in
constraints on satellite-trajectory
combinations, IMU -inertial combi-
nations would be limited.

Continuous operation insured.
Tradeoff between effectiveness
and IMU accuracy

Can impose tracking loop stability
requirement, Alternately, could
limit missile lateral acceleration
level

Requires clock on missile to
determine satellite pseudo range

No time reference required

Requires beam pointing, continuous
signal processing

Could limit operation to aircraft
with x receiver
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aligned platform (3 milliradians-10), allows the resolution of
velocity data along the missile axes. The target price of a
system bhased on the above approach is $£2,000.

This arrangement affects system flexibility in several
ways. The selection of launch aircraft is limited to those
carrying an X receiver. An lnertial alignment system must be
provided for the missile independent of the GPS sensor. There
are also operational blind spots, or singularities, in the
navigation process. For example, the missile cannot fly
perpendicular to the satellite/missile line-of-sight (LOS)

without significant velocity error magnification in the GPS
derived data.

GPS counter-countermeasure potential and design capability
are more serious issues than system flexibility. The GPS
approach offers opportunities to hostile jammers. Lonsequently,
the focal point of successful operation of the system is re-
liable counter-countermeasure capability.

For this reason, the followiny approaches were investi-
gated:

) High=-gain antenna design and beam shaping

' Sidelobe suppression (adaptive beam shaping) .

) Adaptive noise cancellation

° Delay lock loop filtering with inertial velocity
stabilization.

Table 41 summarizes selected counter-countermeasure
options and indicates the associated cost and performance im-
pact. A therough discussion of the counter-countermeasure
approaches outlined in Table 41 is given in Appendix F.

CONTINUOUS UPDATE PROCESSES-—DME

Several forms of DME were examined, including a ground-
based commercial system and the ALSS. The ground-based sys-

tem is adapted from a DME/VOR aircraft navigation upgrade
(Reference 40).

If the system is located near the launch line but dis-
placed 25 nautical miles laterally from the launch position,
a 4,000-foot error occurs for a range of 100 nautical miles
and an average missile speed of 1,000 feet/second.
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Ef fective counter-countermeasure operaltions with this sys-
tem are prevented by adverse yeometry and lack of system adapt-
i,\ ability to secure transmission techniques.

The ALSS is a prime DME candidate, since it is already
’ applied to the AFBGW system; however, i1ts highly classified
nature prevents a detailed discussion ia this study. The
operational concept and missile equipr.r: block diagram are
shown in Figure 54 (Reference 41).

If the baseline inertial system is combined with the ALSS
for the first 140 seconds of tlight, the AFBGW can achieve the
required 3,060-foot midcourse guidance performance after 600
seconds of flight.

The ALSS system provides similar support for the AFBGW
midcourse guidance, as does the discrete update function.
However, the ALSS system requires external systems, data de-
coding, and retransmission. It is also subject to hostile
counter-countermeasure.

CONTINUOUS UPDATE PROCESSES—OTHER SENSORS

LORAN

The accuracy of the LORAMN permits the type of capability
provided by the ALSS system and has been applied to glide
bomb weapons (KMU-353A/B, etc.) in the past. LORAN is subject
to wideband noise disturbances which can be addressed by
phase-locked loop designs and can be improved by the use of
inertial reference data. However, stability of wideband noise
has a potential impact on akility to reduce errors through
adaptive LORAN inertial networks.

Omega

Omega is not well adapted to the AFBGW because of the
basic instability of its error process. The present system
consists of eight stations transmitting on selected fre-
quencies, and it is possible to track with a -10 to -20 db

- signal-to-noise ratio (difficult to achieve with a tactical
missile).

The baseline accuracy of Omega is 0.7 to 1.0 nautical
mile (lo). With an airborne relay station, this would proba-
bly be improved to 0.2 nautical mile (lo0). The basic process
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has a 3,000- to 4,000-foot position noise, and there is a sig-
\ nificant lag (1 minute) in velocity data. There is also a 36-
Ezﬂg nautical mile theoretical wavelength in the smallest band.

Passive RF Guidance

: The application of passive electronic warfare techniques
to the AFBGW midcourse guidance effort was also investigated,
and system components were defined as follows:

® Ground support equipment: two retrodirective,
high-power, moderate gain transmitters that are
positioned prior to launch.

) Missileborne equipment: one single-axis reference
] and two body-mounted chain interferometers.

The ground transmitters amplify hostile transmissions
and beam them to the AFBGW. The chain interferometers deter-
mine the vertical plane that contains the launch point and the
target. The AFBGW flies in this vertical plane throughout the
mission. The missile also carries a single-axis reference
with a gyroscope, one level accelerometer, and one vertical
accelerometer. This allows two~dimensional precision navi-
gation. The system is inherently low cost, and it is diffi-
cult to detect because the energy transmitted by the ground
emitters is already present in the atmosphere.

This concept was conceived by T.E. Yee of Honeywell, Inc.,
during an earlier program. Further data is available on the
components from the following sources:

°® Ground support equipment: Threat Handbook
(Reference 42)

° Single~axis references: Appendix C, Volume II,
of this report

o Body-mounted chain interferometers: Mr. W.A. Bishop
of Litton Amecom Division, College Park, Maryland.

CONTINUOUS UPDATE SUMMARY

The above discussion has established the adequacy of
several velocity references. The guidelines for adequacy are:
accuracy of ° feet/second (20); a cost of $5,000 (2,000 to
6,000 units); counter-countermeasure effectiveness; and
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operational flexibility. The doppler radar is ideally suited
to the performance, cost, counter-countermeasure, and support
requirements associated with the AFBGW missile.

The GPS can also be used. 1Its cost and performance are
even more attractive than those of the doppler radar. However,
it is subject to ECM, and the counter-countermeasure approaches
that were defined to correct this situation are cumbersome and
add to the complexity of the concept. The GPS is not a self-

contained system, and it depends upon the availability of both
aircraft and space equipment.

The ALSS is also an applicable system; however, no posi-
tive conclusions can be made at this time on its relative merit
in this situation because insufficient data are available.

The LORAN can be classed with the GPS in many respects.
It has the accuracy and the low-cost potential required for
the AFBGW application. However, its counter-countermeasure
performance is inferior to the GPS because it will be re-
ceiving signals in the horizontal plane. Jammers can compete
quite effectively under these circumstances. Support trans-
mitters will also have to be charged against the system (which
is not the case with the GPS). Consequently, system cost may
be somewhat higher than system costs for comparable wideband
noise problems.

In general, the continuous update process investigation
established a large number of techniques and components that
can be used to augment the inertial navigation sensors.
While the doppler radar is preferred, many others would be
adequate in their present form, and all that were examined

have potential. Some, however, require further study and
adaptation.

UPDATE TECHNIQUE SUMMARY

The data developed in both the discrete update study and
the continuous update study are summarized in Table 42. The
table shows that when both continuous and discrete systems
are compared, the RACG and doppler radar are roughly compara-
ble in accuracy, counter-countermeasure, and cost. The table
also indicates that there is greater certainty about the prob-
able cost of the doppler radar than of the RACG. Although
the RACG updating costs are estimated to be lower, the RACG
requires an external function, source data processing, while
the doppler radar does not.
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TABLE 42. UPDATE SYSTH

IZCM Susceptibility
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wg

i
i

Cost _

Id Update
{ Technique
i
1 ; ’ Or Accuracy
I'quipment
. Classified, see Refer-
ence 15, Acceptable
: RACG
] Terrain
Elevation
! Correla-
tion
0.5% or 5 ft/sec (20)
Doppler :';ldeqt.late to 'replace
inertial navigator as
Radar 3 e
prime position
1.0 ft/sec (estimate)
Global More than adequate
Position
] Satellite
More than adequate
] ALSS Classified
Passive Adequate in combina-
k| ) Tech- tion with a nonbase-
niques line inertial concept
10-40 ft/sec
Air Data Improvement depends

upon synergistic
approach

K4 band jammers can inter-
fere, must be located near
fix point

Examined for potential spinoff of techniques to RACG
This and RACG are parallel concepts, they would not be used in combi

Virtually immune to ECM

Susceptible to ECM
Extensive CCM examined

Performance classified,
system geometry less
favorable than GPS

Retrodirective emitters
masked by environment
Highly resistant to ECM

Immune to ECM

The cost of the RACG |
ceiver, antenna, and‘
estimated at about $5
quantities of 2000 to 6‘

$5000 in quantity

$2000 without CCM
$4000 to $7000 with CC

i
%
#

Missile equipment cosﬁ

able 1
Extensive support requ

Missile equipment $50_'
support requirement

$160 to $500




. UPDATE 5YSTEM SUMMARY

E\ System Requirement
.

] . oLl External to Missile
1

Conclusion

Lt of the RAC(? gen:olt‘ lje- Source data required from
» antenna, an glm' als 1s defense map agency

Ated at about $5000 in

ies of 2000 to 6000 items.

used in combination

In quantity None required

without CCM
o $7000 with CCM

Satellite and ground trans-
mitter required; system
elements used for other
purposes

Cost impact not assignable
to GPS

ez
E,
%

Kl

equipment cost not avail-

Three aircraft required
ive support requirement

e equipment $5000, extensive Ground transmitters
Drt requirement required

No requirement, although
meteorological data may
be an element in syner-
gistic operations

b $500

RACG discrete update feasible
and could be cost-effective
More definitive computational

analysis required

Duplicate RACG capability
rather than supplementary

Could provide excellent supple-
ment to 1.0 deg/hr inertial platform

Effectiveness depends upon
reliability and simplicity of
CCM approaches

Insufficient data available
CCM could be a problem

Requires further study

Requires further study
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The GPS must be placed after both the RACG and the doppler
radar because of the counter-countermeasure question and be-
cause of questions concerning availability of external systems
(Table 40). Terrain elevation correlation is not considered a
candidate; it was examined to determine what processes and
techniques might be adapted to the RACG.

The ALSS cannot be evaluated because essential data are
not available. Passive techniques and air data processing are
not competitive.
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SECTION IX

CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations of this report reflect 1
the objective and scope of the study, which were described in |
the introduction. As indicated in the introduction, the objec-
tive of the study is to identify analytical methods and guid-
ance techniques for the AFBGW concept. Consequently, the
following conclusions and recommendations will be directed to 1
the application of available technologies, the appropriate ;
action for support of the AFBGW cost and performance goals,
and the application of synthesis techniques.

Where appropriate, these conclusions and recommendations
will relate to the AFBGW project and the RACG development
effort. However, most of the material in this section deals
with the need for new analytical techniques and the need to
develop supporting data.

This section is organized into six subsections-—each

corresponding to a previous section of this report (Sections
IIT to VIII).

Fapa—,

SECTION III

Section III presented a review of candidate inertial
equipment, These were selected from diverse applications.
Investigation of currently operational inertial systems led
to an assessmeni of the potential of the following types of
gyroscopes: rate-integrating gyroscopes, rate gyroscopes, tuned
flexure gyroscopes (gyroflex), and laser gyroscopes. It also
involved the estimate of the performance and cost of strapdown

platforms constructed from these gyroscopes. u
The following conclusions and recommendations resulted %

from activities associated with Section III: : |
° Rate-integrating gyroscope (RIG) technology offers Q

an excellent potential for achieving the cost and :
performance objectives of the AFBGW concept. Exam- §

ples of instruments that are very close to the base- 5
line requirement are Northrop GI-G6-S and GI-G6-8B, i
Honeywell G1111-LC, lLear Siegler 1903, and Hamilton ”
Standard Mini-RIG 30. The following positive factors

are citéd with regard to the RIG approach: extreme

flexibility of cost and performance objectives,
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extensive historv of anplication, and evidence of a
large group of potential suppliers realistically
seeking to address the AFBGW reguirement.

Rate gyroscopes do not address the performance objec-
tives of the baseline requirement. Applications that
were reviewed indicated that aiding a rate gyroscope
mechanization may present problems not associated
with a RIG application.

Tuned flexure gyroscopes have the performance poten-
tial for the AFBGW concept. Pricing objectives were
seen to be somewhat above the baseline tarqget cost
($15,000 rather than $10,000 for a three-axis
platform without comnuter). Interest is limited
with only one supplier claiming an active develop-
ment program. o

Laser gyroscopes have the performance potential with
at least two suppliers directing effort to the AFBGW
requirement. However, experience in this technology
area is measured in tens of units delivered—compared
to tens of thousands in the RIG technology area.

The platform cost goal of $10,000 for a l-degree/hour
performance with a 2 x 10-4 g accelerometer may be
difficult to achieve with off-the-shelf equipment.

The platforms reviewed all have prior association
with ongoing programs. Their cost is influenced hy
requirements that are not applicable to the AFBGW
concept, Cost estimates are also influenced by
existing contracts and contracts to be negotiated
in the near future. Consequently, there is ample
ground for exploring the requirements that are
tailored to the AFBGW. Special consideration is
warranted in the operating life, reliability, and
compensation of applicable designs.

The operational and support constraints in the system
will profoundly affect the design objectives of a
AFBGW gyroscope. Calibration cycle, aircraft support
requirements, and environmental control are prime
related examples. Well-defined objectives relating

operational flexibility, support requirements, and
performance are required.

Innovative techniques for improving performance at
cost without prelaunch calibration cycles may be
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available. Applicability of portions of the Carousel
technology to strapdown systems and calibration
through spin motor modulation are opertinent related

issues. The use of auxiliary sensors is also to be
considered.

SECTION IV

Section IV illustrated the application of classical system
synthesis in the development of a guidance law. It also indi-
cated the impact of a guidance policy on range and available

enerqgy. This work led to the following conclusions and recom-
nendations:

° The problem of transit of an air-to-surface missile
from launch to target has been successfully solved
in many previous missile system developments. The
choice of approach for the AFBGW depends on the com-
putational resources to be allocated to this function,
If ample resources are available, the SRAM virtual
target approach is indicated. If limitel computa-
tional resources are available, an acceleration loop
mechanization is indicated; however, this approach
may impose undesirable autopilot requirements and
provide reduced flexibilitv,

° Error propagation will not impose a serious range
penalty on the AFBGW. Cross-course errors of as
much as 5 miles can be tolerated even when the
missile is within 20 miles of the target. (This
situation results in a range penalty of less than
2 percent.)

® A successful synthesis of the guidance loop can be
conducted by use of classical linear techniques.
The predominance of linear constraints in the missile
guidance situation tends to make the linear phase of
analysis a critical one. Nonlinear analysis and the
investigation of the role of nonlinear control
approaches are also important,

SECTION V

Section V derived the error equations for the baseline
inertial guidance eauipment and presented the errvor propagation

history. This effort led to thce following conclusions and
recommendations:




T

b Gt s

i s S

The AFBGW/long range can navigate to within 600 feet
of the target with a l-degree/hour inertial guidance
unit, assuming a nominal 240 seconds of flight

(Mach 1.0 with 40-nautical mile range).

The AFBGW/long range can navigate to within 10,000
feet of the target with a l-degree/hour inertial
guidance unit, assuming a nominal 600 seconds of
flight (Mach 1.0 with a 100-nautical mile range).

The AFBGW/long range can maintain a vertical refer-
ence of 3 milliradians with the baseline (1.0-degree/
hour system).

At the end of 600 seconds of flight, a l-degree/hour
system will experience a velocity error of 24 feet/
second (dual channel).

The first two items indicate the desirability of
using different approaches for the AFBGW/long range
and AFBGW/short range systems. The use of two dif-
ferent gyroscopes that are mutually compatible has
been suggested by several sources.

The critical requirement for level accuracy for RACG
tends to support the use of high-quality sensors of
the use of a velocity reference to reduce level error.

The high rate of platform divergence (velocity error)
after 600 seconds places emphasis on a velocity
reference. A representative velocity reference has

a fixed bias at 5 feet/second. A comparable inertial
guidance unit has a 24-foot/second error that in-
creases with the square of flight time. Use of a
velocity reference with the long range version and
common short range/long range inertial systems is

a logical alternative.

The AFBGW concepts are not subject to the type of
environment that causes high computational errors in
strapdown equipment. First- or second-order algo-
rithms are appropriate for evaluation in this context.
This study has not addressed the effects of Scorsby
or coning motion which may be present in the AFBGW
environment.
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SECTION VI

Section VI explored the available methods of aligning the
AFBGW strapdown platform. Successive discrete update align-
ments and transfer alignments were reviewed, and gyrocompassing
was discussed. The following conclusions and recommendations
are associated with alignment.

@ The choice between transfer alignment and discrete
update alignment can be based entirely on support
and operational considerations, since either tech-
nique will provide the required accuracy.

° Alignment accuracy of 1 milliradian (600 feet for
the long-range mission) will essentially remove azi-
muth misalignment as an error source. The upper
error limit is 3 milliradians in azimuth misalign-
ment (1,800 feet).

° If successive discrete update is selected, no air-
craft navigation equipment is required. It may be
desirable to store the source data for fixes in an
aircraft computer for transfer to the missile com-
puter. Alternatively, it may be desirable to make
successive fixes before launch.

° Transfer alignment will require a full inertial plat-
form on the aircraft and require a maneuver before
launch. 1If the maneuver is found objectionable, the
aircraft can be instrumented to compensate for air-
craft flexure.

® Transfer alignment is the fastest method of align-
ment, requiring from 13 to 16 seconds. Discrete
alignment time can consume from 60 to 180 seconds,
depending on the heading accuracy desired and the
accuracy of the fixtaking mechanization.

SECTION VII

The following conclusions and recommendations resulted
from work related to Section VII,.

° Discrete update using three requested fixes at the
midway point can provide the necessary accuracy to
pecrform the 600-second long range mission within a
3,000~-foot accuracy goal.
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° A velocity reference with a fixed bias of 5 feet/
second in combination with a 1l.0-degree/hour iner-
tial system can provide the necessary accuracy.

This accuracy requives a scheduled variable gain
operation with inertial errors being emphasized in
the beginning of the flight and velocity reference
errors being emphasized toward the end of the flight.

@ An evaluation of the potential of adaptive gain sys-
tems (optimal estimate)} depends on a knowledge of the
error process of the continuous update sensors, which
is not highly organized and readily available in a
form necessary for tradcoff evaluation.

® Adaptive system effectiveness is limited by the power
in the error spectrum beyond 0.278 x 10-3 radians/
second. Ultimate potential is estimated at 160 feet
for the systems discussed in this report.

SECTION VIII

Section VIII documented selected update techniques that
were found to have merit during the course of the study. The
emphasis of the documentation effort for individual devices de-
pended on the nature of the technique associated with each de-
vice. For example, the' GPS presentation emphasized counter-
countermeasure capability because the accuracy of the system
was far above the AFBGW requirement. On the other hand, the
doppler radar section emphasized performance.

The work associated with Section IV was divided into two
categories; the first involved discrete updates, and the second {
involved continuous updates. Relevant conclusions and recom- | 4
mendations are categorized accordingly. !

Discrete Updating of Tnertial Platform

Three or more discrete updates can provide the necessary
data to correct attitudes, velocity, and position. The ulti-
mate error in a system using discrete updates depends on the
accuracy of the update process, the length of time taken to

make sequential updates, and the time of flight after the up-
dates are taken.

Classification of data prohibits precise accuracy in dis- :
cussing update systems. However, the discrete techniques de- !
scribed in Section IV provide adequate accuracy.
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Storage of source data may be an issue in the use of dis-
crete fixes for updating an inertial system. Preliminary ex-
‘l amination of several alternatives indicated a maximum possible
3 { requirement of 10,000 words per fix. Tradeoff analysis is re-
- quired to identify possible economies in fixtaking procedures.

The cost of memory storage for source data involved in the
fixtaking pxocess is highly dependent upon operational con-
E straints. At $0.10 per word (NCR-EARCOM technology), a cost
1 of $3,000 for a discrete update process would be imposed. Ulti-
‘ mately, the use of semiconductor memory technology could reduce
memory cost to $1,000. The latter alternative could impose
stability problems in certain electromagnetic environments.

S

> e
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The update function could be provided before launch, allo-
cating the memory requirement to the aircraft computer. This
policy would prolong post-update flight time for the missile
1 and constrain aircraft flight during the period of update.

M Continuous Update of the Inertial Platforms

. At present, there is no highly organized and readily avail-
3 able data base that describes the error processes of candidate
velocity references. This type of data is essential for eval-
uation of the in-flight calibration potential of such equipment.

s

The doppler radar can provide adequate position accuracy
for the long-range (600 seconds) mission. The concept is also
cost competitive with inertial sensors.

! The GPS can provide a highly accurate continuous velocity
3 reference. A cost-effective version of the GPS would probably
be based on a single-channel design with velocity measurement
capability (no position). The ECM susceptibility problems can
be addressed by a combination of approaches. These include a

3 high gain antenna, null shaping, adaptive sidelobe suppression,
4 sidelobe cancellation, and delay loop suppression with inertial
3 stabilization.
k

The LORAN, VOR/DME, DME/TOA, and passive approaches are
also effective as continuous update velocity references.

Omega and air data computation require adaptation and
development of supplementary techniques for application as
velocity references.
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