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St The mission of AGARD is to bring together the leading personalities of the NATO nations in the ficlds of science and
e technology relating to acrospace for the following purposes:
()
- — Exchanging of scientitic and technical information:
~
'~
K ﬁ 5 — Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence posture:
>
"
, — Improving the co-operation among member nations in acrospace research and development:
1 o . . . . o
", — Providing scientific and technical advice and assistance to the Military Committee in the ficld of acrospace rescarch
o . . . g . .
L) and development (with particular regard to its military application):
1%
el
-.
"-ﬁ — Rendering scientific and technical assistance, as requested. to other NATO bodies and to member nations in
Rt connection with research and development problems in the acrospace field:
o) — Providing assistance to member nations for the purpose of increasing their scientific and technical potential;
A '.\
e — Recommending effective ways for the member nations to use their research and development capabilities for the
o common benefit of the NATO community.
e
il The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
[ ¢ representatives from each member nation. The mission of AGARD is carried out through the Panels which are composed of
¥ ::J experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications
-7 Studies Programme. The results of AGARD work are reported to the member nations and the NATO Authorities through
v ::g the AGARD series of publications of which this is one.
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PREFACE

Sensors and seekers are essential to guidance and control of weapon systems and of aircraft. At the opposite end of the
guidance and control problem. force and moment generators are required to effect actual control. The efficiency of a sensor
system or an actuating system is greatly increased by estimation. The technologies of these systems were last addressed by a
Guidance and Control Panel Symposium in 1972, In view of the advancements in these technologies it was considered timely to
discuss these issues in a symposium in 1986.

The theme of this meeting covers a broad area of sensor and seeker techniques, such as active and passive target scekers,
inertial, air data and airflow sensors. and force and moment generation techniques, complemented by associated estimation
methods. all of which are an integral part of guidance and control technology.

Les senseurs et les autodirecteurs sont essentiels au guidage et au pilotage des systemes d’armes et des avions. En plus des
problémes de guidage et de pilotage, des générateurs de force et de moment sont nécéssaires pour effecteur les manoeuvres des
commandes. L'efficacité d'un systéme capteur ou systéme temps réel est fortement amplifiée par les techniques d’estimation.
Les technologies de ces systémes ont été examinées lors du symposium de la Commission Guidage et Pilotage de 1972. En vue
des progres réalisés dans ces technologies. il nous a paru opportun d’examiner les résultats obtenus au cours d’'un symposium
en 1986.

Le theéme de cette reunion embrasse le large domaine des techniques des capteurs et des autodirecteurs, tels que les
autodirecteurs de cibles, actifs ou passifs, inertiels, les capteurs de données aériennes et de flux, les techniques de génération de
force et de moment. augmentées par les méthodes d’estimation associées, qui toutes sont une partie integrante de la technologie
du guidage et du pilotage.
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KEYNOTE ADDRESS FOR AGARD SYMPOSIUM ON ADVANCES IN i
GUIDANCE AND CONTROL SYSTEMS AND TECHNOLOGY
by .
Mr J.Barnes
DCER .
Ministry of Defence
London SW1A 2HB, UK |
Introduction
[t is a pleasure to be invited to deliver this Keynote Address. As you will
have gathered from the information published before this Symposium, it is fourteen
years since the technologies of guidance and control were last addressed within the
Advisory Group for Aeronautical Research and Development at a meeting organised by
this Panel. Moreover that particular Symposium was devoted to Inertial Navigation g
Components and Systems. A glance through the papers presented at that time reveals
that several items of established technology today were little more than bright ideas
in 1972.

Much of what I have to say this morning is intended to provide an introduction
to the six main sessions which follow over the next three days. However it would
be out of place simply to move straight to what I have to say on today's and tomorrow's
technology without any historical perspective.

In the earliest aircraft guidance and control depended in large measure on the
skill and strength of the pilot. The aerodynamic forces acting upon an aircraft were
known to be powerful but were imperfectly understood. Experience was bought dearly
in terms of human life.

It was not until 1914 that Sperry produced the first practical auto pilot based

on gyroscopes. He used to demonstrate his invention by climbing out of the cockpit
of his biplane and standing upon the wing. In doing so, he demonstrated that the
aircraft could continue to fly stably with no human at the controls. He also showed

that the aircraft could cope with the relatively large rolling movement applied by
the weight of his body.

In the years leading up to World War II something more than the ability to keep
an aircraft flying stably was needed. To relieve crew fatigue on long flights an
autopilot was needed to keep an aircraft on a predetermined course. The system developed
here in the United Kingdom at the Royal Aircraft FEstablisnment came to be known as

"George". It enabled the tedious portion of long haul flights to be accomplished
with the flight crew in no more than a monitoring role. "George" went through severail
stages of evolution and came to be fitted to both military and civil aircraft. In

parallel there were developments by Sperry and others, in the United States and also
in Germany. The second World War saw the first practical applications of guided flight
in the German VI and V2 weapons and also the first attempt to produce anti-aircraft

f
D
.
.

guided weapons. The pace accelerated after the war. The Firebird air-to-air weapon .
in the United States and the Fireflash in the United Kingdom used command-to-line-
of-sight guidance. Infra-red homing followed quickly in the United States Sidewinder
and the British Firestreak. Evolutionary descendants of these missiles are still
in service.
The rate of advance in guidance and control, as always, has been limited by the
available technology. Until well after World War II, reliability and safety required
that aircraft autopilots should be based on pneumatic and magnetic amplifiers: carly
guided weapons used vacuum tubes but power and mass constraints set severe limits 3
to what could be achieved.
Solid sctate electronics have transformed this picturc and have caused automatic
guidance and control to become a major force in aviation.
In the following secticns I shall aim to give a brief description of current capa-
tilities in each of the following: .
a. Inertial Navigation Systems for Aircraft; 3
b. Flight Control Systems, including active control technology, fly-by-wirce and .

fly-by-light;
c. Mission systems with special emphasis on weapon aiming;

d. Missile guidance and navigation and missile scekers;

A

C. Space craft guidance and control.

Almost all of what I have to say has been contributed by membhers of the staff of
the Royal Aircraft Establishment. To them 1 extend my thanks.
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[nertial Navigation Systems for Aircraft

For military use the ideal navigation system should be fully autonomous, undetect-
able, unfammable, usable world wide in all weathers, and of vanishingly low weight
and infinitesimal cost. These aims have driven development for the past thirty years.
Svstems  are now sutfficiently reliable and accurate for virtually all modern fixed
wing military aircraft to be equipped with an inertial navigator.

Must applications require an accuracy of about one nautical mile per hour of flight.
ffowever, =zome phases, tor example ground attack, require much higher accuracy, sometimes
0 the order of a few metres. To achieve this standard of accuracy the INS has to

he updated from an external reference. In the past this process relied on visual
v oradar  identification of known ground features. Now, with modern computers and
Advancezs in =igral proceszsing, new systems have become possible. Two of them are

the Terrdain Reference Sys=tem and the Satellite Global Positioning System, NAVSTAR.

Terrain Reterence Systems compare measured features of the terrain below with

4 the same features stored in the navigation system. Terrain height is the
: commontly  used. High density digital storage permits large quantities of data
to e stored, Modern microprocessors allow the comparison to be done sufficiently

NAUSTAR measurces range to a set of four satellites in 12 hour orbits, by timing
e arrival of radio signals transmitted from the satellites at precisely known times.
cally a minimum of only three satellites would allow a fix to be obtained
tut o <ince three 2atellites may not always be in suitable positions and because timing
crrops in the receiving system have to be eliminated, a fourth satellite is necessary.

Both =vatems suffer because they are not continuously available under all conditions.
i reterence is of no use over large areas of water and GPS satellites may be

v teerain or Jammed by enemy action. Inertial Navigation Systems therefore
arv. Moreover, by using modern mathematical techniques (Kalman Filtering)
e to o combine all three systems into an integrated system which is more
any ot its individual components; and which is capable of degrading
any =ub-system i=s lost.,

N

navigation has itselt been improved by the development of high speed
optical technology., Conputers have made it possible to fix accelerometers
t the aireraft and to compute their orientation relative to the earth's
¢liminating compliex mechanical gymbals. This reduced cost and improved
and morlittarinabhility. Optical technnlogy allowed mechanical devices to
Tasers and fibre optics.

Laser uyvroecope and the Fitre optic dyvroscope need no description here.
already in adriine =ervice and lends jt=elf to other applications, includ-
The tatter Jtters the prodpect ot devices which are both rugged and

vovery Dong shelt Tite oand virtually instantaneous start-up - making it
Uit able o misaile

e SR A R AL R A !
b s ixet wing ot i ratt now almost exclusively embody Active Control
vl o tACT piloor e cntral demands pass to the control surfaces through
T B lignt oatpl omputer Baving full authority over control surface movement.
Cre T laws P ogpramme it the computer shiape the pnilot's demands to ensure
thee i paft T e o the desired manner., More importantly, ACT has permitted
cloothe traciit ot o ot radint s on aireralt contiguration to bhe removed. 1t is
. anTer st il e aire ettt e hie statically <table; for example a tail surface
St el oconl v o generate Titt provided that the ACT system has the capability
EER IR SRS et v tendeneoy of the aircraft to depart from controlled flight.
T DS TITARL I i : in manocuvrability are possible and as a bonus smaller
¢ vy e e roaopiven miscion the airframe can be smaller.
Drore oyt e e iy this comes in achieving adequate integrity of the
SO ATNID RS Y REy [ i oo cnnnectien between the pilot and the control surfaces.
0 Plare e ! i clectranics 1o inherently many times that of mechanical
tr ol o e problems of validating both the mathematical model of
thaee iy o control taws are designed and of validating the control

toohe futly colved, For o the foresccable future ACT systems

[l e hiite ture with, typically, quadruplex "black boxes"™ and there
ail ! rocomprehensive ground tests prior to flight.  The acceptability
s vt irmed by the entry of ACT into the c¢ivil field on aircraft

. Hore satety 10 paramount

oo tne Tnited dingtom, acceptance  of  ACT has evolved through flight rescarch
ot oyt Adreratt Eotablishment ono o oconvertoed Hunter aircereafty through enginecring
oortration cponsored by the Ministry of Defence and the "tly-by-wire" Jaguar aircraft
oFritich Acroopeace, Wartong through application o a modern combat aircraft configura-
Cio e the bxperimental Adreralt o Programme (Eacr; and now to proposed service use
oottt bhropean Fighter Adreraft (FEFAY, Fn route valuable cxpericnce was gained {rom
Taneord and Tornoeda, both o of which have olectrically signalled primary control systems
sut o with b k-=np mechanicoal control systems:,

1
-3
.I
‘I




Looking ahead, RAE has recoently taken delivery of 4 modified Harrier, i
thrust Aircralt Advanced t1ight Coentrol (VAAC) Harrier fitted with ACT. e i
the rescarch using this aircraft is to investigate concepts appropriste to tutoeg
advanced  Short Take-of't Vertical Landing (ASTOVL) aircraft; and in poacriuoar
catablish the degree of integration necessary between the light control oy teom

v

the engine control =2ystem.

cnothe civil oside, automatic flight control sys=tems {(not ACT) of high jert.. o
“tiability have been in service for almost thirty years to meet the rogjirements
voaut matic Tanding in poor weather.  RAE has also worked on Direct Liit o ntrol

rease =sdatety in o windshear and on evnergy based control laws to reduce v e
2 in engine power and thereby to improve fuel economy. None of this reocuarch
tlight controls as iaolated =systems. They are integrated into the total aircraft
particutar into the cockpit. The aims are to reduce pilot workload and to
e Improved mission performance for both military and civil aircraft.

A turther application is to programme the aircraft control system to alleviate
gust-induced =tructural loads. The experience gained by British Aerospace on a BAC

=10 airerart will be applied to the A320.

=0 fur in this =ection 1 have concentrated on fixed wing aircraft. In several
wepects the 2cope for active control on rotary wing aircraft is even greater. A
. tional helicopter has considerable coupling between the pitch, roll and yaw
Totes, Moreover, because the lifting power of a helicopter is provided directly by
the engine through the main rotor, propulsion and flight control are more closely
interdependent than on fixed wing aircraft. We foresee major benefits to the handling
ualities of helicopters both through the reduction and removal of couplings and by
integration of engine and flight control. There is also the prospect of reducing
High vibration Jevels by passing appropriate feedback demands to the control surfaces
reduce =tructural response. This technique is known as Higher Harmonic Control.
An aiternative approach is Advanced Gearbox Interface Control where "anti-vibration"
mpen=ating demands are fed to actuators which separate the transmission from the
airframe.

There 1= much to be done on helicopters, both by RAE and by Westland Helicopters.
oreover "Fly by Light" is likely toc supersede "Fly by Wire", with optical fibres
rather than cables carrying the signals. The advantages here will be relative immunity
to vliectromagnetic hazards as well as further weight savings and a potentially wider
bandwidth of zignal.

8t
A
a3

Mission Systems

An  exhaustive treatment 1is not possible within the time available. Therefore
I shall concentrate on ground attack.

The major factor infiucncing developments since World War II has been the empha: "~
on low level flight, in order to minimise exposure of the aircraft to ground bused
radar and, until a development of "look down” Doppler radars, to reduce the ability
of defensive fighter  aircraft to detect an incoming raid. Low level attack makes
the task of target acquisition more difficult and the total time of an attack pass
may be only a few seconds. In that short time the pilot of an attacking aircraft armed
with unguided weapons has to maneouvre on to an attack heading, stabilise the aircraft
path and release the weapon. To be successful an attack requires precise navigation,
=0 that target acquisition is as ecarly as possible, and accurate calculation of wcapon
reiease to minimise delivery error.

Inertial platforms and moving map displays have together fulfilled the requirements
for precize navigation with an acceptable workload, even at high speed and low levels.
They have eased the task of acquiring carly pre-planned targets in fixed positions.
Acrquisition of targets of opportunity, remains a problem.

Accurate calculatinon of weapon relecasce has been met by the combination of data
S oadreratt aititude, heading and =peed from the inertial platform with range to target
cromoa ranging cys=tem processed digitally in the aircraft.

decse logpment s e extended the ability to carry out high =peed low level
at night ot 0 paor vizibility. Ground mapping radar represented the first
vopment  in this Jdipection. It became possible to attack targets giving discrete
voelar returns amdl targets whose position was known relative to some observable and
recocogricabhie feature on the radiar soreen., However the aircraft was forced to increase
Pt alritade and henee ite valnerability,

The advent 8 Terrain Follawing Radar allowed aireraf't to fly at reduced clearance
heights and Lo e the terrain profile to gain some measure of screening from the
enemy  debences, Nonetheioess the aircraft iz confined to relatively gentle manocuvres
beecause of the Timited sector over which the radar scans.  Moreover, Terrain Following
Rudar ie an active  syveotem; aned it complexity and cost tend to make it unsuitable
for ceveral categorics ot ground attack aircraft, Therefore there has heen a search
for alternatives which are bhoth passive and less expensive,

farowe have considered only attacks which can be conducted under visual conditions.
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Recent work has shown that two electro-optical devices, Forward Looking Infra
Red «FLIRY and Night Vision Goggles (NVG) can be used in combination to provide a
cheap and eftective alternative to TFR in 2ll except the worst visibility. The
technigue is to use the PLIR to enhance the pilot's ability to look forward, particularly
when Ulving under oloud with Tittle or no moonlight, and to have the NVG attached
directly tooothe pilot's helimet to give the wide look around capability essential for
vigerous mancuevring ot low level.  The FLIR is also of value by day in penetrating
Smoke,  ho anmd mist but iz limited by thick fogs and rain. The output of the FLIR
may s used to identiry "hot spots" having characteristics similar to those of
4 tuans. technolagy 1= still evolving.

in the carlier section on navigation 1 have already mentioned terrain data bases.
When used with precise knowledge of the aircraft's position they comprise another
paszive lying aid capable of being used under visibility conditions which are so
bad that FLIR becomes degraded. Moreover it will soon be possible to synthesise an
image ot the zcene ahead which can be displayed in perspective on a Head Up Display
and overlaid on the image from the FLIR.

Map information can also be stored with the terrain data base so that it is now
practical to present to the pilot an optimised mission display depicting (for example)
missile threat zones. Such an integrated mission system is now being assembled jointly
by RAE and British Industry for evaluation in flight.

With increasing on-board computing capacity, it is now becoming possible to
exploit Intelligent Knowledge-Based Systems, with the prospect of assessing data from
several different sensors mounted on the aircraft, together with sensors in a cooperating
aircraft or a ground based system, to generate information and to take decisions which
are beyond the capacity of a single man who has at the same time to fly and manage
his aircraft.

Missile Guidance and Navigation and Missile Seekers

1 propose to consider long range missiles and short range missiles separately.
Furthermore [ shall sub-divide the long range category into those intended to attack
high value fixed targets on land and those intended to attack ships.

To attack targets such as airfields located well behind the Forward Edge of the
Battle Area, large payloads are required and the weapons must be delivered with high
accuracy. OQur current capability requires over-flight of the target by the manned
aircraft. As air defences continue to improve in the Central Region of Europe, stand
nff weapon 3ystems provide the only means of protecting the attacking aircraft, to
th» extent that missiles will have to have sufficiently long range to allow them to
be launched from friendly airspace.

The accuracy required for missiles to cut a runway, for example, in a number
»f places to prevent its subsequent use without time consuming repairs cannot be achieved
aver ranges of 200 kilometres or more by inertial systems alone. Improved navigation
systema, which must aiso be coyvert, are needed. One rpossibility -would be to make
position fixes from a satellite base GPS. However, if an autonomous missile navigation
system iz required altérnatives must be sought. In the United Kingdom terrain matching
techniques have been under examination. As with aircraft, the terrain based navigation
svstem is only possible because small fast microprocessors and techniques for compact
data =torage are now available. The aim of future work will be to achieve delivery
accuracies of the order of one to five metres Circular Error Probable so that targets
such w4 bridges may be attacked. This will require autonomous detection and recognition
ot targets. A similar problem, which may arise first, is the remote attack of armour

by misciles delivering terminally guided submunitions.

The attack ot maritime targets prsents some similarities and some differences.
Sca-skimming techniques have reduced the time available for the ship to take defensive
action., Improved night and poor weather capability were also required, together with
improved resistance ot the missile guidance system to electronic countermeasures.

“orncthe less, sdaturation tactics are still required to ensure successful penetration

it shipborne defences. This means that the attacking aircraft have each to launch
moore than one missile. Morcover, because ships move a significant distance from the
tame 4 dnitial detecticon to the time of missile impact, the guidance system of each
sl Te muot he aatonomous, Further, because high value targets such as capital ships
e 1oy currounded by escorts,  the missile must  incorporate  autonomous  target
et capabi it jes,
Mooiar cockers remain the preferred choice, capable ot covering a4 sca darea
i dentiy large tg en=ure that in ospite ! any cerrors in target position ted teo
thee micsite by the aircraft at the time of Taunch, target detection i still achieved.
Vootelerccs improve, stand-oft range wilil have Uo increasce, thereby making the navigation
il guidance problems more difficult. Pua?l moede censarc, tor o example combined infra-
rectoand pacsive radar, may be required,
For  shorter range weapons, there are also cxorting deve! pments dn prospect.,
rrecpective of whether the task 1o curtace-to-air, air-to-air or air-to-ground, the
prevailing trend is towards increaced  autonomyoarnl greater inteiligencce built dinte

the weapon to guide it precisely anto the target.
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It is arguable that our ability to exploit these new opportunities will be limited

more by our lack of imagination and inventiveness than by the capabilities of the
enabling technology. This is something you may wish to consider during the next three
days.

Copyright (:) Controller HMSO. London. 1986
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“; EYE SAFE RAMAN LASER RANGE FINDER
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SUMMARY
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The need for an eye safe laser for military fire control systems especially in the

functicn as a range finder is described. The performance achieved with a Raman shifted

" l@)

Neodymium-YAG-laser with a resulting wavelength of 1.54 micrometers is given in detail

IR
et e
’

and compared to that of a 1.064 micrometer and a 10.6 micrometer laser range finder

under various atmospheric conditions. The use of the Raman range finder in prototype

;: equipment contracted by the German MOD is described showing the advantages of eye
N safety and superior ranging performance as compared to the Neodymium-YAG-laser range
", finder.
»
»
A
PREFACE

Lasers have become an indispenable part of modern fire control, target designation
and weapon guidance systems. Especially Neodymium-YAG-lasers operating at a wavelength

of 1.064 um are being widely used in proven military applications requiring laser pulses

l

K of approximately 1o nanosecond duration with peak pulse power in the megawatt region.
190

:k The effectiveness of a weapon system during combat conditions can only be assured by

- intensive prior training of the operating personnel with the system. However the silent
' and invisible 1.064 um laser pulse is an extreme Hazard to the human eye since

:: practically all the laser energy arriving at the cornea is focussed at the retina

»
¥
[
’

causing high energy desities resulting in permanent blind spots at the retina. The safe
distance to an observer - Nominal QOptical Hazard Distance - for a typical Nd:YAG range
finder as used in a tank fire control system is, for example, larger than 1 km and is
several kilometers when observing with binoculars. For this reason extensive safety
precautionary measures must be taken and must be supervised by the authorized security
officer as spelled out in the STANAG 3606 before such training exercises can commence.
Therefore such training exercises are not conducted as frequently as would be required

to assure most effective combat readiness.

In order to eliminate this problem in the future the German MOD has placed the eye safe
requirement for development projects using lasers, meaning that at least class III A -
NOHD = 0 meters without use of optical magnification - must be achieved. Fig. 1 shows
the derivation of the NOHD as a function of system parameters, atmospheric extinction
and the protection standard at the cornea.
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Fig. 2 shows the protection standard in J/cm? per pulse as a function of the pulse
repetition rate for the wavelengths 1.06 um, 1.54 um and 10.6 um. Since 1.54 um is
transmitted through the cornea and lens but is completely absorbed by the vitreous body
of the eye and thus cannot reach the retina, this wavelength is the least hazardous -

1 J/cm? per pulse for single shot lasers for example - of all IR-lasers. The 1.06 um
wavelength - Nd:YAG-laser - with only 5 uJ/cm? per pulse belongs to the most hazardous

IR-laser group.

The 10.6 um wavelength - CO,-laser - with 1o mJ/cm’ per pulse also belongs to the eye
safe laser group since the cornea absorbing all the energy can withstand up to to mJ/cm?
per pulse for 1 Hz pulse repetition rate before the damage threshold is exceeded. The
NOHD values for typical 1,06 um, 1.54 um and 10.6 um laser transmitters suitable for

tank, anti aircraft and airborne applications are shown in fig. 3 and 4.

As can be seen the 1.54 um laser having an NOHD value of zero in all the exemples is

the least hazardous laser.

The most efficient method of producing a 1.54 um laser radiation is the Raman shift of
the Nd:YAG-laser. This laser is referred to as Raman laser hereafter. The conversion
efficiency defined as the ratio of 1.54 um energy output to the 1.06 um pump energy

input well exceeds 40%.

The basic principle of the Raman laser is shown in fig. 5. This transmitter consisting
of a miniaturized hard sealed passive Raman cell which is pumped by a small military
proven Nd:YAG laser has been incorporated into prototype target acquisition systems and
into a test prototype for the fire control system of the main battle tanks Leopard 1
and 2. A closed cycle miniature liquid cooled transmitter having a pulse repetition
frequency of greater than 8 Hz is being developed as a prototype for the fire control
system of the P75L anti aircraft gun and for the target designation/navigation update
system of the Alpha Jet aircraft.

In order to determine the performance of the Raman laser range finder as compared to
that of a Nd:YAG or CO, range finder all three were simultaneously tested on a Leopard 2
main battle tank. The optical axis of the CO, and Raman laser were harmonized to that
of the Nd:YAG laser and thermal image of the Leopard 2 fire control system and the
laser firings were simultaneous. These tests were conducted at the German military
proving grounds in Meppen in 1984. Although the sensitivity of this prototype Raman
laser range finder had a system sensitivity which was a factor 20 (13 dB) less than the
Nd:YAG system it matched or out performed the Nd:YAG range finder. Since the target
Albedo for 1.54 um is about the same as for 1.064 pum it is obvious that the superior
atmospheric transmission at 1.54 um is the reason for the better range data at this

wavelength.

The Raman laser used in these tests was a prototype of the one shown in fig. 6 which
now has the dimensions 24 cm x 13 cm x 7.5 cm, weight 3 kg and is used in the target
acquisition system 20G shown in fig. 7. Field and logistics testing will be completed
by the German army end 1986 with the ZOG unit and a production contract is anticipated
early 1187.

Fig. 8 shows the calculated range performance as a function of the standard visibility
for the present receiver (lower curve) and for the newly developed receiver (upper

curve) .

Below the curves of fig. 8 some measured data is given showing that the actual ranging
performance is better than the calculated values.
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Fig. 9 shows the P75L anti aircraft gun system and fig. 10 shows a block diagram of the
system function. With the addition of the laser range finder and fire control computer
into the system the hit probability has been improved so drastically that this older

anti aircraft system when retrofitted accordingly becomes a very effective low cost

KT
Bt A AR LAl

weapon against low flying aircraft.

:::3 In the combat efficiency improvement program for the German Alpha Jet aircraft a Raman .
:_-.: laser is being proposed for navigation up dating which will considerably improve ;
-::- navigation accuracy during combat missions to distant targets in that range and [
.-": direction data to known objects during the mission is used to update the position data
{ ) predicted by the navigation system. The same laser can be used for target designation

and rangig purposes. Such a system using a Nd:YAG laser has been proven in the French
\j Alpha Jet.

-

The Raman laser has a good potential for use in military systems when considering its

r

220

excellent characteristics in respect to eye safety, good atmospheric transmission,

good efficiency, and the uncooled highly sensitive receiver being developed.
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EYE SAFETY CHARACTERISTICS OF TYPICAL AIR-AIR LRF

(De type PRR NOHD (1ox50) class
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THE BAe (BRACKNELI) AUTOMATIC DETECTION, TRACKING AND CLASSIFICATION SYSTEM

i

-

C.J. Samwell and G.A. Cain
British Aerospace PLC, Electronic Systems and Equipment Division,
Downshire Way, Bracknell, Berkshire, England, RG12 1QL
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SUMMARY

A

BAe Bracknell has been designing and building real-time electro-optical digital

Lo,
}“, tracking systems for 8 years. Tracking systems have been purchased by the MOD and
ol evaluated on MOD missile and target tracking trials.
iy

.f:
o~ The BAe detection and tracking system uses images from infra-red and TV sensors,

- mounted on a 2-~axis platform, to detect and determine the angular position of an

. object with respect to the sensor boresight (boresight errors). These boresight
AT errors are used to control the position of the platform such that the sensor tracks
oy the object.

"

4.‘.\

] ;} The first and second generation centroid and correlation tracking systems have

R J; undergone several revisions. This paper describes a third-generation system which

." provides the following facilities:

\ .

D ;x - Image enhancement and segmentation.

»:jﬁ - Automatic detection of multiple objects.

Mgl

*
:e: - Tracking of multiple objects.

( - Automatic acquisition of detected objects.

LN
T - Automatic decoy/obscuration avoidance.

o
oy - Classification of objects.

N

1%

X INTRODUCTION
b R —
,l“'
;f In recent years there has been a great deal of interest shown in the development
.’ of real-time electro~optical tracking systems that have the facilities to detect,
-=$ track and classify objects. These systems have both military and industrial
. applications.
2‘.‘
:B: This paper discusses a BAe electro-optical digital tracking system that is used
o for detecting, tracking and classifying military targets. The technology also has
’ ;. equivalent applications in robotic vision systems.
‘.\-

A typical BAe real-time electro-optical tracking system consists of raster scan
®. imaging sensors (infra-red (IR) and TV) mounted on a 2-axis platform whose angular
N position is controlled by an automatic digital tracking unit and closed loop control

»:r: system. This tracking unit processes video images of an object in real-time to
. ascertain the object's angular position with respect to the sensor boresight

o - (boresight errors). These boresight errors are used to control the position of the
‘\:- platform so that the sensor tracks the object.

'-,'.

y " -

@. As weil as the basic single-object tracking facility, several additional

facilities have been included:

- Image enhancement and segmentation to improve the signal-to-noise ratio of
the object.

"

- Automatic detection of multiple objects.

Tracking of multiple objects.

- Automatic acquisition of detected objects.

Rnis @ Tons
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- Automatic decoy/obscuration avoidance.

- Classification of objects.

During extensive field trials and simulations, these additional facilities were
found to improve the performance of the unit in realistic operational scenarios. The
ability to add additional features to the basic tracking unit was an initial design
aim; this has been achieved by using a modular and flexible architecture based on high
speed logic, in which modules communicate via a common bus and have access to raw
and processed video data via a number of common data buses. The architecture
described takes advantage of both serial and parallel processing techniques.
Typically, modules are implemented using dedicated line processors and microprogrammed
algorithm processors.

More recent research and development has concentrated on producing tracking units
using 2-micron semi-custom VLSI technology. A design feasibility study has shown that
it is possible to achieve a 10:1 size reduction on the present tracking unit to
produce a sophisticated tracking system on one double Eurocard.

SYSTEM DESCRIPTION

A functional block diagram of the BAe tracking system is shown in Figure 1. It
consists of two tracking systems: the multiple target tracking functions (shown in
dark shading) which can track up to 30 objects within the sensor field of view (FoOV),
and the high performance tracker (shown in light shading) which can track one selected
object with high precision.

High Performance Tracking System

The object to be tracked using the high performance tracker is initially detected
and acquired either manually by the operator placing an overlay (tracking window)
around the object, or automatically by the automatic detection and acquisition
pProcessors.

Video data from the sensor, for the full field-of-view, is digitised at 10 MHz
into 128 levels of grey. The digitised grey data is then preprocessed using both
detrending (local mean removal) and Sobel edge enhancement operators before being
distributed on separate data buses.

In parallel, the image data is segmented into objects of potential interest and
background pixels using two-dimensional (2D) histogram segmentation (Mitchell (1) and
Cussons (2)). The 2D histogram segmentation processor uses detrended grey level and
Sobel edge magnitude features to produce an image in which objects exhibiting unusual
grey level and edge magnitude features are illuminated. Three-dimensional histogram
segmentation has also been investigated (Samwell et al (3)) using grey level, Sobel
edge magnitude and texture. The use of texture, however, was not shown to give any
significant performance improvement in the scenarios considered.

High performance tracking of objects is performed by the centroid and correlation
processors which operate in parallel. As can be seen from Figure 1, it is optional
whether or not 2D histogram data or Sobel edge magnitude data is used in the centroid
and correlation processors. 2D histogram segmented data is used when tracking objects
exhibiting poor contrast, and Sobel edge magnitude data is used when tracking objects
exhibiting detailed structure.

The centroid and correlation algorithms determine the movement of the object
being tracked relative to the centre of the tracking window (tracking errors). These
tracking errors are used to determine the movement of the tracked object relative to
the sensor boresight.

The centroid algorithm is a contrast-based technique that is best utilised
for tracking bounded objects with little detailed structure {such as point source
objects). It provides low jitter at reasonable contrast levels and can easily be
modified to provide an edge tracking facility with much less jitter at lower contrast
levels than a true edge tracker. The centroid tracker is complemented by the area
correlation tracker which is best cmployed for tracking unbounded targets in difficult
clutter conditions.
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The correlation algorithm determines the relative movement of an object from RS
image-to-1mage by mathematically correlating a filtered reference image of the object }\
with a search area containing the object to form a 2D correlation surface. The 3}
angular movement of the object is then determined from this surface in one field time. SO
The size of the search and reference areas are chosen so that objects exhibiting high <
dynamics can be tracked. -
) The reference image 1s 1nitially formed by taking a 'snapshot' of the search area :\'
'f and subsequently exponentially filtering previous search areas in time. The D
- exporiential smoothing time-constant is adjusted automatically to suit the dynamics of e
) the obiect. For example, if the object is changing its aspect rapidly or a decoy o
B situation looks 1mminent, reference smoothing will not occur. The shape of the ~
. correlation surface and the object's trajectory history are used in determining the S
X ’ time constant. - 3
4
2 . — 3 . o
208 The tracking error cgmblnatlop process (Figure l)‘forms a weighted sum of %
" the centroild and correlation tracking errors. The weighting factors are adapted ol
20 automatically to give an optimal estimate of the tracking errors. ~
~
I ]
An automatic adaptive window algorithm is used to estimate the width and height
. of the object or part of the object within the tracking window, and adaptively adjust
[} : the tracking window size to encompass the object detail. A facility for manually "‘
A adjusting the window size is also provided. ;
N ~
N' ~
N A moving window algorithm is used to reduce the effects of dynamic lag on the h
; servo system, when tracking an object that is exhibiting high angular acceleration, by s
b= allowing the tracking window to move with the object. Since the displacement between =
e the tracking window and boresight is known, the object's angular position relative to v
-, the boresight can be determined. »>3
il o,
“j Multiple Object Detection, Acquisition and Tracking 2
2 W
" A
h The automatic detection system uses the 2D histogram segmented data in which A
L objects exhibiting unusual grey and edge magnitude features are illuminated. A moving =
{ object detection system that will detect all objects moving within the sensor FOV and M
‘;’ estimate their position is currently being developed. This will be complementary to ';
| the 2D histogram segmentation technique in that it will be especially effective in A
.\ detecting small objects of low contrast that do not necessarily exhibit unusual '
features within the image. ¢
) Y
. Each of the objects detected by the above techniques are boundary traced using a
v boundary detection routine, and several geometric properties of the objects are =~
{ determined. An object is accepted as being of interest if its geometric properties N
'; are within predetermined threshold limits. If it is accepted as being an object of ‘QE
& interest its central coordinates are estimated. An example of this automatic detection o
> technique is given in Figures 2, 3, 4, and 5. Figure 2 illustrates an IR image of .
rd Landrovers, and Figures 3 and 4 show the corresponding Sobel enhanced and 2D histogram .
. segmented images respectively. The final image, Figure 5, shows the ability of the =
'. detection technique to reject false alarms and highlight the objects of interest ",
[ ¥
y 2
The measured and predicted central coordinates and the geometric and statistical e
features of the objects of interest are used in a track association algorithm, which ¥
associates each object of interest with one of several established tracks. Using this ef
process, track trajectories for each object of interest in the sensor FOV are St

established. Each track is maintained by a filter which determines a quality of track
measure. Should the track-measure quality fall below a predetermined level, the track
is dropped and a new track is initiated. 1In this manner, up to 30 objects can be
tracked in the sensor FOV.

Each of the tracked objects is assigned a priority indicating the degree of
similarity between the observed object and a pre-defined object of interest. The
priority of each object is indicated by a number on the video tracker display. The
operator can assign a particular object to the high performance tracker by entering =
its number into the system. This object will then be automatically acquired and -
subsequently tracked. In the automatic mode, the high performance tracker is L%
antomatically placed on the target with the highest priority. )
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Object Classification System

The classification system that is being developed is used to give euach object (being
tracked by the multiple object tracker) a priority number based on the object's
likeness to a particular pre-defined object. In the military application 1t would be
used for example to distinguish between military vehicles and trees or bushes, and to
assignr the highest priority to the vehicle that represented the largest threat. The
system also reduces the false alarm probability of the detection system.

The classification technique is based on extracting statistical features of
objects of interest and then forming a discriminant function from combinations of
these features. Using this discriminant function, objects are assigned probabilities
of belonging to a particular class. These probabilities are then used to reject false
alarms and to assign threat priorities.

Automatic Decoy/Obscuration Avoidance

A major operational problem with many electro-optical automatic tracking systems
is their tendency to be disrupted by a decoy/obscuration entering the tracking
window.

Using the multiple object detection and tracking outpuat, the Guard Band system
(Figure 1) detects decoys/obscurations in an area of pixel. surrounding the tracking
window. From the trajectory it can be predicted whether or not a decoy/obscuration is
likely to enter the tracking window and disrupt the tracking of the prime tracked
object. If disruption is likely, the decoy evasion routine is alerted. The evasion
routine can take a number of avoidance actions depending on how serious the disruption
is likely to be. These avoidance actions range from adjusting the tracking window
size and position, thus excluding the decoy/obscuration, to using an intelligent
correlation reference updating scheme.

REAL TIME IMPLEMENTATION

The implementation of most real-time systems is an iterative process between
system algorithm perfection and practical realisation. This is particularly true in
image processing. The loading in terms of digital programmable processing can
approach the order of 200 million instructions per second (MIPS). This is at present
difficult to achieve within a system aimed at being cost-effective in the military
market. The packaging volume and portability of the requirements are also dominant
parameters in the overall system approach.

Providing the algorithms have been well proven, the use of hard-wired elements
can be of considerable benefit in meeting the processing throughput.

The architectural arrangement of this system has been designed to give a flexible
and expandable system which can:

- Incorporate new technology as it becomes available

- Allow expansion as new functions are required.

Although many architectural designs that are optimised for high speed digital
processing have been investigated in various establishments, most are research
projects only. This paper describes a unit which is intended as a production item in

a military system.

System Architecture

Figure 6 is a schematic diagram of the individual tracking boards and shows the
data control paths between them. The classification board is being developed at the
time of writing.

The electronic design follows an integrated philosophy such that the digital
video data, in raw and processed forms, is capable of being distributed throughout the
system so that the multiple object tracker and high performance tracker share the same
data buses and dedicated processing electronics. In this scheme, a number of secondary
data buses are implemented along with the standard high bandwidth command bus.
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Modules that allow data to be passed in and out are usually designed with an interface
capability for a number of input selections and a number of output selections; the
particular buses are set up by the command bus. <Control and timing information such
as field, frame and line sync pulses are also bused. This bus structure allows a
module to pick up the data and timing signals that it requires to perform its own
functions. With this arrangement, a svstem can be designed which takes maximum
benefit from previously designed modules, and allows the design of new modules to be
well specified in terms of interface requirements.

A description of the boards shown irn Figure 6 is given in the following sections.
To illustrate the technology being used and the packing density of these boards, a
picture of the correlator board is shown in Figure 7. Figure 8 is a picture of a
typical automatic tracking unit showing the electronics contained in a 19- inch rack ©6U
high.

28000 Single Board Computer

There are three Z8000 Single Board Computers (SBC) in the tracking unit. The
Tracker SBC controls the centroid tracking, adaptive window and moving window
algorithms. The multiple detection and tracking SBC performs part of the multiple
detection function, the multiple object trajectory formation and Guard Band
processing. On the closed loop SBC, the overall platform closed loop control system
is implemented.

The 28000 SBC is a single board lé6-bit computer. The design is based on the
Zilog Z8000 family of components and incorporates the Z8001 or Z8002 (either can be
fitted), one 28036 counter-timer I/0 device, and either one or two 28030 dual-channel
serial communication controllers.

On-board memory is user-definable in that currently 16 IC positions are provided
for static byte-wide memory products. Each position can accomodate RAM, EPROM or fuse
link PROM in CMOS, NMOS or bi-polar technology, and with sizes varying from 2K x 8
bits to 16 K x 8 bits. In this application CMOS EPROM is used. The design includes a
Multibus interface complete with arbitration logic for a multi-master environment.
This interface is configurable by firmware to master only, slave only or master/-
slave.

The memory map for the Z8000 processor is defined by fuse link programmable
devices. These devices allocate the physical memory locations to the address space and
also define the Multibus address space for both master and slave modes.

Data Acquisition Board

The data acquisition board strips synchronizing pulses from the incoming target
video and bandwidth limits the video prior to digitizing it at 10 MHz. The digitized
data is then distributed throughout the system via one of the high speed data buses.
The data acquisition board also provides the main synchronizing signals for the system
control signals defining the areas of the video to be processed. This board also has
multiple input and automatic gain control facilities.

Edge Enhancement Board

The edge enhanced image is generated at 10 MHz using 2D matrix convolution with
the Sobel operators. The operators operate on image data that 1s either sourced
directly from the digital data lines or from these lines via four Jlook-up tables. To
perform Sobel enhancement directly requires the addition of 12 pixel elements (6 per
mask) in the time of a 100 ns. This rate is equivalent to 120 MIPS which is performed
by a high speed dedicated iine processor.

All the data channels on the Sobel board are controlled by the Multibus. Using
this facility, any combination of input and output lines can be brought into use as
required, with internal board data routing also directed by this means.

Histogram Board

The histogram board uses detrended grey level and Sobel edge enhanced data
obtained from two of the data buses. This data is then processed to form a 2D
histogram for a full frame of data in 40 ms.
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During each frame, the histogram data is smoothed using an exponential filter and
the contents of the addressed bin are read and presented to the histogram output latch
to be transmitted to the segmentation boards.

Segmentation Board

The purpose of these boards is to segment the histogram data into either object
pixels (white) or background pixels (black) by thresholding the input data. Object
pixels are stored as a 512 x 512 x 1 bit map or as an address string in main memory.
After formation of the segmented data, a high speed 32-bit processor analyses the
bit map for bounded objects using a boundary detection algorithm.

The multiple detection and tracking SBC controls the data in the memories by use
of Multibus commands.

Video Store Board

The video store board consists of two banks of memory, each 32K x 8 bits. When
not storing video data, this memory may be accessed from the Multibus as one
continuous memory, 64K x 8 bits {(or 32K x 16 bit words). Data may be accessed direct
from the Multibus or via the high speed data buses (this function being software
selectable) to enable post-storage processing of data.

Video information, converted to a digital data stream at 10 MHz by the data
acquisition board, may be stored in either or both the 32K x 8 bit memory banks, again
under software control. During this time the memory being used is not accessible by
the processors.

The video store board can also be used to provide full field storage it required
(512 x 256 pixels).

Correlation Board

This board is a microprogrammed state machine. It performs the basic correlation
process of shifting 2D arrays with respect to one another and determining the degree
of match between the two images at all the shift positions. In addition it has an
algorithm which rejects the gross mis-match positions extremely rapidly. In this way,
only those shifts that are candidates for producing the correct registration position
in the correlation surface output are selected for completion. The processor can
achieve a high speed image match rate.

This module is equivalent to a processor of some 20 MIPS. It also performs the
most time-intensive centroid algorithm functions.

The correlation module works as an independent processor in the system, operating
independently of other tracking functions.

Video Symbology Board

This board performs the essential task of providing a man-machine visual
feedback. It overlays the image data with alpha-numeric or graphic information in
selected areas to display such symbols as tracking windows and status information.

Moving Object Detection Boards

The moving object detection system uses the difference of two consecutive fields
of data, where the previous field is shifted to account for background motion, to
identify objects that have moved relative to the background.

The moving object detection system is implemented on two boards, which are
essentially video stores. These stores process the previous field and current field
and compute the current difference between these two fields in real time. These
boards form a part of the automatic detection system.
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Object Classification Board

The classification software will be implemented on the Programmable Pixel
Processor (P3) board which is currently being developed.

This board consists of two blocks of 256 x 128 bytes of memory and a high speed
32-bit microprocessor with ¢4 K bytes of RAM, 32 K bytes of PROM and 1 K byte of
global memory that can be accessed via the Multibus. It is a programmable device in
which the program is initiated via the Multibus. Since the video store memory is
contained on the same board as the processor, data transfer times are kept to a
minimum.

CONCLUSION
A typical BAe electro-optical automatic tracking system has been presented.

The architecture used for the tracking unit has proved to be flexible and
efficient enough to accommodate new algorithms and new technology when required. This
is an important consideration, since in a relatively short time, increased
sophistication and throughput of high speed memory, arithmetic and logical elements
have become available.

Several tracking systems have been evaluated extensively on field trials, during
which the tracker electronics unit has proved to be very reliable in a variety of
environmental conditions. At these field trials, the multiple object tracking system
and the high performance tracking system have been shown to perform very effectively
in a variety of scenarios. The Guard Band and decoy evasion system increases the

reiiability of the high performance tracking system when decoys and obscurations are
present.

In conclusion, the electronic modules developed have proved to be effective in
cost, size, power and computational throughput, and the performance of the tracking
system has been impressive.
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':;} VELOCITY ACCURACY MEASUREMENT OF GPS USER EQUIPMENT
Y
V ..: Joseph McGowan
s U.S. Army Aviation Systems Command
N Avionics Research & Development Activity
ATTN: SAVAA-N
a0 Fort Monmouth, NJ 07703-5401 by
. ~
A ~
T \
PO This paper describes a test program conducted by the U.S. ¢
o Army Avionics Research and Development Activity (AVRADA)
to determine the level of velocity accuracy achievable .
! ) with GPS. The precision of the reference instrumentation
; . and the availability of the GPS receiver measurement h
% data were exploited to characterize the errors in GPS
-\3‘ observables. An investigation into the performance
Oﬁu‘ benefits of GPS and inertial integration is described. :
o~
:33 APTS - Aerial Profiling of Terrain System )
. cou - Control Display Unit
. C/No - Carrier to Noise Ratio
A pop - Dilution of Precision
o GPS - Global Positioning System
oA My - Inertial Measurement Unit
.- LOS - Line of Sight
- NAVSTAR - Navigation Signal Time and Range
o PDR - Psuedo Delta Range
> PPS - Precise Positioning Service
PR - Pseudo-Range
T PRN - Pseudo-Random Noise
o RPU - Receiver Processor Unit
o SPS - Standard Positioning Service
:\: TEC - Total Electron Content
“.
Y I. INTRODUCTION

¢

The Navigation Signal Time and Range Global Positioning System (NAVSTAR GPS) has been
in development for more than a decade and has been the subject of numerous performance
tests, by both government and industry. The volumes of test reports generated in
these efforts indicate that GPS readily meets its claim to 15 (SEP) meter positioning
accuracy, often performing better, It has also shown tremendous potential for wide
range time synchronization applications.

—
s

GPS has the potential to provide extremely accurate velocity information. It has been
specified to perform at 0.1 m/s (RMS per axis). However, very little of the extensive
data base previously developed is useful in evaluating GPS velocity performance.

Y
L\

«

0] Prior efforts have focused on comparison to differentiated reference position data.
ﬁq The noise enhancement inherent in this process degrades the resolution in the
B resulting velocity reference, making it unsuitable for determining performance at the
;*\. 0.1 m/sec level. This paper describes a test program conducted by the U.S. Army where
.‘: a precise reference system has enabled a detailed analysis of GPS velocity accuracy.
pril The quality of the GPS measurements (i.e. range and range rate) are also analyzed and
@ characterized.
h‘:v
> " I[T. GPS OVERVIEW

[
J:: GPS is a space based radionavigation system. It is functionally divided into the
;'- Space, Control, and User segments.

5 The Space segment consists of a constellation of NAVSTAR satellites. A full

®. constellation will have 18 satellites plus 3 active spares. They will be uniformly

o
)

distributed in six orbit planes, providing 4 - 7 visible satellites at any time
anywhere on earth. The planes are inclined 55 degrees with respect to the equitorial
plane. The orbital altitude is 10,890 nautical miles, making the orbital period

« "o e

.}\: approximately 12 hours., Each satellite transmits specially coded signals that allow
o individual satellites to be distinguished, and the range and rate of range change to
ot the user to be measured. The signals are pseudo-random binary noise codes (PRN).
"™ Two different codes are transmitted in phase quadrature, providing a Standard
9. Positioning Service {(SPS) and a Precise Positioning Service (PPS). A low rate data
0 message is also transmitted.
]
:: The Control segment has five monitor stations that track all satellites in view of
e their antennas. Data is transmitted to a Master Control Station where processing
:::. takes place to determine orbital and clock modeling parameters for each satellite.
: The information is then uploaded to the satellites by one of three upload stations.
“ The satellites incorporate this information into the data message.
. The User segment consists of equipment designed to receive and process the satellite

stgnals. The unique codes transmitted by each satellite allow the use of common RF
carrier frequencies throughout the constellation, a process known as Code Divistion
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Mitrontextng, Mogsgraments *eam tagr sartellites are required in the general case.

Tre 207 mas teyve! apet two v Tasses of recelver, continuous tracking and sequential
TraL g, The Saetingoas track'ng redetyer provides a dedicated channel for each
Sate' tare ety traiknd gnd 3 tiftrn cnannel that performs ancillary functions fe.y.
IR rre v an . anter, o ngnae’ nvas meas rement ', The sequential recelver has 1 or 2
naemels, t)r T aw gt medtgm tynamyc applications, respectively, In these receivers

the rgnnel S o gra toame sharedt gmang satellites and housSekeeping chores,

Thne PRN Cate e oeach satellite 75 reset to its initial state precisely at midnight,
satartay nryersal Caanrdingted Taimed, The codes nave sufficient period so that no
state wil' he repeated between the weekly resets, The receivers generate a replica of

the cade a0 praselock an 9t ysing correlation techniques. The received code phase
provides 3 direct indication of tne time of transmission of the code and allows the
transi*t time of tne signal to he calculated against a local! clock. Scaling this
medsarement hy the speed of light (c¢) determines the range between the user and
satellire antenras, This guantity is known as pseudo-range {PR) hecause it contains
errors, Two duminant error sources are the error in the local clock (its quality is
at least an arder of magnitude worse than the satellite clock) and atmospheric delays
suffered by the signal,

The atmaspheric effects are composed of separate tropospheric and ionospheric
components, The tropospheric delay can be estimated to within 4% using a simple
plevation model, Thne results of this test indicate that the performance of this model
does nnt appreciably degrade with elevation. lonospheric delay can he modeled,
however, the dynamic nature of the ionosphere limits the achievable accuracy to about
53%, A method of measuring it has been designed into the system. The amount of delay
depends on the frequency of the signal and on the density of free electrons in the
innosphere, a quantity known as the Total Electron Content (TEC). By ranging to the
same satellite on the twa frequencies, a delay difference can be formed in which TEC
i~ zonstant and can therefore be estimated.

The measurement of transit time
by the receiver contains the

DERl IR B R bias hbetween the satellite and
ARRER user clocks. Since it affects
all measurements equally, it can
e otan e, o be estimated as part of the
o e e s L solution. MWhere three

measurements are needed to

T o 2 determine three position
Ranent s ! coordinates, a fourth allows
clock bias to be determined.
Taneneris 2te1iiiogn 2.5 Table 1 shows the error budget
PEEE SN 17 Mog2l nj for the PR measurement, assuming
vyt Stran 15 that the dual frequency
Segment R3S 2 ionospheric compensation
technique is used. As shown, a
s amenic eiay - measurement error of 5 meters is
predicted. The test results
Tmap3sphenic Dalay 2. indicate that the high frequency
2" fetaisen Notseidesal,iie ) fluctuation of the error is less
S yent MGISI3aN Intenfaranca 1.2 than 1 meter. The error was
AT s dominated by a bias component
S jmens 4SS 1.- that ranged from 2 - 10 meters.
System AS5 - During periods of sufficient

received signal quality {(C/No
>29 dB Hz), the receiver can
phaselock onto the carrier. The
doppler shift observed is used
to determine the line of sight
(LOS) velocity between the
satellite and user, This
measurement is implemented as an
integrated doppler known as the pseudo delta-range (PDR), which is a measure of the
range change during the integration interval. Major sources of error in this
ahservahle are the frequency offset hetween the two clocks, the short term stability
nf the receiver clock, and the performance of the receiver tracking loop in the
presence of npoise, In a manner completely analogous to the estimation of clock bhias,
four L3S velocity measurements allow frequency hias to he determined, The test
rogylts indicated that the PDR measurement is extremely precise, beaing zero mean with
an PMS value nf about .8 centimetars {(cnrresponding to a velocity error of 1 ecm/s).

TABLE 1. GPS PSUEDORANGE ERROR BUDGET

Far the purpnse of performance prediction and analysis, it is necessary to
quantitatively descrihe the manner in which errors from four measurements combine in
the navigation soluytinn,

This cnombinatinn of errors is directly affected hy the geometric relationship hetween
the satellites and uyser, and is expressed in terms nf a Geometric Oilution of
Precisiaon '6GD0OP) factar, GDOP 15 comprised of terms which describe the degradation of
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accuracy in the fast, North, Vertical, and Time coordinates (EDOP, NDOP,VDOP, and TDOP
respectively), These four components are comhined in root-sum-square fashion to
obtain GDOP. Simple performance prediction is obtained by multiplying the appropriate
DOP by the expected measurement error. The specified accuracy of GPS will be
available when GDOP < 3.56.

The theory of operation of GPS is well described in the literature (Reference 1).
[T1. REFERENCE SYSTEM

Using traditional reasoning, a reference system was sought which would provide lcm/s
of velocity accuracy in order to properly evaluate the specified GPS accuracy of
10cm/s. The Aerial Profiling of Terrain System (APTS) was chosen.

APTS is an airborne surveying platform developed by the Charles Stark Draper
Laboratories under the sponsorship of the U.S, Geological Survey. Its primary role is
to provide the capability of generating elevation maps by overflight of the area of
interest. The current APTS configuration is carried in a DeHavilland Twin Otter
aircraft, Its essential components are a high quality Inertial Measurement Unit
(IMU), a laser altimeter, a gimballed laser/tracker, and a series of ground-based
retroflectors. The retroflectors are precisely located using manual survey
technigues. The relative locations of the retroflectors are accurate to within 1 part
in 100,000.

The APTS operating concept is shown in Figure 1, The aircraft flies a nominally
straight and level path. The gimballed IMU measures aircraft acceleration and
attitude, while the laser/tracker measures range, azimuth, and elevation to an
illuminated retroflector. These ltatter measurements are sufficient to locate the
aircraft in three dimensions relative to the retroflector's position. The laser
altimeter measures height above terrain for surveying missions. The raw data from
these sensors is simultaneously processed in real time to provide platform navigation,
and recorded for post processing to obtain the survey solution.

In real time, laser/tracker position solutions are used to bound the inertial errors
in a simple reset mechanization, providing accuracies of 60 meters and 20 cm/s in
position and velocity, respectively. This level of accuracy is sufficient for
aircraft navigation and retroflector acquisition, but does not satisfy the high
accuracy requirements of the surveying problem.

The recorded raw sensor data is processed in a post-flight filter/smoother that
embodies the extensive error models developed for the APTS., The position and velocity
accuracies achieved are 60cm and 3-5 mm/sec between retroflector locks. During locks,
performance is significantly better. This level of position accuracy has been
demonstrated by direct comparison of APTS and manually generated elevation map data
(Reference 2). From this, the stated 3 - 5 mm/sec velocity accuracy can be concluded.
As a further check on APTS velocity accuracy, the diagonal elements of the post
processing filter covariance matrix were examined. The peak velocity error estimated
by the filter was 2.4 mm/sec.

A more thorough description of APTS can be found in Reference 3 and Reference 5.
[V, TEST DESCRIPTION

The GPS equipment utilized in this test was borrowed from the Test Directorate of the
Armament Systems Division at Eglin AFB, Florida. These assets consisted of a 5
channel receiver/processor unit (RPU), a control display unit (CDU), and
instrumentation providing data recording capability. Table 2 lists the GPS data
blocks that were available. Of primary interest in the analysis were the navigation
solutions available in message blocks 3 and 1028, the satellite ephemerides in block
5, and the receiver raw measurements and correction terms in blocks 1031 and 1100,

GPS and APTS were operated
independently. Each system had

TR NS its own time source and produced
its own data tape. The only
: SeT AN 5 AT 5 AT TIME wARK interface between them was a
~ LATE_1Th wweEME2LS DATA method of calibrating the clocks
LS CATELITE TRALCING MEASURE to provide post flight data tape
s VALMAN G DUTEd SATA L. RESIILALSH synchronization capability.

This was achieved by feeding a 1

! CALMAN B IOTER JATA B3, JESITUALS)
Hz timing pulse, generated and

o SINE e SiaaT UECTRS T SATELLITES time tagged by the GPS, to the

Y SV U S TaAT ECTHS TO SATELLUTES APTS. Specially designed test

s NAZIGATION STATE VECTOR COVARIANCE O1AGONAL hardware allowed APTS to receive

N “Aw HETEIVER MEASIREMENTS these pulses and tag them in

L JECEAMINISTIC MEASUREMENT  WRECTIINS APTS time, providing
synchronization to within 80
usec.

TABLE 2. GPS RECORDED DATE BLOCKS Four data collection flights

were flown, yielding about 6
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hours of simultaneous GPS and APTS data. The flight path, shown in Figure 2 was
selected to utilize existing APTS retroflector sites. These sites were used during
the APTS shakedown and system performance tests. A substantial data base documenting
APTS performance using them exists.

At the time of the test there were 6 operational GPS satellites on orbit. The flights
were scheduled to begin as soon as four were visible in the test area. The first 20
minutes of each flight was characterized by poor but rapidly improving GPS system
geometry. The GDOP during this period generally varied from >25 to less than 4.
During the remainder of the flight the geometry was more stable, with GDOP remaining
in the range of 3 - 5, Plots of GDOP, EDOP, NDOP, VDOP, and TDOP are shown in
Figures 3 and &,

V. RESULTS

Figure 5 shows the difference between APTS and GPS navigated velocity for one of the
flights., It is readily apparent that the GPS velocity error is predominantly random
in nature. ODuring periods of good constellation geometry (t > 4100 sec on the
figure), the error appears to have zero mean.

Statistical analysis of the

CATEGWRY MESSAE BLOCK NORTW  EAST  yEWTICAL  RSS SEP velocity difference time
histcry was conducted for

WHOLE FL{GAT 3 J.128 2,163 $.042  0.211  0.151 all of the flights. The
WHOLE FLIGHT 1028 J.0% J.u% J.024 0.125 0.089 data was grouped in several
STR & LEVEL 3 PRST] 2,149 0.udl 2,195 0.139 categor1es for this.
TURNING 3 0.152 0% 0.045  0.252 0,180 analysis. Whole flight

) statistics were calculated,
CONSTELLATION: o -
) ) 102 016 .08 0181 0.1% the conditions of straight
6,8.9.13 3 e. . . . . and level and turning
6.8,11,13 3 0.1%  0.170 0042 0,222 0.158 (where roll > 5 degrees)
6,d4,11,12 3 0.13% 0.13% 2.334 0.197  0.141 were separated, and the

statistics for each
constellation tracked were
evaluated. The results are
tabulated in Tables 3

CATEWORY MESSAGE BLOCK  NORTH  EAST  VERTICAL  RSS  SEP through 6. The whole
flight statistics for both
the block 3 and block 1028

TABLE 3. FLIGHT #1 RMS VELOCITY ERROR (M/S)

WHOLE FLIGHT 3 0.132  0.144  0.050 0.202 0.154 colutions were calculated.
WHOLE FLIGHT 1028 0.078  0.085 0,031 0.119 0.091 As shown in the tables, the
STR & LEVEL 3 0,124 0.137 0.050 0.191 0.148 velocity solution available
TURNING 3 0.152 0,165 0.051 0,230 0.176 in message block 1028 was
CONSTELLATION in spec in all coordinates,
6. 8,9, 11 3 0.123  0.103  0.059 0.171 0.1309 while the block 3 solution
6. 8,9, 13 3 9123 0.172  0.085  0.216 0.16% generally was not.

6,8, 11, 13 3 0.1% 0,158 0,047 0.214 0,1682 The block 1028 error is
6,8, 11, 12 3 0.186  0.13% 0,041 0.204 0.156 smaller than the block 3

solution by a nearly
constant factor of 1.7 for
TABLE 4. FLIGMY #2 GPS RMS VELOCITY ERROR (M/8) all coordinates over all
flights. The only apparent
difference between these

CATEGORY MESSAGE BLOCK NOR TH EAST VERTICAL  RSS SEP two solutions that could
account for the performance

WHOLE FLIGAT 3l 0.173 0.1% 0.164 0.282 0.222 discrepancy is in their

WHOLE FLIGNT 1928 0.191 0,088 0.095 0.164 0.127 times of validity. The

STR & LEVEL 3 0.161 0.140 0.159 0,266 0.214 block 1028 solution is

TURNING 3 0.205 0,178 0.179  0.3% 0.240 valid 160 msec earlier than
the block 3 solution,
relative to the same

TABLES. FLIGHT #3 GPS RMS VELOCITY ERROR (M/$) measurement epoch.

NOTE: ONLY ONE CONSTELLATION TRACKED (6, 8, 11, 12) Velocity is propagated as
the integral of the best
estimate of acceleration at
the time of a8 measurement

CATEGM ! MESSAGE BLOCK NOR T £as’ VERTICAL RSS SEP epoch. The degradation
hetween the two solutions,

WHOLE £L16m" 3 0.1%9 0.146 0.061 0,224 0.17% in the North coordinate for

WHOLE F o IGHT 1324 0.0%5  0.08  0.0¥ 0.133  0.108 example, could be accounted

370 8 LEEL 3 9447 0% 0,063 0,209  0.166 for by an acceleration bias

T RN ; ) L 0. 0.2 0.211 error as small as,0.33

. vin meters per second .

CONSTELLATION Therefore, for high

£, 8, i, 12 3 J. 166 0.150 0.037 0,227 0.178 precision in unaided

9,9, i, 02 3 PRy 0.144 0.078 0.220 0.173 operation, solutions should

3,05, 12, 13 3 0. 160 0.1 0.088 0.228 0.180 he extracted as close to a
measurement epoch as
possible,

TABLES. FLIGHT #4 RMS VELOCITY ERROR (M~/S)

T WY W
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As shown in Tables 3 through 6, the results indicate that GPS can meet 0.1 m/s RMS
velocity accuracy. Ffor applications where the solution must be extrapolated from a
measurement epoch, the need for proper Kalman Filter tuning to maximize acceleration
estimate accuracy has been shown.

Subseguent analysis focused on the gquality of the GPS measurements. The measurement
errors are usually modeled as clock error plus noise.

The analysis was accomplished by forming predictions of the measurements based on

the GPS ephemeris data, receiver clock estimates, and deterministic correction terms,
and on the APTS navigation solution, The residual between this and the recorded
measurements represent the GPS measurement errors. Ffigures 6 and 7 show the PR
residuals for one of the flights. Generally, they cogsist oI a small bias term

{2 - 10 meters), a slowly varying systematic term of - 3 to - 5 meters, and a random
fluctuation at about the 0.5 to 1.0 meter level.

figures 8 and 9 show the PDR residual, divided by the integration interval to convert
them to LOS velocity errors. During the first 20 minutes of the flight the geometry
is poor, and the residuals consist of a bias-like component and a random component.
At t = 4100 sec, the acquisition of a new satellite dramatically improves the
geometry, and the residuals become more nearly zero mean and random in nature, at
about a 5 to 10 mm/sec level. The bias-like behavior of the residuals during the
early part of the flight has been attributed to the receiver's estimate of its clock
frequency offset (the model on which the predictions were based depends on this
estimate). A plot of this estimate is shown in Figure 10. At t = 4100 sec, a
step-like refinement in the estimate is apparent. Another interesting feature of this
plot is the reduction in the randomness of the estimate. Both of these artifacts are
consistent with the step-like improvement in TDOP at this time.

The results from the other flights were consistent with these. The GPS measurement
errors, during periods of good geometry, are summarized in Table 7.

It is interesting to contrast

MEASUREMENT 81AS SYSTEMATIC RANDUM the PDR measurement to the
velocity solution. The
/R 2 - 10 METERS 3 - 5 METERS () .5 = 1 METERS (RMS) randomness in the solution is
PR INS LGN IF ICANT INS IGNIF [CANT 1 CM/SEC (RMS) 10 - 20 times as great as in

the measurements. The DOPs
were 1 - 2 during this time,
TABLE 7. SUMMARY OF GPS MEASUREMENT ERRORS which Teads to an expected
velocity error of 1 - 2 cm/s
(DOP X measurement error).
PR PSUEDO-RANGE The velocity error that
POR  PSUEDU-DELTA RANGE results from forming an
unfiltered solution is shown
in Figure 11, The performance
closely matches the simple
prediction model. It is reasonable to expect that a filterred solution valid at the
measurement times would be as good.

G

7S HECEIvER FILTER Having established the high precision of the
GPS observables, the next phase of the analysis

5 CHANNEL 17 STATE investigated the benefits of GPS/IMU

Z CHANNEL 17 STATE integration. The APTS raw IMU data and the

2 CMANNEL 11 STATE recorded GPS measurements were combined in

several Kalman filters, and the resulting
velocity performance statistically analyzed.

T This process was iterated three times, with

ABLE 8. POST PROCESSING ITERATIONS filter complexity and/or receiver class varied
in each. Table 8 summarizes the various
iterations. The filter states are summarized
in Table 9. Two channel GPS observables were
simulated by adding noise to the actual 5

DARAME TER 11 STATE 17 state channel measurements.

PISITIIN 1) Yes YES The resulting velocity errors are summarized in
Table 10, where the receiver's solution and the

VELICITY §3 5 YES : A : -
) point solution are included for comparison. In
CLXK B1as YES YES imul 1 .

L0k RIFT ves vEs the simulated results velocity errors are on

-t the order of mm/sec., Clearly, the combination
PLATFORM TILT (3] YES YES of GPS and IMU holds great promise for high

TICT ORMIET (3) NO YES accuracy aircraft state sensing problems.
ACCELEROMETER BAS (3) NO YES

This is especially true in high dynamic

environments and situations where data rates

exceeding the GPS measurement rate are needed.
TABLE S. KALMAN FILTER STATES

n
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VI. CONCLUSION

GPS velocity performance has been evaluated against the most precise reference system
used for this purpose to date. The results show that the claimed 0.1 m/sec (RMS)
error can be met at points near
1S JELXCITY £3RORS (RSS) WITH RESPECT T9 THE WEFEAENCE the measurement time. The block
| 1028 solution was always within

this specification. The block 3
solution, a further
extrapolation of the 1028

SYSTEM SOLUTION "a

ELJCITE s solution, had only its vertical
MATION R LTER 2as? NORTH P component always within
specification.
3-Cnannel et 213 0.100  9.J50
Data has been presented which
2. 3-Cnannel; 2aint Soluiien 3,308 0.009  0.01 indicates that the GPS
measurement process is very
o precise.
3. 3-Channel; 17-state J.0u2 0,003 0.004
xalman filtes Post test analysis results were
shown indicating the level of
3, 2-Channel; 17-state 0.905 2.008 918 performance enhancement that can
Kalman filter \€) be achieved with the integration
of GPS and inertial systems.
5. 2-Channel; tl-staze 0.006  0.0l6  2.016 The extreme accuracy of these

¢} results indicate that this
combination will satisfy a host
of platform state sensing
problems.

Xalman filter (

(a3} Data from flight #1 during periods of good GOOP
i{3) Aiding simulated by propagating state updates a: 12 4z rate, Complete details of this test .
and the results can be found in

Jsing accelerometer data Reference 4
: .

{c) Random noise is added to the deliaranges %o sfinulate the effect
Jf increased carrier tracking-loop drandwidth far 2-channel
receivers relative o 5-channel receivers

TABLE 10.
REFERENCES

1. “"Global Positioning System", A collection of GPS papers published in Navigation
Journal of the ION, Summer 1980.

2. "Aerial Profiling of Terrain System Performance Evaluation Flight Test Report",
CSDL-R-1703, March 1984,

3, Soltz, J.A., G. Mamon, W. Chapman, "Aerial Profiling of Terrain System
Implementation", presented at Second International Symposium on Inertial Technology
for Surveying and Geodesy, Baniff Alberta Canada, June 1981,

4, Greenspan, R. L., Donna, J. I., "APTS/GPS Measurement Task Final Technical
Report", CSDL-R-1845, February 1986.

5. Hursh, John W., "Aerial Profiling of Terrain System (Apts), Journal of the
Institute of Navigation, Volume 32, No., 3, Fall 1985,

ACKNOWLEDGEMENTS

The author would like to thank the following organizations for their contributions to
this program.

The Armament Systems Directorate at Eglin Air Force Base which loaned their GPS
assets and reconfigured them onto a pallet compatible with the APTS aircraft.

Collins Government Avionics Division of Rockwel) International, especially
Merv Dosh who provided invaluable guidance in evaluating and interpreting the GPS
data blocks and insight into the receiver navigation processing.

The Charles Stark Draper Laboratories, particularly Richard Greenspan and
James Donna, whose creative analysis provided for program success that exceeded
initial expectations.

>
5 l' s ..',.'.‘-‘.‘
2 A P

SRA
&

1

i n oY
ol WA o
’.’ | l:r:r"- *y ';;'L‘i

s
S oty Sg

L e .
N
[ A

=

YR

v
A

P’

LI 2 B N T
S Y '

Ped s



- ¥ o o & o o v UK T & 2 o TxEy % | Pl [ ~ o, b e - Lo e e e 20 T 5 '~
ey s PP‘-Nrrf. I ARk =g Ao ol PRI KA 5! i} Sl | IS AT XV A o4
w
-
w
P I ]
> Iy
4 5.
= e .
g z A
s <
bre «
3 <
¥ 5
-
o
W
-
L
w
«
15}
«
-
[}
x
-
a
w
Q
p-a
(@]
o
M -—
w
o o
(9] D
by Q
s w O
1 -
[+
<
1a ...%
% x; 143113044 WO 9
\/ JINVHVITI NIVHYEIL
‘|
) w2
-
2
EEL
S
q u [ 7]
vpood«a
coxZex
- a q<r-
A R i T O R e @O @ e @[ @ i




. , y p—— P e - g P P wpgrnme M s nisrrrdl s o
Y b % TN

o g A P e, 1 - L

» Mh-sul- At I ! |fu¢'.)-.’..'nf‘- i .?l.nw‘-ll'--v -hnl AR S LY , .)-fr-q-nn-..,‘-fyi_ E -\hi A Wt -Lm Ar LTS > —h m\l\- !-\L.dﬂrc " S L g g

+ -5000
+ -9000

-+
-+

7000
3000
=11 _1000 73

g0
© I
p ™
©
(o] ™
— ©
. [ o4
O w
™ « <
> z e
< < abt
T ]
> 3 w s ™~
d 3 w
o |
= |
@] o ]
I Q Q
— Q =
< g w
a 2
- ©
I
x
O E
— n
s £
w
2o
WS
x - 3]
[} Q w
> E 2
< w
3 w 8
<O o
z & a
-w 2
S 5
z= @
\\_\,
-
PV SIVRINY: . LILREDL  NNYNRR | GO VY AR ) RN IR e FURR I g IR g ot
5 - - et - A A A A - - R - et X 4 - - L -




I-9

cl
+ |
<«
] 1 1
© o
1 ™
3 4+ Y
4
g =
o p W w
[ a
! o)
; (&)
] ] S
18 o
w 2
[ 1T ¥n - 8
=g -
[ T o8 o
| s m
18 a
“ «
-5 P
®)
| 1 a
T
ﬁ 13 ™
-
hd w
- 4 R
)
l 1 T
\ o
o
1 g
b— b} } 1 + b e
[=] [~ o o - o ~ m H o v (-]
~ o~ - — -— -
4009 4004 4901
. M - LN PP " - .y R S o ok *t o] |
LI\ Ry SRR RREEISY.  KRREIIRS o XKRAKG . RENKENN . YNNI o TS S Ry My




i

29 -

1-10

5

——

400A

O ey

- b

<+~

“.s+

PN

. W -

.S+

+

2.§

4003

O

()

1.5+

AR RN
—— TN

6800

6000

§200

4400

3600

2800

Tl S

APTSTINE
SECINGS

FIGURE 4. NDOP, EDOP, AND VDOP ON MAY 30.

SN

L HIZIEIT A JoN T



s b CAESARRIE M e b e < B (Pl es o2 p S e | I M e e AT r=a U a e s It SR L e = Bl S

1-11

4

[

APTSTIME

SECONDS

GPS VELOCITY ERROR
FIGURE 5

"
t

G S Y B S R e L T T T SRRy GUNSUHN TRy R SO |

~ © ~J +* 0 ny ~ o -~ s ~ -

b}
3

3.2

-0.5

o) - o =) o o o -
) T T ¥ '

S/HW C/H G/H
a 410A 3 410A N 4i0r

SN MY S —~ ettt A RN -y SN Y Y e P A agmg e - a
* ¢ * LA A\ » 2, AR R R Y A
PRy .J I &.\ .\\-\ -\-. -w-n PR ..n 4 .-» -.-4.!. oy J.f.j --.--,..------n..p-\‘-\-fnt.’*ll.l‘ll.lA li'*‘lﬁ',rn.- ,-- uvn -H. -~

= d

. -
e
.- -




JEOEATET

R N
t 4
5200

FIGURE 6

j ] : J

!
. . 4 N ; . " +
+ + * t t * + = T t

. |
thid
—¥

PSUEDORANGE RESIDUALS MAY 30 SATELLITE 6
PSUEDORANGE RESIDUALS MAY 30 SATELLITE 8
PSUEDORANGE RESIDUALS MAY 30 SATELUTE 9

..
X

:

\
|

It

b

—

A

+ :
+—t
2800

+ t f { \
w 0

(uepw) Q1S3Y Hd

<+

4 4o —y

w 9?

-15 -~
-0 +
15 4+

($10)0Ww) QISIY Hd

(si010w) AQISIY Hd




S ARt R e La pes Bas o9 Sl doi Mo Sad Aol ol Sl Aok Sl Sl A% A2 A A AA hts A AR R A ANe dta hea RAvy Rty Bia - Bhe Ahke - A% Bl “Ale i Al i SR AS Al Sl e i S S S T

.":-
R
21-13 -
-‘\
::;.x
F
r:‘
r"-
T PSUEDORANGE RESIDUALS MAY 30 SATELLITE 11 :
-0 - : +
i LY
=]
& w04
g
~20 + + + + $ $ + +- -+ + 4 4 4 t + + + } -+
2800 3600 Yyoo §200 6000 6800
. PSUEDORANGE RESIDUALS MAY 30 SATELLITE 12
54+
2 I
g F
£ 1 A
=] | ]
2 |
< |
E 3+ W ’ ‘
1+ + + t + ; + + + - + + + + t +
6400 6500 6600 6700 6800 6500 7000 7100
- PSUEDORANGE RESIDUALS MAY 30 SATELLITE 13
e
A
H
5 1
4t -+ + + : + + 4 + + +——t +
4000 $400 §800 5200 S600 6000 6400

FIGURE 7




Bl A A A el Bl Bl e i i o il ACA B A A g A B Sok Balt Enl Lol alb A i A A A i B Ak S Rhan Al hi "L ‘el "

21-14

. toue PSUEDO-DELTA RANGE RESIDUAL SATELLITE 6

~~
POA RESIO

P DA AESID

1 o
’
Q]

'N ~.

(0
C AR
~ LS

SLARAR PUCSXARS

s

s

Y

#%0 3600 2 4400 5200 6000 6800

PSUEDO-DELTA RANGE RESIDUAL SATELLITE 9

I ....Y

V\t‘%}ﬁ\;‘ﬁ:p'“ﬂVJ‘,&‘\ﬁ‘m\,q,www

s - e

woe 0 o0 weo0 woo YT

oy

P OR RESID

o

,..
n/s
o
o
&
" ) +
+ t ¢
+
e
—r
b s

-
)

.

L .l‘."l& 2 .‘- -.
24
8

- o

FIGURE 8

ﬁ.’t .“'o {. .,

-
K .
.-.“l.




A
- t
:ﬂ
218 -
X
=
.:'
:.\
.'I.'v
. PSUEDO-DELTA RANGE RESIDUAL SATELLITE 11 '
| -
9.3% - ‘ o ‘
. 24
E e | 0 -
T :
a"-:sl’ .,";"! :-F
| r -_'f'
| N
T '
3.9 - ‘ -
- - ~ et e —t— ]
2909 1600 4400 200 5000 8800 T
_’-
R PSUEDQ-DELTA RANGE RESIDUAL SATELLITE 12 o
I 350
0.:2 + 82
%
i =
E c.:uT ‘_._
1 *
T 3
t 2
. -
& o Y e n " & " & b & ‘~ ‘
400 %S00 8800 4700  ee00  6%00 7000 7100 2
. PSUEDO-DELTA RANGE RESIDUAL SATELLITE 13
-]
: 1
89,1 W
l Il
-0.0u
Woo T woe T weso  sa0 | sess 600 | wuoo

FIGURE 9

§
»
"
A%
oot
S
o
)




R W E WY W W W WY W TR TETTE T .E U U TUE TR WS T T W W TR T e TETETE TR TRITRITANNY WYY W LUE VY W LT ATEFETSTETROFNTN TS e

21-16

0.04
R B
g
v
z
x T
3.4
-0.08

!
1 l“'il,lib
P, seooy e BB00
“2500 'l[’(ﬂr'];."nll ‘U'?’ 4400 ~ s200 ' 6000 h’,‘r'.'!f‘_ti
I e bt
‘i. "l l"‘-'l]‘ ”. & {l,llll'“l‘. f f’w"nlw I'}'I'"‘.Iu )
! th v'l Y
i ‘Li'v"d}"’l""f‘l WJ W“ 1 W Y i
l RPTSTIME
SECONOS

FIGURE 10. 8 RECEIVER ESTIMATE OF USER’'S CLOCK DRIFT RATE.

o - -

) N0




T TR RTRTETRTEANT RS TR TE T Y T T WL

MR

: + APTS INDICATED VELOCITY - VELOCITY FROM POINT NAVIGATION

lass { SOLUTION UNAIDED 5-CHANNEL RECEIVER FLIGHT OF MAY 30
~ >
:::-
‘-._'
NG

08, 0, s R

I
VOIF D (m/s)

%
e

P
s
PN

G
.
4,0 Y M
PR

" '-‘

, v
..
.l.l
v < .
.
Tl

o
b

:. . 1y
i s ! {'

R IL
H-{l'hf*(

. : il i | 1
! 'l,

P

:J " i k dl- ity . .‘ - IR | e () NN 1 g
,ﬁ"’}ti.llg N He ' il 11 ?'}‘: l‘.“,-r"f.l. ' lr{lsj i |, “".£<“'!1 (A

b bR b e A Fb T 4 Dk

‘ 1 ‘ ,

e
" .I . ’

s N
)
[

VOIF E (m/s)

i 1

——

,17“ it l

Eredd
» J"J’J“J‘-}

AL

!
.- ...-"

O,

X N
L

o
"
L

VODIF N (m/s)

it
2
L4
e

P

.
v
.

h }
w
Lol

o

T
-
T
{
: ! v ' ]
i e g1 . o1 M 1 X
T R M - s PP Coemroc e N . | g 1
- : o R BN ! Wb 4L
;Ai N - 1 ' - ¢ ’
i Vl
APTS TIME (s)
- n ; 4 » " . " 4 ; A " + +
+ + + + ¢ + ! + + + u +——t

4400 5200 6000 6800

AL

FIGURE 11

J.\-
Q"
. ¥
9
7.
.vf'
‘.Il
o
s
L~
. 7
[ ]
AL
¥ .




A LOW COST GYROSCOPE FOR GUIDANCE AND STABILISATION UNITS

Author D G Harris - Technical Executive
Guidance Systems Division
GEC Avionics Ltd.,
Airport Works,
Rochester, Kent. ME1l 2XX

SUMMARY

The potential requirements for a rugged moderate accuracy low cost gyro are very
large, especially in 'smartening' simpler weapons. The paper begins by identifying
sultable candidate weapons and deriving a composite specification for gyroscopes that
would satisfy the guidance and stabilisation requirements. It then goes on to describe
a development programme which is aimed at producing a suitable gyro by the combination
ot a well established principle for angular rate measurement and the latest materials
and electronic technigues, A considerable effort was expended on basic experimental
work before prototype batches of gyros were made. Results from test ot the later
designs show that this approach is very promising, especially in providing gyros which
can survive cannon firing without performance degradation. This has been demonstrated
by informal tests with potential customers.,

The discipline of regular estimates of unit production cost has been firmly
maintained to avoid a major pitfall of sub-inertial quality gyro design. However, there
are many past projects which bear witness to the fact that this is an untorgiving art
and the necessity for continuous attention to detail must be maintained if the START
desiyn is to be successtully taken through to mass production.

L. INTRODUCTION

Free flight ballistic or rocket propelled weapons are the most widely procured types
because of thelr comparative simplicity and reliability, and the resultant low cost. The
statistical spread in the impact pattern of such weapons is an accepted part of their
tactical use. However, for air-to-ground weapons the launching aircraft is required to
approach so close to the target using a gently maneouvring trajectory that the
vulnerability to ground defences becomes disturbingly high., Hence the demand for
'‘Smart' weapons which can find and recoynise a target, after launch from a comparatively
safe range. Weapons of this type that are currently in service are sophisticated and
expensive and their application is against high value or strategically crucial targets.
If this technique is to be extended to the more numerous weapons for use in an
opportunity or low-value target attack, the cost of the guidance and control sub-system
must be very low, but this must not be achieved by sacrificing reliability.

A requirement for practically all envisaged weapons is the need to measure or
control the attitude during transit and homing. In addition, there may be a need to
stabilise a seeker head during search and homing phases. These functions require some
form of gyroscope, but the combination of characteristics needed to survive the
environment together with the need for very low cost makes the classical spinning mass
jyro a very doubtful candidate.

This paper attempts to identify the potential weapon types requiring very low cost
juidance and control and derive a performance envelope for the gyroscopes. A candidate
which satisfies part of this envelope is currently under development and the principle
of operation is described together with test results to date.

2. WEAPON TYPES CONSIDERED

An important factor in reducing the unit cost of sensors is to have a steady high
rate of production so that best use can be made of the expensive capital equipment
needed. To achieve this it is sensible to look at as wide a range of applications as
possible that may have some commonality of requirements to see if a single sensor or
small family of sensors can satisfy the range. The primary gyro parameters on which to
base commonality of requirements are as follows:

(a) Maximum angular rate to be measured.

(b) Tolerable variation of zero offset from all causes.
(c) Minimum angular rate to be resolved.

(d) Linearity of rate measurement.

The general conditions of use are those associated with military applications but
particular attention to the acceleration/shock regime is necessary as this can
considerably modify the performance of some gyroscopes.
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All gyroscopes take a finite time from power-on to being ready to measure rate and
1n weapon applications this can be a crucial factor.

L
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In the following paragraphs, various weapon types are considered tor their

requirements against the parameters listed above, so that a requirement specitication :ﬂ
with the highest commonality factor can be derived. -

2.1 Air-To-Air short Range Weapons

The main gyro requirement is for seeker head stabilisation and weapon attitude
control. The readiness time is less than 1 second and it is likely that the gyro must
tunction throughout the launch acceleration phase. The peak acceleration is unlikely to
exceed 50 'g’'.

In this application the gyro is essentially an error correcting device and the
requlirements on linearity and scale factor accuracy are therefore not demanding; a
combined effect of 5% is tolerable.

A maximum angular rate capability of 150°/sec wiil cope with in-flight transients
and seeker head slewing needs.

The most important parameters are gyro drift rate and the threshold of angular rate
detection. The tolerable gyro offset or drift rate is dependant on flight time and on
the basis of a 10 sec duration, the gyro drift rate should be in the range of 0.5 to
1°/sec; A threshold of 0.05°/sec will satisfy a large majority ot the air-to-air seeker
stabilisation requirements. 1In this type of application the gyroscope natural frequency
is important and for modern small weapons and seekers it is prudent to allow for at
least 80Hz capability in the sensor.

In the case of short range air launched dispensers ot sub-mun..-ons the above stated
requirements generally still apply but with natural frequency and maximum rate
requirements reduced by a factor of 3. However, if some deyree ot yuldance into a pre-
determined ‘'basket' is needed, the scale factor and zero ottset tolerances are much
tighter by a factor of 30 times, at least. Effectively this a ditterent class of gyro.

2.2 Terminally-Guided Sub-munitions (TGSM)

The gyro requirements for TGSM may be for sensor head stabilisation only or also
include the need to control and guide the vehicle. The main differences in requirement
trom 2.1 are shorter start-up time (around 0.1 sec) and greater emphasis on small size
and low power consumption. The TGSM electronics is unlikely to be accessible from the
carrier vehicle, so that need for routine maintenance of the sensors is very
undesirable.

The shorter active flight time of the TGSM allows the requirement for gyro drift to
be relaxed to around 3°/sec.

\ra
MRS

2.3 Artillery~Launched Weapons

LY

On the surface, the requirements for gyros to be used in guided artillery fired
weapons appear very different from those for air-to-air or TGSM applications. But many
of the performance requirements are similar; rapid start-up, stabilisation accuracies
leading to gyro drift rates in the 0.5°/sec region; linear measurement of angular rate
in the ranye up to 500°/sec and low cost, weight and power consumption.

Pt
il

For inputs well outside the linear range the gyro saturation characteristics must be
predictable, for use in de-spinning the weapon.

The additional requirements for the guidance components of artillery weapons are the
ability to withstand very high acceleration during launch, (up to 20,000 g) possibly
v combined with angular rates considerably greater than those that the gyro must measure

..

. during the guided phase of the trajectory. This applies to spin-stabilised projectiles
) and the guidance unit is required to survive this initial phase so that it will function
" normally in the subsequent homing operation.

Y

>t

f?f 2.4 Ground-Launched Rocket Propelled Weapons

Many potential weapons in this category have flight time and stabilisation accuracy
similar to those for artillery~launched weapons but without the severe environmental
regime associated with the artillery launch phase. The gyro which satisfies the needs
for artillery weapons is therefore very likely to be usable in rocket propelled guidance
and seeker units.
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2.5 Longer Flight Duration Weapons

It the flight duration of a weapon is ot the order of minutes 1t 1s likelv to
require a comparatively sophisticated navigation and guidance system to enable the
positioning accuracy to be good enough for the seeker to acquire the taryet. The yyro
drift tolerance in inertial navigation systems of this accuracy are in the 10 to 100°/hr
range; this is a difterent category from that considered in the weapon types considered
so tar, There may be a need with the longer range weapons for separate seeker
stabilisation which requires less accurate gyros, but even on optimistic estimates this
is likely to be a small part of the overall demand for the lower grade of weapon gyro.

3. SPECIFICATION FOR WIDE APPLICATION GYRO

Some of the applications considered in section 2 will materialise only if gyros in
the $250 to $500 price range are available. This level of price will be attained only
if the gyros are made in larye quantities with a high throughput. It is therefore
necessary to seek the widest market that can be open to a gyro or closely related family
of gyros if the benefit of mass production is to be realised.

If the widest common factors are extracted from the stabilisation and short term
guidance requirements for the weapon types covered in section 2 the following
requirements specification is obtained.

3.1 Reaction Time

This value is governed by the shortest time requirement. Essentially this time
should be so short that it does not noticeably delay the launch of a weapon fired on an
opportunity basis. A practical range for this is 0.1 to 0.25 seconds. The particular
parameter which must be either stable or predictable after this time is the gyro rate
otfset or drift.

3.2 Power Consumption

A small power consumption is necessary for two reasons. First, high power
dissipation in a small gyro rapidly leads to thermal gradients which produce variable
performance. Seccnd, small weapons carry small capacity power sources, to maximise
payload; therefore the consumption of all electronic components must be strictly
controlled to a low value.

The choice of this value for a gyro is a little arbitrary but to show an improvement

on currently available devices a value of 1 watt maximum, including control electronics,
is chosen.

3.3 Linearity and Stability of Scale Factor

In many applications a closely controlled input/output ratio is not a vital
regquirement and a value of 1% of full scale covers the large majority. It is possible
that this parameter could be used to select gyros from a common production line, into
wide and narrow tolerance groups, as the wide tolerance applications are likely to
predominate.

This performance must be maintained over a minimum range of + 500°/sec. It is

desirable that the range can be extended to *+ 1000°/sec for use in de-spinning
operation.

3.4 Gyro Output Oftset or Drift Rate

This is one of more important parameters and is notoriously variable in most low-
cost gyros. Values measured during production test may change radically with
temperature, acceleration and shelf life. A drift uncertainty of 0.5°/sec 1 sigma trom
all causes is needed for many of the applications of section 2. A practical approach to
achieving this value is to reduce the eftects of acceleration and shelf life on drift
variation and aim for a predictable temperature coefficient of drift., The inclusion of
3 means for measuring the sensor temperature then makes electronic compensation
possible, with little eftect on cost,

3.5 Pate Thresholqd

For applications involving short flight time high speed projectiles, the occasions
#hen a gyro is required to detect a sustained period of very low rotation rate are rare.
In these circumstances it is sensible to relate the threshold rate that the gyro will
detect to the drift uncertainty. A threshold of 0.1°/sec will contribute an angular
error of 20% of that due to dritt ottset and this is an achievable compromise.
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ﬁ:ﬁ: 3.6 Natural Freguency ot Gyro
:::: It is desirable in some applications to be able to limit the na;ural trequency ot
r\:‘ the guidance sensors to prevent them respondlng to an»unavo@dable vibration. But tor
': : seeker stabilisation purposes a treguency up to 80Hz is desirable especially tor the

smaller low inertia units. To cater for the widest range ot applications 1t 1s necessary
to have a basic sensor with a high (80Hz) capability which can be easily reduced,
preterably by electronic means.

3.7 summary of specification

The preceding parts of section 3 have outlined the reasons for the choice ot the
various gyro parameters. These are summarised in the following tabhle,.

The gyro must be capable
ot surviving the nqrmal PARAMETER VALUE
environmental conditions for
military equipment and in
particular the desiygn must Price $250 to S$500
survive acceleration ot at Reaction Time Less than 0.1 secs
least 10,000 g4 and pretferably Power Consumption Less than 1 watt
20,000 g if this does not Linearity and Scale Factor 1% to 5% (by selection)
» involve a cost penalty. Drift Oftset Less than 0.5°/sec
o Threshold Less than 0.1°/sec
e Natural Frequency variable; 10Hz to 80Hz
5?\ Measurement Range > 500°/sec
o
i
N‘ﬁ

4.  THE 'sSTART' GYRO

There are many technigues available for measuring angular rate and these were
consldered at GEC Avionics as ways of meeting all of the above reqguirements in a single
sensor, The most promising method is that based on sensing the shitt in the nodal
pattern ot a vibrating structure, when it is rotated.

The principle 1s not new and the objective is to use modern materials technology to
make a low cost moderately stable mechanical sensor and use electronic methods to
compensate for parameter variations which are costly to avoid in the mechanics. The
regqulirements for ruggedness, low power and rapid readiness are principal drivers in the
choice of technigue.

As the gyro does not use rotating parts and all the electronics including vibration

drivers use semi-conductor material the acronym START (Solid sTate Angular Rate
Transducer) is used to identify it.

4.1 Principle of Operation

Fig. 1 shows the schematic arrangement for START. The vibrating element is a
cylinder, chosen for its symmetry about the axis ot measurement. The vibration pattern
is established using piczo electric transducers AA and BB in a phase locked loop. The
tull circle is the cylinder outline when at rest. The two dotted outlines show the
limits of the vibration pattern. The choice of higyh etticiency transducers and low loss
material for the cylinder results in a very small power requirement to sustain the
oscillation, approx 10 mW. Positioned mid-way between the A and B transducers are piezo
electric crystals CC which are ideally on the vibration nodes ot the cylinder when it is
not rotatinyg. The oscillatory strain in the cylinder at the C transducers is measured by

< phase sensitively detecting their outputs with respect to the oscillation at AA. When
L‘ the cylinder rotates about 1ts principal axis, the nodes tend to rotate away from the
- 'C' positinns by an angle related to the angular rate, The oscillatory strain in the
N cylinder at points C 1s theretore a measure =f{ the angular rate about the cylinder axis
o and this 1s directly 1ndicated by the output of the phase sensitive detector.
Syl
tr: This hasic scheme works satistactorily tor steady angular rates but has a very
., narrow bandwldth when varying rates are applied and the response is poorly damped. The
g:g tunction of the DD driver transducers is to feedback an amplified, trequency dependent
u;t version of the envelope of the signal at *he points C. The frequency response of the
fa vlectronics in this feed-back loop determines the na*tural frequency and damping ot the
Q gyro response and the gain in the pass-band is sutticiently high that the signal level
at the C transducers is limited to the linear region of operation. Therefore the natural

trequency and dampinj can be contrnlled entirely electronically, one of the desirable
characteristics identitied 1n section 3.

In such an arrangement the maximum linearly detected angular rate is determined by
the physical dimensions of the cylinder and the sensitivity ot the transducers. The
maximum linearly indicated output is determined by the amplification applied to the
output of the phase sensitively detected form or the D transducer drive. Theretore the
gyro scale factor in degrees/sec per volt can be varied widely without changing any
cylinder characteristics,
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Fig. 1 'START' Gyro Scheme of Operation

The detection threshold is theoretically very low but in practice it is determined
Dy the signal/noise ratio at the C transducers.

Gyro offset and offset stability is a more complex problem dependent on geometric
ccuracy of the cylinder/transducer assembly, the thermal characteristics of the
materials and the stability of the electronic circuit parameters.
A detailed treatment of the theory of operation of the 'START' gyro is given in
reterence 1.

5 DEVELOPMENT PROGRAMME

Research and development for START has been continuous since early 1980 and the main
teatures of the programme are outlined in this section.

5.1 Conceptual Work

The principle of the vibrating element angular rate sensor was well established when
the START project began. The initial theoretical work at GEC Avionics was aimed at
choosing a shape which is robust, easily made yet low in spurious output induced by
linear acceleration, Calculations indicated that a cylinder supported at one end would
satisty these requirements and the size, weiyght anu power consumption of a gyro to
detect angular rates up to 1000°/sec were assessed. The results were sufficiently
encouraying to proceed to the stage of experimental models to verify the study results,
This work was carried out by the Avionics Research Laboratories of GEC Avionics.
Interest in continuing this work was shown by potential users of the gyro and support
tor further development was provided by the Royal Aircraft Establishment (RAE) during
1933 and B4. In addition to continuing the work on design and performance analysis,
2xperimental gyros were made using different materials for the cylinder and various
techniqgues for aligning and affixing the piezo electric transducers. A major objective
ot this phase was the reduction of the inevitable variation of gyro offset and scale
tactor with temperature, to an acceptable level of predictability.

[n early 19384 GEC declded to begin detalled engineering development of START aimed
1t the type ot applications described in section 3. This resulted in the prime
responsinility tor STAKT being transterred to the gyro manufacturing division of GEC
Aviconics, now Guldance Systems Division, with continuing close support from the Research

AT,

el Development phase

Low cost ot manutacture was a requirement for START trom the outset and it is a
teatsre of the development programme that all changes of methods or materials are
conslidered ti1rst for thelr impact in the cost of mass production.

The earlier work showed that it is preterable to use metallic materials for the
cylinder, This can give rise to a sensitivity to temperature variation when the
transducer/cylinder temperature coefticients of expansion ditter markedly. Various
combinations of materials and bonding technigues have been tried and 80 experimental
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'QQ cylinders have been made, in batches of ten. 1In this way an initial assessment of the
variation of the main characteristics is obtained, for each design variant.

\*« The control electronics was initially designed using discrete components, ruggedly
4 mounted on a printed circuit board., The final version will be a single hybrid, which
; could be integral with the sensing cylinder, and the desiyn of this hybrid is now
underway.

., Photographs of the prototype gyros and typical discrete component electronic unit
s are shown in Figs. 2, 3 and 4.
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Fig. 2 'START' Gyro Sensor Unit and Cover
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Fig. 3 'START' Gyro Triad




.
"~
-
.l
.l

%‘%5

EARE hh

0
"y

,I

1. 4 '"START' Gyro Electronics bDevelopment Unit using Discrete Components
n AUHIEVEMENT TOU-DATE
Cne recnnical requirements tor the electronics did not call for real innovation, and

on
has concentrared on economy of power consumption and selection of techniques
ot wventual hybria packaglng.

Most ot tne eftort has been directed to selecting the best desiygn tor the sensing
nit. The earlier batches had a modest yleld of fully usable gyros and the experience
ained enabled a high yield to be obtained from the later batches. The results
summarised here are tor the latest design.

w. L

b.l Dimensions and Weight

Tne maximum rate capability is determined by the cylinder design and a unit with
overall dimensions of 24mm diameter by 28mm length has demonstrated linear performance
t» A minimum rate ot 1000°/sec. The weight of the mechanical part is 25gm; with a
nybrid weight estimatec as 20gm the estimate for the complete gyro weight is 45gm.

h.2 Power Consumption

power consumption for the discrete component version is 0.5 watts. The hybrid
version will be less than this.

f.3 Rate Threshold

The threshold of rate measurement is determined by the particular cylinder/
transducer combination and the power applied to the excitation transducers. A value ot
).N3° ‘sec 1s currently achieved, As the output of the gyro is a d.c. analogue voltage,
Aetection ot the threshold output needs caretul attention to electrical noise reduction
it the amplification is chosen for 10V (maximum output} at 1000°/sec.

A.4  Linearity

Trroughout the development of START all of the designs have shown good linearity for
vr15 grade ot yro.  The inherent linearity ot the technigue has been shown to be better
tran 0.5%, Sut ovarlation of ottset and scale tactor with temperature make measurements
elow this walue rather uncertain, so that 0.5% 18 a practical value to use in system
teslgn. A Pypical lnput/output result is shown in Frg. 5.

[ Ccaje bactor

The ndtpoit o1 the pck-obt (00 transducers is determined by the cylinder geometry,
Pre tranadioer sensitivity and the level ot oscillatory drive applied at the 'A’
LG et 5. The dntention 1o o teo fix these tactors tor a wide range ot appiications and

cse e lestron,e amplittoation e ovary the scale tactor in volts/deyree/sec. This can be
gdotened Ly oochanging the vaide ot oa Siagle resistor in the electronic hybrid., The
maximim Jinear autput 1s 10V d.e, and the correspending angular rate can be chosen to

Lie bt ween 100° ‘ser and 1D00° sec by sultable cholce ot amplification, For increases
LR rate teegor o rhe electpronie aataration Zalue ot 12V, the output voltage remains
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Fig. 5 Input/Output Characteristic

Large variation of scale factor with temperature is a potential problem with this
type of gyro. The dominant source of this variation lies in any mismatch of the thermal
and mechanical characteristics of the materials of the cylinder and piezo-electric
transducers. Considerable efttort has gone into surveying the range of materials
available and choosing pairs to minimise mismatch. The remaining variation of scale
tactor with temperature can be, at least partially, compensated by use of a simple
temperature sensor, in the gyro. Currently achieved performance is a variation of 5%
over the temperature range -40°C "o +80°C.

6.6 Natural Fregquency and Damping Factor

The characteristics of the bhandpass amplifier between the 'C' and 'D' transducers
govern the pandwidth and dampinyg of a gyro. As high natural frequency is often needed
in missile use, experiments were made to discover the maximum practical bandwidth for
the present design. A value of 90Hz was obtained stably, with a damping factor of
around the critical norm ot 0.7. Both natural frequency and degree of damping can be
changed in a batch of gyros, by modifying the hybrid design, without changing the basic
sensor,

6.7 2ero-Qftset or Bias

Two aspects of the bias need to be controlled by choice of materials in the sensor
unit., These are actual bias at a nominated temperature and variation of the bias as the
temperature changes. Each gyro can be trimmed to bring the nominal bias within a
specified range but this operation must be minimised as it adds to the cost of
manufacture, Trimming to a value within the range +2°/sec has been achieved regularly
and a means has been designed for doing this automatically as part of the manufacturing
process.

The variation of bias with temperature is dependent on the choice of materials and
manufacturing tolerances. The later designs have a total variation of 10°/sec over the
range -40°C to +80°C. For weapons launched from a stable (non-rotating) platform this
nffset variation can be simply backed-off at launch and the gyro performs linearly about
the new zero,

For use where the launch platform is moving during gyro start-up it is desirable to
reduce this total variation to a value around 1 to 2°/sec, either by compensating the
variation in the electronics or reducing the basic temperature sensitivity. A
combination of the two methods is being pursued.
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6.8 Start-Up Time

With the present discrete electronics the time for the output voltage to stabilise
atter switch-on is approx 0.5 secs. However much of this is taken up for stabilisation
of the circuit values. The cylinder vibration pattern can be established in less than
100m sec: and the design of the hybrid circuilt allows the complete yyro to stabilise in
this time.

6.9 Sensitivity to Acceleration

Two aspects of g sensitivity have been investigated, The first is the effect ot
linear acceleration on the gyro output or g sensitive drift. The second aspect is the
acceleration survival level, of interest in cannon launched weapons.,

The g-sensitive drift is very small so that high speed centrifuge tests were
necessary to produce measurable outputs. Because of uncertainty of coupling in of
angular rates from the table it is possible to estimate the maximum of g sensitive drift
value only. This is 0.05°/sec/g. This is along an axis perpendicular to the rate
sensing axis. Acceleration survival tests were carried out on the gyro senscr element at
increasing nominal levels of 5000, 8000 and 20,000g. In each case two sensors were
used, mounted so that the acceleration effects along and perpendicular to the sensing
axis were tested. The units were recovered after the tests and tested for damaye or
change in characteristics. All gyros survived the tests and changes in performance
before and after the shock tests were within the normal spread of measurements. 1In a
recent test, the START gyro survived 25,000 g.

Vibration tests were carried out using a 10g peak level up to 9kHz. No measurable
change of output was caused by this environment.

1 The vibrating Cylinder Gyro
Dr R LANGDON
Marconi Review 1982
vol 45 pp 231-249
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e ABSTRACT I,
| The U.3. Navy, Air Force and Army are in the process of formalizing the joint service development T3
* n, and flight evaluation of the Multi-Function Integrated Inertial Sensor Assembly (MIISA). The MIISA con- *
.f}. cept will provide a reliable, standardized, fault-tolerant, system which will serve as a common source of / :
A inertial data. MIISA will provide data for flight control, navigation, weapon delivery, automatic i,
}ﬁ terrain following/terrain avoidance, sensor/tracker stabilization, flight instruments, and displays. A ri.
g‘ primary goal of this joint service activity is to resolve all technical issues and mzke this capability 4
n available for the next generation fighter and attack aircraft and for advanced helicopters. ! .
e The MIISA program is based on the coordination of current independent exploratory and advanced deve- (2
N lopment projects. The principal eftorts are the Navy's IISA (Integrated Inertial Sensor Assembly)
N, program, the IIRA {(Integrated Inertial Reference Assembly) program conducted by the Air Force, and the 3
N Hi-Rel IRU (High Reliabilty Inertial Reference Unit) program of the Army. o
‘; The Navy program to design, build, and evaluate an IISA Advanced Development Model was begun in r"
}4 FY80, and delivery of the equipment for Government DT&E is scheduled for Oct 1986. The IISA development >
'{- uses high reliability laser gyro and accelerometer sensors packaged in a strapdown system configuration o :
P - to provide a common, efficient source of aircraft body rates, attitude, and accelerations. These )
s measurements provide the essential inertial data inputs for all core and mission avionic functions -
@ including stability and control augmentation, precision weapon delivery/fire control, and sensor stabili- .
N zation for precision pointing and tracking. D
'3\ Various design aspects in IISA using six ring-laser gyros and six inertial-grade accelerometers in f'
B two, separated clusters are described. The redundancy management mechanization and system design -{
W features for flight safety are given. Navigation performance limits of strapdown INS, including the :n'
,*\ effects of skewed sensors, are presented. RS
o To insure that IISA is suitable for installation and flight test in an Air-Force F-15, extensive ru‘
W laboratory testing will be undertaken at the NAVAIRDEVCEN Strapdown Navigation Laboratory. These tests -
{ involve the examination of IISA system performance for navigation and flight control., These tests are
", discussed in the paper. -
2 A
n N
7 Y
~7 INTRODUCTION N
. Military aircraft require inertial sensor data for navigation, flight control, weapon delivery and o
i:) targeting, sensor/tracker stabilization and cockpit display. Currently, these data are obtained from a =
(7, multiplicity of independent onboard reference systems which provide the necessary data but contribute -~
g significantly to the size, weight and cost of the aircraft. S
Jﬁ It is desirable, therefore, to eliminate these duplicative inertial sensors by consolidating their Y
» functions into one integrated inertial system. Furthermore, it is desirable that this one integrated 4
:; inertial system produce all the inertial data parameters required by the aircraft with equal or better -
' accuracy, increased functional reliability and survivability, and lower life cycle costs compared to con- “J
' ventional avionics system implementations.
The multiplicity of independent onboard reference system is a problem faced by all services. For -
o example, the Navy's F-14 and F-18 aircraft each possess in excess of sixteen gyros and accelerometers TN
L installed in various locations on the aircraft, Similarly, the Air Force's F-15 and F-16 aircraft con- i‘
;'} tain many gyros and accelerometers to provide various data required for their missions. .Y
w In order to eliminate the proliferation of these inertial sensors for the next generation aircraft }
:' and helicopters it was in the interest of the services to establish a joint program to develop and pro- 2
" duce standardized fault tolerant, reliable hardware to provide all the data requirements for these N
. advanced aircraft and hellcopters. This joint program is known as the Multi-Function Integrated Inertial )
@ Sensor Assembly (MIISA) Program. (1)
The MIISA program is based on the coordination of current independent exploratory and advanced deve- 3
lopment projects. The principal efforts are the Navy's IISA (Integrated Inertial Sensor Assembly) .
program, the IIRA (Integrated Inertial Reference Assembly) program conducted by the Air Force, and the Ny
Hi-Rel IRU (High Reliability Inertial Reference Unit) Program of the Army. LA
The Navy program to design, build and evaluate an IISA Advanced Development Model (ADM) was begun in )
FY80, and delivery of the equipment to the Government 1is scheduled for Oct. 1986. An extensive test and “.
evaluation program will then commence. :
The IISA test and evaluation has become part of the MIISA program, the latter comprising four pha-
ses. q

The first phase of the program, the IISA/ABICS (Ada Based Integrated Control System) Flight Control
Evaluation, is underway. It will accomplish a flight control proof-of-concept demonstration of the IISA- :
configured sensors for fault tolerant flight control and facilitate completion of the ABICS program goals
for Ada implementation in advanced integrated flight control systems.

The IISA/ABICS Flight Control Evaluation involves the installation of IISA into the F-15 aircraft
and its integration with the F-15's Digital Electronics Flight Control System (DEFCS) by using the Ada
High Order Language (HOL). The objectives of the flight test are to verify IISA air worthiness, to com-
pare and evaluate 1ISA flying qualities with the flying qualities of the basic F-15, to verify proper
redundancy management operation, to verify that the IISA sensors are of navigation quality and last but
not least, to verify the efficiency and adequacy of Ada HOL. The IISA/ABICS Flight Control Evaluation
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Phase will be preceded by laboratory test of IISA at the Naval Air Development (Center's (NADC's)
Strapdown System Evaluation Laboratory (SSEL). The laboratory tests of IISA to prove both navigation and
flight control are Jiscussed in detall below,

The second phase of the MIISA program is known as the Integrated Inertial Reference Development and
ight Evaluation. Zondunted ir parallal with the IISA/ABICS integration aand flignt trials, this effort

11 investigate and evaluate alternative system integration/implementation mechanization for MIISA. The
jective of this joint phase is to develop an Integrated Inertial Reference System (IIRS) for the

30's incorporating an IIRS with other sensors. Other sensors to be incorporated include Integrated
Communications, Navigation, Identification Avionics (ICNIA), Global Positioning System (GPS) and rela-
tive navigation function of Joint Tactical Information Distribution System (JTIDS RELNAV), Ultra Reliable
Radar (URR), Synthetic Aperture Radar function (SAR), Forward Looking Infra Red (FLIR), Integrated
Terrain Access/Retrieval System (ITARS), radar/laser altimeters, and air data sensors.

Since Phase I will address most of the flight control integration issues, the second phase effort
will concentrate mostly on navigation reference functions., Flight control functions will be treated as
integration issues., Special concerns in the second phase will be fast reaction time, high-accuracy
ground./ship and in-air alignment, close coupling between the inertial system and Global Positioning
System receiver for jam resistance, accurate velocity/angular referencing for Synthetic Aperture Radar
operation and Terrain Following/ Terrain Avoidance (TF/TA) operation.

The second phase will demonstrate the feasibility of interfacing an Integrated Inertial Reference
System with an advanced avionics system of the 1990's. The resulting design criteria will provide a
basis for joint service decisions relating to a standardized sytem, namely MIISA,

The 3rd phase of the MIISA program will address inertial sensing requirements for helicopters.
Inertial sensing requirements for the next generation of tactical helicopters dictate a highly reliable,
low ©0st, light weight sensor and processing suite that will provide aircraft data for navigation, flight
control and weapon direction. Accuracy, ballistic vulnerability, size, weight and power constraints are
different for the tactical helicopter as compared to the fixed-wing fighter., However, these dissimilari-
ties should not preclude significant technology transfer in the areas of sensor technology and redundancy
management software. This phase will assure that the technology transfer is maximized.

Based on the evaluation results from prior phases, an Engineering Prototype Model will be generated "
in the final phase. The hardware/software configuration is to have the widest possible application span "=
across aircraft of the three services. Operational performance and logistic supportability charac- -
teristics will be tested and verified. Results will generate performance specification requirements for
use by the services.

IISA SYSTEM DESCRIPTION

Tne Advanced Development Model (ADM) version of IISA has been designed by Litton under contract with
NADC for concept evaluation in the laboratory and in high performance fighter/attack aircraft., The
II3A-ADM (Figure 1} consists of five assemblies: two identical Inertial Navigation Assemblies (INA's) .
containing the inertial sensors and navigation computers; two identical Digital Computer Assemblies A
(DCA's) each containing dual redundant flight control redundancy management and sensor selection logic \
computers: and a Collins multi-function Control Display Unit (CDU) for displaying IISA data and providing
the operator interface for initialization, mode selection, insertion of simulated failure data and execu- "
tion of simulated failures. The IISA-ADM also includes a set of Ground Support Equipment (GSE) that
aliows all IISA outputs to be monitored. The GSE contains a Hewlett-Packard 9836 (HP 9836) desk top com-
puter Wwith software for IISA signal interrogation and display. The GSE also includes a bank of six digi-
tal to analog (D/A) converters to convert selected IISA flight control outputs to analog form for analog
iisplay purposes. A DMA (Direct Memory Access) capability is provided for any INA or DCA
computer/processor for special signal monitoring via the HP 9836.

Within an INA, sensor axes are orthogonal but skewed relative to the aircraft yaw axis (see Figure
2). One accelerometer and one ring laser gyro in an INA are oriented along each skewed axis, Figure 2 v
depicts the orientation of axes when the INAs are installed into the equipment bays of the aircraft, )
When one INA i3 installed into the right equipment bay, with 180° rotation about yaw relative to the N
identical left INA, the six sensor axes are then distributed uniformly about a 54.7° half-angle cone. No {

tW40o axes are coincident, nor are three in the same plane, Thus, any three sensors may be used to derive
three-axis outputs in aircraft axes after suitable computer transformation.

An INA is divided into three, largely independent channels as shown in Figure 3. Each channel con- 4N
tains data form one gyro and one accelerometer plus related electronics, a preprocessor, provisions for -
output of data to the FCS and to the navigation computer, and independent power supplies., The navigation
processor and its MIL-STD-1553B I/0 are on the same power supply with one of the three sensor pair chan-

neis, -
The three channels of electronics are physically separated to eliminate common failure modes. Wiring &
from the sensors to the sensor electronics is also kept physically separated to avoid short-circuit, EMI, :-
ete., fallure modes common to two channels, d

NAVISATION PERFORMANCE REQUIREMENTS
The navigation performance requirements for IISA are similar to general, medium accuracy systems
aurrently in inventory. Requirements are:

Radial position error rate 1 nmi/hr (1.852 km/hr) (CEP) o™

Velocity errors, per axis 3 ft/sec (91,44 cm/sec) (rms) {:

Reaction time 5 minutes \‘
L]

Errors of strapdown inertial sensor systems using ring laser gyros become strongly dependent upon
gyro 3cale factor and axis alignment errors (2), Ring laser gyros can maintain excellent scale factor
3tability. Achieving the 1-2 arc second axis alignment stability needed, if a significant portion of
flights i3 to contain terrain avoidance and evasive maneuvering, requires very careful design. On IISA,
material selection and structural rigidity between gyros has been determined primarily to meet this dif- K
ficult requirement.

Skewing of accelerometer axes requires that accelerometer scale factor stability be significantly '
tetter than for a nonskewed configuration. An accuracy requirement of 35 ppm scale factor tracking bet-
ween the three accelerometers i3 within the state-of-the-art and the requirement for IISA. (X

Performance during vibration is essentially the same for skewed and unskewed sensors. As described
in 2), gyro input axis bending is the major error source for strapdown navigators in a vibration
environment. Vibration levels at the INS mounting points are usually not known. Environmental test
levels tend to be very unrealistic, over-conservative in the high-frequency region where the aircraft
mounting shelf cannot transmit much energy, and possibly insufficient in the vicinity of the high-Q shelf
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resonances, In the low-frequency region ‘under 50 Hz), traditional sine-sweep levels (0.036 inch (.914
zm' DA, for example) are totally unrealistic. Once real environmental data is obtained, the strapdcwn
N3 navigation accuracy can be projected. IISA has been designed for the most rigid gyro-to-gyro struc-
ture obtainable to attain accuracy goals during vibration.
FLISHT CONTROL REQUIREMENTS

Inertial navigation gyros and accelerometers are orders of magnitude more accurate than those com-
zonly used for flight control. Part of the accuracy is achieved by software modeling of residual errors
and much of this benefit also applies to angular rate and acceleration outputs for flight control,

Software axis alignment correction, however, 1s more complex for a redundant system since it
involves mixing of data between sensors. Flight control accuracy requirements are limited, however, and
misalignment due to physical separation and vibration isolators cannot easily be compensated. Therefore,
©31. inertial-grade axis alignment accuracy is not provided for flight control sensor outputs,

Tne specified accuracy of outputs to the flight control system is shown below. Actual accuracy will
se significantly better since the outputs are derived from inertial navigation grade sensors.

Angular Rate Acceleration
Jecale factor 0.1% 0.14%
Bias 1.5 deg/hr 4 mg
Alignment 1 milliradian 7 milliradians
fdesolution 0.02 deg. 3e> 2 mg
Aange 400 deg/sec 20 g

lzportant considerations for flight control are the time delays and synchronization of data from the
II3A when used as part of a digital flight control system controlling the states of an aircraft in real
time. Data sampling and processing time delays in the sensor element cause a destabilizing effect in an
aircraft control system and must be carefully selected.

Jyro and accelerometer outputs consist essentially of pulse streams which are counted over some time
interval to obtain an estimate of angular rate or acceleration, If this count interval is too long,
excessive time delays are introduced into the FCS. Selection of count interval and subsequent digital
filtering to reduce noise and quantization effects must be balanced against FCS time delay and phase lag
Jonstraints,

Since the IISA sensor subsystem is implemented as six separate skewed gyro and accelerometer pairs,
the data sampling intervals may begin at different times for each sensor, unless some form of cross-
cnannel synchronization is employed. The primary effect of such a time-skew between sensors is to con-

vaminate redundancy management sensor comparisons during very high angular acceleration or rate of linear v:
acceleration. (3) “p
To eliminate the complexities and risks of synchronized data sampling, the six IISA sensor outputs f;
zan run completely unsynchronized. Angular velocity and acceleration are computed and output at 1 kHz to .
minimize time delay, cross-coupling effects and redundancy management contamination, :
Data sampling is initially derived from a single clock in order to achieve required navigation £

accuracy. Each sensor pair separately monitors the accuracy of this clock, relative to its own. If an
error is detected the sensor pair's clock is used. This leads to the asynchronous operation discussed
above. .
Other important considerations for flight control are IISA's anti-aliasing filters and the other >
noise produced by the gyros. Modern flight control systems are digital and sensor data is sampled at -}
some fixed frequency, e.g., 80 Hz for modern fighter alrcraft. Sensor noise or vibration inputs at high
frequencies can be aliased by the sampling process to a frequency within the flight-control bandwidth,
causing control surface flutter or pilot discomfort. Therefore, it is necessary to filter gyro and acce-
lerometer outputs to remove high-frequency noise, For digital sensors such as those used in IISA,
filters must be digital in nature and the sampling frequency must be greater than twice the highest noise
or vibration frequency. Since IISA sensors are attached to vibration isolators, limiting sensed vibra-
tion bandwidth, digital filters iterated at 1 kHz produce the required noise rejection.

It is desirable to reject noise in sensor outputs within 10 Hz of the FCS data sampling frequency .
and its harmonics. These are the frequencies which can potentially alias to the 0-10 Hz region, the : '
maximum bandwidth of the FCS. This can be achieved, for example, by a low-pass filter, There is a It
trade-off between filter noise rejection capability and time delays and lags which could potentially »
destabilize FCS loops. Time delays or phase lags in angular rate measurements tend to be more destabi-
lizing to FCS loops than acceleration phase lag. In IISA, angular rate anti-aliasing filters introduce a
time delay of 8 milliseconds and consist of a gyro dither filter at 42UHz plus a notch filter at BOHz.

The latter filter not only provides filtering of structural or mount resonance effects which might alias by
to the FCS response, but also greatly attenuates the effect of gyro output quantization noise (0.5 arc »
second). Rate noise under statlic conditions has proven to be less than 0.01°/sec. !

Accelerometer anti-aliasing filters are low-pass (21 Hz bandwidth) with 20 milliseconds of effective *
time delay. Dithered ring laser gyros produce measurable amounts of vibration and angular motion. The
anti-aliasing filters filter these effects without the presence of low beat frequencies in acceleration
outputs, Residual acceleration noise has been measured to be 0.05 ft/sec? (1.5 cm/sec?) (2 milli-g)
rms, and is due primarily to accelerometer quantization.

REDUNDANCY MANAGEMENT
Since the two groups of inertial sensors in the INAs are on separate vibration isolation systems and

are physically separated, accurate navigation cannot be achieved after a second failure of the same sen- -~
sor type {(one fallure per group). Therefore, redundancy management is directed exclusively toward flight .
control requirements. The redundancy management, described below, will be inserted within the F-15's ?:

Oigital Electronics Flight Control System (DEFCS). The software will be rewritten by using the DOD High
Jrder Language of Ada. Thus, with the incorporation of this function within the DEFCS, IISA will closely
resemble a production system.

The sequence of operations performed in the redundancy management is jillustrated in Figure 4,

Sensor data is first reviewed for hard failures, detectable by normal self-test methods. The sensors
themselves give an indication of failures through loop closure tests, loss-of-signal indications, etc.
1/7 tests assure that data has been correctly transmitted, and dynamic reasonableness tests detect
spurious outputs inconsistent with the vehicle capability.

Due to the physical separation of the two sets of accelerometers, angular rotations and angular
accelerations of the vehicle cause different accelerations to be sensed by each set. To allow direct
comparison between acceleration measurements under dynamic conditions, each sensor output is related to a
common point on the aircraft using the current best estimate i vehicle angular rate and angular acce-
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To fail one sensor, 10 parity equations must fail. For a slowly degrading sensor, 10 equations will
A fail gradually rather than all at once. A sensor performance index (SPI) is formed for each sensor,
L equal to the number of parity equations it involves which have failed (0-10). The three sensors with the
smallest SPI may be used for derivation of outputs. This is valid since in general three good sensors
can be found easier than one bad one.
With inertial navigation quality sensors, there is little value in combining data from all six sen-
( sors in a least-squares solution to derive outputs, rather than selecting a triad from a single unit,
when available. Combining sensors simply adds another source of noise, namely, the rocking motion of the
second unit within the isolators. Therefore, whenever available, IISA outputs are derived from the three
sensors in one unit. When there is one failed sensor in each unit, all four remaining sensors are used.
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: leration along with known lever arm displacements from that point. .: :
M- The six skewed gyro axes and six skewed accelerometers are spaced evenly on a 109.5° cone whose axis -_i\
[, is vertical. Since no two axes are coincident and no three are in the same plane, full three-axis out- LLe
3 puts can be provided with three failures of a sensor type, ‘-;\'
5{ Detection of up to three failures is assured by comparison of redundant sensor data in what are Te
\ termed parity equations. These equations cancel vehicle angular rate, or acceleration in the case of ae
M accelerometers, and expose sensor errors., Because of information limitations, a third sensor failure of
the same type can only be detected. Isolation of which of the four sensors active at that point has 1
g8 failed cannot be achieved except for hard failures which are detected by conventional self-test methods, £
" For this reason IISA is termed fail-operational/fail-operational/fail-safe. ‘J*i
b Six-gyro (similarly for accelerometers) parity equations can be formed by comparing each gyro output 4{?
': to a least-squares estimate of its output derived from the remaining sensors. Since there are always two }::f
& sensors orthogonal to each axis, this results in six equations which are linear combinations of four sen- {FU{
| sor outputs. The orthogonal sensors cannot contribute to error detection, After sensor failures, a dif- o,
\ ferent set of parity equations is required, Again, fifteen linear equations involving four sensors can -
be formed, five equations after the first failure and only one after the second. "N
. While the occurrence of two simultaneous failures appears extremely improbable from the standpoint ;}K'
? of component reliability, sensors within a unit are under similar stresses (for example, local heating or }5}
; shocks due to battle damage). Solution of all 15 potential parity equations during zero failure con- ﬁ:
- ditions, each derived from four sensors, allows detection and isolation of most soft dual-failure con- w.:h
K~ ditions, and this is the approach taken on IISA. *‘ !
] Under ideal conditions, parity equation outputs should be zero under any aircraft dynamic or vibra- sy
tion condition. However, because sensors are in separate, isolated units, shelf motion, isolator rocking
M and unit-to-unit misalignments cause parity equation outputs to appear when no sensor failures are pre- w 3
1.8 sent. For this reason, both filtered and unfiltered equation outputs are used for failure detection, the H:Jq
’: former for detection of small, soft failures in some short time interval and the latter for very rapid ': Lo
. jetection of larger soft failures. The parity equation output level which trips gyro error detection ’\?
S iogic is also varied as a function of angular rates and angular acceleration to avoid false alarms during .:ﬂk.
.} maneuvers., A similar approach is used for acceleration trip levels. ~
) The 15 parity equation outputs are scaled to be equal in their response to white noise from sensors, ot
. In general, however, all equations involving a sensor may not fail simultaneously. The parity equation I8
coefficient for a given sensor, which is derived from the geometry, varies from equation to equation. ‘v
<

L4 .
{ For the condition where three failures are detected and failed sensors are known, the remaining three \ﬂF
} sensors are used. For the rare ambjguous case where all parity equations are failed and self-test cannot -
- isolate the fallure, warnings are issued to the pilot. ': &
- The equations which use selected sensor data to derive standard, orthogonal outputs to the flight 1
- control system are termed design equations. There will be 29 sets of equations stored in the DEFCS com- o
~ puter, 20 for all the combinations of three sensors-at-a-time, and 9 for the least-squares estimates for "
A four sensors-at-a-time, one failure in each unit. Only one set of design equations is used at a time. *&g
n, Tne quality of the redundancy management process rests on: f}\!
. 1. Noise level of parity equations LY
9 2. Thresholds that are used to detect failures ¥
b 3. Transients that may occur in outputs when failures occur or when different sensors are :
A selected due to normal noise conditions. B
IISA LABORATORY TEST AND EVALUATION PLANS e
The IISA will be tested in the NADC Strapdown Systems Evaluation Laboratory using special laboratory -
" equipment. The two INA's will be mounted on a Carco three-axis, electrically controlled motion table. :**‘

The table has a large mounting area sufficient to accommodate and drive both INAs simultaneously. A

Control Console for the Carco table allows several modes of operator control of table motion (either rate
or position) through a dedicated microprocesor/display/keyboard. A built-in Scorsby motion mode is one N
of the command options. The table can also be commanded through its Control Console by an external com- .
puter. (U4) Y

A dedicated PDP-11/44 Computer with 1553B bus interface capability will provide the means for
recording the 1553B data outputs from each INA. Because of the low data rate on the 1553B, it is dif-
ficult to measure high frequency characteristics of the flight control signals provided by the IISA on
the 1553B bus. Consequently, a Digital to Analog (D/A) Converter will be available, as part of Ground
Support Equipment (GSE), and can be used t> convert the dedicated flight control digital outputs to ana-
log form for strip chart recording and signal analysis. Signal analysis will be done with a
Hewlett-Packard (HP) Dynamic Signal Analyzer to perform nolse spectrum analysis and determine frequency
response (gain/phase) characteristics.

A sweep oscillator will provide a sinusoidal input to the rate table (each axis separately) for fre-
quency response testing. The input frequency will be incremented from 0O to 25 Hz. At each increment ot
chart recordings will be made of the respective flight control output along side the rate table tacho-
meter output. Phase and gain measurements will be made on these outputs. In addition, analysis of the }*
flight control output noise spectrum to determine frequency components of the noise will be done with the “

HP Signal Analyzer. The sweep oscillator and the signal analyzer will be run simultaneously while data
is sampled in the signal analyzer. The resulting transfer function plot (gain and/or phase) will be
displayed and plotted on an HP Plotter. The IISA test configuration is shown in Figure 5.

FLIGHT CONTROL TESTS IN THE LABORATORY

Dither Noise - The dither frequency of the IISA RLG'S is near 424 Hz. Due to aliasing the sampled -
dither signal may appear in the flight control frequency band. The dither magnitude is large enough that g
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it must be filtered before the sensed rate is used for flight control compensation. The IISA laboratory
tests will determine the effectiveness of these filters in attenuating noise and determine the signal
lags introduced by the filter., A spectrum analysis of the dither signals before and after the INA dither
filter and at the DCA output will determine the effectiveness of the filter and identify the predominant
signal components which may affect flight control performance. Test results will be compared with analy-
tical results.

Structural Mode Interaction - Sensed structural body motion can be a problem in high performance
aircraft unless the sensors are located near the points of minimum structural motion (bending nodes or
anti-nodes). If not suppressed, the structural motion may be reinforced through the Control Augmentation
System (CAS), possibly creating a limit cycle motion on the control surfaces. The filter's gain and
phase characteristics and the flight control compensation will be verified in the IISA laboratory tests
using rate table frequency response tests and comparing test results with analytical results.

System Time Delay - A Key performance measure of an integrated sensor/flight control system is total
system time delay. Sources of delay in the IISA include dither and structural filtering, and processor
computational delay. Closed loup system analyses will be used to determine the effects of varying time
delay on aircraft performance. Open loop analysis will be used to determine the effects on system stabi-
lity, The results of these studies will be used as IISA goals which will be verified in the laboratory.

Fault Detection and Isolation - Sensor faults and INA/DCA interface failures will be isolated by the
redundancy management algorithms in the DCAs. Redundancy management will provide
fail-operate/fail-operate/fail-safe operation through the use of parity equations which linearly combine
the sensor outputs to determine the residual errors. The residuals are compared to trip levels and the
results are used to select the best performing sensors. The redundancy management algorithm's sensor
trip levels have been determined and evaluated using an offline simulation. Lab testing to verify these
trip levels will be accomplished by simulating sensor faults in software. By way of the CDU various sen-
sor faults can be simulated, such as hardover failures, failures to zero, bias failures and ramp induced
failures.

Switching Transients - During the redundancy management process, transients in the flight control
command signals are possible due to dynamic axis misalignment between the two sensor packages and noise.
The redundancy management algorithm is designed to minimize sensor switching. However, the laboratory
setup will be used to evaluate the switching effects between the sensor output combinations. The test
will cycle through all combinations of the rate and acceleration output sensors and determine the ampli-
tude of the variation in the control surfaces commands due to the sensor switching. The resulting
control surface command will be converted into equivalent aireraft motion to determine
if the commanded aircraft motion is below the pilot's perception level (0.05g acceleration and 0.1
deg/sec rate).

Bending Mode Conditions - The effect of relative bending motion between the two INAS will be simu-
lated in the laboratory. This will be done by placing one INA and a dummy INA on the Carco table. The
dummy will act as a mass simulator and operate with the real INA on the table. The real INA will be
mounted on a stationary fixture. By driving the table at selected frequencies using the function genera-
tor input, the effect of relative bending motion between the INAs can be simuiated. A special offset
mount fixture will be used to adjust the accelerometer location to simulate linear bending mode effects.

Lever Arm Compensation - Rate table tests are useful in determining how well the system identifies
predetermined failures and failure types (hardover, bias, nulls, etc.) A significant factor in the acce-
leration parity equation computations is the lever arm compensation which makes the accelerometers in
both INA's appear to be at a common location. An approach to verify the lever arm computations will be
developed in the laboratory. Appropriate adjustments will be made in these tests to account for dif-
ferences in the sensor separation distances on the rate table as opposed to those existing on the host
aircraft.

NAVIGATION TESTS IN THE LABQRATORY

Alignment Repeatability Tests - Forty-eight 15-minute alignment runs will be performed in six groups
of eight runs. The six groups correspond to headings of 0°, 45°, 135°, 225°, 270°, and 315°. From these
tests, the level axis fixed bias, the random walk value, the overall system alignment accuracy, and the
sensitivity of the system to alignment heading will be determined. The results also will be used to pre-
dict system performance as a function of reaction time.

Alignment/Navigation Tests for Cold and Warm System - These tests will consist of four combination
alignment/navigation runs at headings of 0°, 45°, and 90°. Each combination will consist of an alignment
and 60 minute navigation run with the system starting at ambient temperature followed immediately by
another alignment and 60-minute navigation run. These tests will be used to determine system position
and velocity accuracy as a function of alignment heading and initial system temperature,

Static Pitch, Roll, and Heading Tests - The system pitch, roll, and heading accuracy will be deter-
mined as each axis is stepped through 360° in 10° increments., The tests will be performed at headings of
0°, 45°, and 90°, These tests will be used to verify system attitude output accuracy and to determine
whether the output accuracy varies as a function of heading.

Accelerometer Bias Test - The system will be aligned on a particular heading, then rotated in azi-
muth 180 degrees immediately after going to navigate, The system will then be allowed to navigate for 90
minutes. The 180 degree rotation normally doubles the effect of the accelerometer blas and east gyro
drift errors. The test will be performed six times at heading of 0°, 45°, and 90° at both cold and warm
temperatures. This has been found to be one of the most useful tests in determining error sources
affecting navigation perforumance.

Rate Qutput Tests - These tests will be performed in order to get a measure of the system angular
rate outputs. The system pitch, roll and yaw rate outputs will be recorded as the system is subjected,
one axis at a time, to rates of #10, +30, and +45, degrees per second. In addition, pitch will be
tested at 60 degress per second and roll and heading at 4100 and +300 degrees per second.

Linearity/Symmetry Tests - A 60-minute navigation run will be performed with a sinusoidal single
axis motion of 2 degree peak amplitude and 0.5 hz. (frequency applied to the system, The test will be
performed twice with the motion put in about the pitch axis, and twice with the motion about the roll
axis., During this test any scale factor asymmetry problems will look like an equivalent level axis gyro
drife,

Schuler Pump Test - This test will consist of rotating the system 180 degrees in azimuth immediately
after going to navigate, and rotating 180 degrees every 42 minutes until 150 minutes of navigate time
have been accumulated. This test will be executed twice. The purpose will be tc accentuate errors due
to aligning a strapdown system in one heading and then navigating on a different heading.
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Scorsby Test - During this test the system will be subjected to a 12 degree peak-to-peak, six
cycles-per-minute Scorsby motion while performing a 90-minute navigation run. Two runs with a clockwise
Scorsby motion and two with a counter-clockwise Scorsby motion will be performed at headings of O degrees
and 90 degrees for a total of eight runs. This test will uncover any coning compensation, gyro scale
factor asymmetry, and gyro axis misalignment errors that may be present in the system,

Coning Test -~ This test will consist of applying two sine wave lnputs with a phase difference of 90
degrees to the heading and roll axis of the three-axis table to produce a coning motion about the pitch
axis., The test will be performed twice. The inputs will then be applied about heading and pitch to give
coning about roll and the test will be performed twice in this configuration for 60 minutes each.

Profile Sensitivity Tests - Flight profiles will be executed to duplicate mission profile angular
rate and attitude histories. The tests will be performed on the computer controlled, three-axis attitude
and rate table. Four standard flight profiles will be performed. Each profile will have a duration of
approximately 3-4 hours. The profile sensitivity tests will exercise the system to give a very good
indication of performance that can be expected during actual flight.

SUMMARY

IISA has been designed to meet the flight safety needs of flight control inertial sensors while
simultaneously operating as a medium accuracy inertial navigator. Key portions of the system have been
built and shortly will be undergoing test.

Results of the IISA test and evaluation will be used for the joint service development and flight
evaluation of MIISA. Given the trends of the design of high performance aircraft, an integrated system
design such as MIISA is essential for minimum avionics cost.
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Abstract

Results are presented from configuration performance study phase of the
Helicopter Integrated Navigation System project sponsored by the Canadian
Department of National Defence. A configuration assessment is presented
including processor selection, and a discussion of system architecture and
configuration tradeoffs leading to a recommended configuration. Results of the
system error analysis and the Kalman filter design are presented demonstrating
integrated system performance.
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The roles of the military maritime helicopter include search and rescue, Anti-Surface
Surveillance and Targeting (ASST), Anti-Submarine Warfare (ASW), and Anti-Ship Missile
Defence (ASMD). Many of the missions must be carried out at ultra-low altitudes under
all weather and visibility conditions, The increased range, speed and accuracy »f modern
weapon systems impose stringent accuracy and reliability requirements upon the zircraft
navigation system., To enhance mission success in a hostile environment, the flight crew
is required to operate weapon systems, target acquisition and designation systems, radar
and ESM detection, night vision systems and perhaps engage in air-to-air combat, The
traditional manual dead reckoning tasks can no longer provide the required performance
accuracy and would unnecessarily distract the flight c¢rew from performing mission-
critical functions.
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More specifically, the Canadian Forces Sea King helicopter will be nearing the end of its
useful life by the beginning of the next decade. As a result, the Canadian Department of
National Defence (DND) has begun studying options, including the update or replacement of
the maritime helicopter fleet. A number of research and development projects have been
initiated to develop certain avionic systems. One of these projects is to develop and
test an integrated navigation system that is capable of satisfying the helicopter mission
requirements within the cost limitations of the program. This project is called the
Helicopter Integrated Navigation System (HINS). This paper describes the development and
the basic software and hardware configuration of the system under study. Results of
performance simulation analysis also are presented,
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MISSION REQUIREMENTS

In the 1990s and beyond, the effort in Anti-Submarine Warfare will be directed toward
extending the range of initial detection and maintaining contact with submarine targets.
This may include ships towing sonar arrays and ASW helicopters working jointly with the
ships. The steady improvement in the modern submarine's capabilities means that the CH-
124A Sea King, which is currently deployed from Canadian ships, will eventually lack the
range, endurance, detection and data-processing equipment necessary to localize and
maintain these long-range submarine contacts. The two prime solutions for this problem
are to update and life-extend the Sea King or replace it with a more modern maritime
helicopter. A requirement exists for a number of new avionic systems for ASW
helicopters, one of which is a new navigation system,
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For the ASW mission the helicopter navigation system must maintain stable and accurate
position over long periods of time, In the anti-surface ship targeting role high orders
of absolute and relative navigational accuracy are vital to rapid and successful action.
There are further complicating factors. Operations must often take place under radio
silence and shore-based or satellite navigation aids may be destroyed or jammed during
wartime. The small crew of the helicopter must not be burdened with monitoring the
functioning of, or updating, the navigation system. Consideration of these factors has
led to the following accuracy requirements:
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1. Radial Position Error (95%):
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- with external aids = 2.0 nautical miles (nm)
- without external aids = 1.5 nm/hr

2. Radial Velocity Error (95%):
- with external aids = 3.0 ft/sec
- without external aids = 4.0 ft/sec

3. Attitude Error (95%):
- with or without external aids = 0.5 deg

4, Heading Error (95%):
- with or without external aids

0.5 deg

External aids are those systems such as Omega, Loran, and GPS which rely upon
transmitters which are located external to the aircraft and may be unavailable during
wartime. INS, Doppler, and radar altimeter are representative of internal or self-
contained aids.,

1t is noted that the radial position error requirement with external aids can be exceeded
by a large margin if GPS is available.

DEVELOPMENT PLANS

Modern avionics systems are becoming 1increasingly complex as the demands for better
performance and higher reliability continue to escalate. These demands, however, are
being pressed in an extremely cost-conscious environment. The HINS project addresses the
development of the helicopter integration navigation system subsystems. This integration
is the key to satisfying the HINS performance and reliability objectives in the most
cost-effective manner.

With several navigation subsystems available for HINS - such as inertial, GPS (Global
Positioning System), Doppler and Omega - a large number of equipment configurations are
possible. The typical approach is to use previous experience in selecting two or three
candidate configurations in an ad hoc manner, This has the potential danger of
eliminating good alternatives early in the project and could eventually result in a
suboptimal configuration.

DND has decided to spend a significant portion of the navigation system development time
to simulate and study a number of potential configuration with the aim of identifying,
developing and testing an 1integrated navigation system which best satisfies the
requirements established for the project.

The HINS approach to achieving this aim is to first perform preliminary analysis and
simulation to identify four or five candidate configurations that meet the mission
requirements, From the detailed performance analysis of these configurations, one of
them will be selected for advanced development. The product of this advanced development
will be thoroughly tested. The completed navigation system will then be ready for
incorporation in the maritime helicopter.

The HINS project has been divided into two phases:
Phase I: System Definition and Design

To define candidate integrated system configurations which may satisfy Sea King
replacement mission requirements, evaluate candidate system performance by simulation and
thereby identify the preferred configuration with which to proceed to advanced
development.

Phase Il: Development and Testing

To build an Advanced Development Model (ADM) of HINS, and conduct a series of ground and
flight trials leading to a fully developed and flight-validated navigation system for
incorporation in the maritime helicopter.

Phase I, completed in March of 1985, was carried out under contract to DND by Honeywell's
Advanced Technology Centre, located in Toronto, supported by Honeywell's Systems and
Research Centre (SRC) of Minneapoiis.

A contract award for Phase Il is planned for later this year for the delivery of a fully
tested ADM to DND.

PHASE I ACTIVITIES

An extensive survey has been performed to collect relevant data on navigation subsystem
and sensors, These data included information on candidate subsystem performance, weight,
volume, power consumption, reliability, cost and Canadian content. Using Honeywell's
Integrated Sensor Evaluation Program (ISEP), several hybrid system configurations were
evaluated on the basis of these data leading to a short list of candidate integrated
system configurations which might potentially satisfy the mission requirements. The
results of this preliminary assessment were then wused as the basis of the software
development (left side of work flow chart, Figure 1) and detailed analysis and simulation
work (right side) which followed,
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Software development activities comprised the design and implementation of algorithms for
integration of the HINS multiple sensors, and the development of extensive simulation
tcols for evaluatiorn of candidate system performance.

Analytical work has focused on definition of HINS hardware, architecture, assessment of
processor loading requirements, subsystem trade-off studies, and finally performance
simulation of candidate configurations, including refinement of the integration
algorithms,

These activities have culmirated ir the selection of a single recommended configuration
for the HINS ADM. Comprehensive interface specifica