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R 2 This Lecture Series is intended to address the advances in strapdown inertial system N
; technology during the last five years. Areas that are addressed include advances in S,
. strapdown instruments and computational algorithms and the application to commercial N __ L
, aircraft, remotely piloted vekicles, flight controls, instrumentation, and navigation problems e
R in general, This provides one document which covers the present statc-of-the-art in R e
B strapdown systems technology. ) e

c
The material in this publication was assembled to support a Lecture Serigs under the

= sponsorship of the Guidance and Control Panel and the Consuitant and Exchange Programme
. of AGARD.
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ADVANCES IN STRAPDOWN INERTIAL SYSTEMS - o
INTRODUCTION AND OVERVIEW

George T. Schmidt
Leader, GiN Advanced Programs Division
The C.S. Draper Laboratory, Inc., Cambridge, MA, U.S.A.

(SUIIHARY Co e

- A This Lecture Series is intended to present the significant advances in strapdown in- e e
ertial system technology since the last Lecture Series (No. 95) in 1978 on the subject., .

Areas that will be addressed in the Lecture Series include advances in strapdown instru-

ments and computational algorithms and the applications to commercial aircraft, remotely AR

piloted vehicles, flight controls, instrumentation, and navigation problems in general. o

This introductory paper will give an overview of these lectures. ¢ (I ‘

AD-P003 619

1, INTRODUCTION /

In June and October of 1978, an AGARD Lecture Series (No. 95)! on strapdown inertial
system cechnology was held in seven NATO countries his present Lecture Series (No. 133)
is again sponsored by the Guidance and Control #8nel of AGARD whoso members fel:t it was
timely to review the state-of-the-art in strapdown systems. The intent of this lecture is o
to provide some overall background and introductory material and an overview of the - @
following lectures. ) ' 2

Traditionally, inertial navigaticn systems have been categorized into (1) those that T
employ gimbals to isolate the inertial instruments from some vehicle motions, (2) those oo
that mount {(or strapdown) the inertial instruments directly to the vehicle and (3).others e
where the gimbala may be replaced by a fluid or where the system may be partially
strapped-dosn and partially gimbaled, Figure 1 illustrates somo appirications of these
types, A brief doescription of types (1} and (2) follows.

isRTAL vsTon Y e
Gimbal | Bets, Pol6 . ALCM i
sugpd@n' | . 137, 757, 167 ) |  MRASH

Other N : | Peaé;mﬁor' '(nrx) | nE Rnntrf\hhiclgu o , :
-Neure 1. “ryplt;al Inertial deten 'Appucu._t.iuno - _ ' t |

W 2 Wt A

- In inertial-platform gimbal mechanizations, the gyroscopes mounted on a stable plat-
form measure angular rates, and gicbal-drive systems can use the angular-rate information
to nyll the angulai motion sensed by the gyroscopes. In this manner, the gyroscopes and
acceleromaters on the stable platform are inertislly stabilized from the vehicle totion,
and the stable member physically represiénts an inertial reference frame. By double inte-
gration of thw specific-force indications from the accelerometers, with a correction for - v

- smema g

gravity, position determinztion is possible. PYigure 2 illustrates this approach. q-m_.-..m!,,'
v
INITEAL CONDITIONS LR
:awu:&uo'v“ » f- $ | L LATITUDE (L)
s [ O oonomares Lorin | R —.
RA FGHCHE IN INFATIAL ves L D .
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Gimbal systems provide a good dynamic environment for inertial instruments,
particularly in severe angular oscillatory cases, since the gimbals isolate the gyros from
the environment. 1In fact, the state-of-the-art is sucih that navigation performance of
gimbal systems can approach almost error-free instrument operation to the point where
uncertainties in the knowledge of the gravity field become the dominant sources of
navigational error.

In strapdown inertial systems, the sensors are mounted directly (or perhaps with
vibration isolators) to the vehicle. Inertial-sensor outputs now represent specific force
and angular rate with respect to inertial space coordinatized in vehicle body axes.
Therefore, to maintain an inertial reference frame, a computer-generated transformation-
matrix algorithm between body and inertial frames must be used to process the gyro outputs
as the vehicle moves and its orientation changes. Then, the accelerometer information
must be transformed from the body frame to the inertial reference frame. Figure 3 illus-
trates this mechaniz?§§on. Other reference frames, such as local vertical, may also be
used for navigation.

INITIAL

ﬂ!ﬂ%ﬂON!
SPECIFIC FORCE IN POSITION IN INERTIAL
80DV COORDINATES ¢, o {w [Oen COOMDINATES HAVIGATION LaTITUOE L)
BODY-MOUNTED P ) ? COMPUTER [ v 1OF i
ACCELEROMETERS :
Axvnuoeuaounarum
ANGULAR VELOGITY OF | GRAVITY :
THE BODY WITH RESSECY g |cowpTATION
Tt —
BODV-MOUNTED D 1 -
GVROSCOMES . | BODY COORDINATES ‘;nwmnvm am::f:;"m INFORMATION
VY OMPUTER .

Figure 3, Strapdown System Computing in Inertial Cocrdinates

In addition to the added computations of a strapdown system, the inerttal asnsors

- reguive a large dynamic range. Thay are novw subjected to the entire vehicle dynamic

environment and, in general, will not perform as well had they heen isolated from {t,

- Much of the worx, in fact, on laser gyros (to be discussed in following papers) stams from

thelr reputed insensitivity to dynamically {nduced errors, although single-degree-of~

freedom gyros, tuned-rotor two~doqreb-ogr£roedou gyros, and other gyrcs have had utrnpdoun~:'

applica;ions.- :

Strapdown systems are of interest for all but the eost demanding porformance nise
sions since elimination of thw gimbals could possibly result in casier maintensnce, less
cost. and perhaps improved reliability. 1If alded~insrtial systems such ag Global Posi-
tioning System (GPS)-~inertial ave consideced, porformance differences between gimbal and -
strapdown systems are ovan less, The increased computational requirements of strapdown
systems appear less important with sach advance in computer technology. Purthermore, the

-atrapdon insteuments' outputs are in body coordinates, which is desirable tor autopilot

functions, Since 1978, a nevw generation of commercial aircrafc (757,767), tactical
missiles (MRASM) and other systems have committed to the use of strapdown fnertial sys-
toms, Consequently, much interest and ongoing activity oxfsts in strapdown genscr and
systew developwent, and this Lecture Sories has been motivated by these activities.

2. - OVERVIEW OF THE LECTURES"
The first o lectures are by Hr. P. Savage. His tivst paper on strapdown sensor

advances wiil update hig strapdown sensor paper presented in AGARD Lecture Sories 95,
Principle areas to be addressed in strapdown gyro technolopy will be the state-of-the-art

- 18 floated rate Integrating and tuned-rotdr strapdown gyros: pecformance advances in laser
gyros: special design considerations associated with mechanical dither) square versus tri-

angular lasor gyrog: the state-of-the-srt in- multi-oscillator and magnetic mirvor laser
gyross present and projected application areas for laser (ytos related to size, perfor-
dance, and cost? the theory of uperarion and state-of-~the-art in flber optics laser inter-
ferometer rate sensor technology: and the fundamental distin-Lions between the laser gyro
and {nterferometer rate sensor. Basic aveas to be addressed {r strapdown accelerometer
technology will he performance advances in pendulous accelervometers, and the theovy of
operation and state-of-the~art in vibrating beam accelerourter technology. ’

*presentation of thege lectu: os is, a9 of this writing (2/84), etill subjeict to raview

oL
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His second paper on st.updown system algorithms will address the attitude determina-
tion, accelerstion transformation, and attjitude/heading output computational operations
used in modern-day strapdown inertial navigation systems and the contemporary iterative
algorithms for implementing these operations in real-time computers. The emphasis will
be on two-speed algorithms in which coning and sculling vibration induced effects are
handled by simplified high speed algorithms with results fed into lower speed higher-order
attitude updating/acceleration transformation algorithms. Design equations will be pre-~
sented for evaluating the performance of the strapdown computer algorithms as a function
of computer execution speed and sensor assembly vibration amplitude/frequency/phase en-
vironment. Direction cosine and quaternion based algorithms will be described and compar-
ed for accuracy and computer loading in light of modern day algorithm capabilities for
overall strapdown operations. Orthogonality and normalization operations will be address-
ed for potential attitude algorithm accuracy enhancement including a discussion on the
question of need for such algorithms, potential pitfalls if used, and tradeoffs for direc-
tion cosine matrix row versus column orthogonality/normalization control. The section on
attitude data output algorithms (i.e., Euler angle extraction) will include a discussion
on roll/yaw cutput algorithms near high/low pitch angle conditions,

The next lecture by Mr. P, Fenner wi)l describe the application of laser strapdown
technology to commercial aircraft. Background will be provided on design regquirements and
design synthesis. Specific application of the Honeywell laser Inertial Reference System
(IRS) will be described for the Boeing 737, 757, and 767 commercial airplanes, Redundan-
cy. safety, and reliability considerations will be described along with the highly inte-
grated aspects of the system design. A review will be given of the IRS architecture, per-
formance, requirements, operation modes, and a top level description of the processing al-
gorithms, The test program and methodology employed by both Boeing and Honeywell to en~
sure the system design satisified all performance requirenents and that the software vas

exhaustively verified and validated prior to initiation of flight testing will be describ- -

ed. A special flight test program conducted in cooperation with American Airlines to
obtain navigation performance data to support the use of the IRS as a certified long range
navigation system will be described along with the test results. The results of the Boe-
- ing flight program with 757 and 767 airplanes will also he daescribad as well as unique
problems that were encountered, In-service experience, both MTBF and performance, will be
provided from the first yoar of air-line experienca, These vesults will shww the “"payoff"
from laser strapdown technology is substantially bettar than predicted. ‘

_ The following lecture by Mr. R. Acker will describe GN&C for remotely piloted

"~ vehicles., Major systen elements include: an on-~board comrputer, strapdown inertial sen~
sor, aiy data sensor, data link, flight control, propulsion control, and paylsad control.
His paper will concentrate on the system architecture, design tradeoffs, error sources and
digital processing techniques utilized to tie together thege major systema to weet RPV re-
Qquirements.  Incrtial sensor error sources and accuracy will be related to mission ve-

quirements with vespect to paylead pointing, data link acquisition after loss, silent run

periods, and tlight control. Techniques for use of the air data aystedm inforration will
described and evaluated for expanding mission £lexibility., The Kalwan fifter utilized

in the onbocard cvomputer to process inertial, data link, and air data system data will be

described wlhh‘on?hlnii on the relationship between system error scurces, filter cow-

pleaity, and mission performance parameters. Data 1ink parameters, thely need and ageura-

of requirements with reapsct to mission B:tturhunce will be gquantatively evaluated. The

- onboard computer software will be duscribed with respect to functions and thelr tire and

© wewory loading per function. Results of 16 flight tests will be presented and compared to

simulation dats tor mission etfectivenoss determination and assessment of ability to pre-

dict pevformance. The remaining €light test program and objectives will be vevieved,

wWith perspective gained from the design pha: dnd a £light test progranw the eftectiveness

of the digital control technigues employed will be evaluaten and Euture trends projected,

. The naxt paper by Hr. J. Hichelin and We. Senneville will describe the application
of -a strapdovn system to tactical missiles and builids upon an applicaticn presented in
Lecture Setries No. 95. A maes unbalanced rste pyre which also provides specifie torce
mpasuremsints, a totally cogputerized system, and an optimil data procossing Systet are

: ngui-gi the Eg&turos described, The tost methods and results of a prototype systes are
-alpo described. : L ’ :

The following looture by Hr., J. Gilmoré will describe the Low-cost Inertial Guidance
System (LCIGS) which is a wodular strapdovn implementation of sttitude !gyro) and veloeity
{acceleromator) axes that permits the iunterchangeable use of differont marufacturer's ins-

- trumenits without affecting the system's slectronic ot wechanivcal interfaces or processing

software. This design flexibility iv made ponsible by the use of microprocassors for pro-

©. «ensing and contro)l., The microprocessors are eabedded in cach module snd ¥ive are used:
- one per accolerometer triad, one cach per gyro module, and gne in the service module. The
processors effect cn-line digital torquing control of the gyros, active instrumeuc drest
(model compensation, including wodeling Eor temperature sensivitity effects, tempetature
conteol, self-tomting, ete. Adaptation of procossing and callbration algorithms to .
acconnodate for {nstrument changes or senged edvironmental variations 1% achieved through
the use of an alterable read~only data base that may be updated by the LCIGS support
equipment as ceguired at calibrations or upon an instrument replacement. This data base
is accessed by the microprocessors and used to computs covfficient corvections for the
processing algorithms. 7The wystem architecture is presonted and the olcroprocossor soft-
vare partitioning and functicons are described.
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The next paper presented by Mr. D. Sebring will describe the Multifunction Flight
Control Reference System (MFCRS) program, The MFCRS program uses two highly modified ring
laser gyro navigation units developed by Honeywell Inc. to perform the flight control re-
ference and navigation functions onboard a F-15 fighter aircraft. The two units are sepa-
rated by nine feet to provide survivability and one is skewed with respect to the other to
provide required redundant inertial information. Technical information on the actual
flight control and redundancy management designs, including the unique electronic align-
ment procedure, will be given. Appropriate data from the flight control analyses, man-in-
the-~loop simulation, redundancy management Monte Carle simulations, and laboratory tests
will also be included to substantiate the design.

N

The final lecture presented by Mr. W. Hassenpflug and Dr. Kleinschmidt describes the
initial alignment and augmentation of a strapdown attitude and heading system. The
analyti:al basis, system hardware description, and comparison between simulation and
flight test results is presented. Technigues for possible system improvements are also
described. . :

3. CONCLUDING REMARKS

The intent of this Lecture Series is to provide an up-to-date overview of strapdown
inertial system technology. To that end, lectures on components, algorithms, and systens
are presented. The reader has in this one document a set of papers summarizing many of
the present interesting applications of strapdown inertial technology. In addition, a de-
tailed bibliography of references published during the last few years appears at the end.
REPERENCE '

1. Strap-Down InerniaI:Syatoms. NATO AGARD Lecture Series No. 95, June 1978,

b, .
R « ot
L
e,

. N
9 ]
e
PR IR

- com—————_——




.y
—— /,/
ADVANCES IN STRAPDOWN SENSORS
By
AD—P003 620 Paul G. Savage
: President

Strapdown Associates, Inc.
Woodbridge Plaza, Suite 150
10201 wayzata Blvd.
Minnetonka, Minnesota 55343

/

{
| SUMMARY
#'This paper reviews the advances that have taken place in strapdown sensor technology

gince 1978. It is intended as an update to the paper on Strapdown Sensors presented as part
of AGARD Lecture Series 95 in 1978 &iTTJ”Principal areas addressed in strapdown gyro
technology are the state-of-the-art in mainstream floated rate-integrating and tuned-rotor
strapdown ¢yros, performance advances in laser gyros, special design ccnsiderations
associated with mechanically dithered laser gyros, the state-of-the-art in magnetic mirror
and multioscillator laser gyros, present and projected application areas for laser gyros
related to size, performance and cost, the theory of operation and state-of-the-art in
-fiber-optic rate sensor technology, and the fundamental distinctions between the laser gyro
-and fiber-optic rate sensor. Basic areas addressed in strapdown accelerometer technology
are performance advances in pendulous accelerometers, and the theory of operation and
state-of-the=-art in vibrating beam accelerometer technology.

OK/

The state~of-the-art in strapdown sensor technology has advanced considerably since
. 1978, particulary in the higher accuracy performance categories. Ring lagser gyros degsigned s
° . by several manufacturing groups have demonstrated their ability to meet the requirements for P
} 1 nmph inertial navigation. Laser gyros are now in operational use on several major A -
| alrcraft programs, and have demonstrated reliabilities in the field that are exceeding user
] goals, Advanced development programs have been initiated to extend the performance
capabilities of the ring laser gyro into the class needed for 0.1 nmph navigation.

: 1. INTRODUCTION

Conventional floating rate-integrating and tuned-rotor gyro technology has been
increasingly applied in the moderate to low performance strapdown areas. These instruments
continue to provide a good alternative to the ring laser gyro in applications requiring
small size and low cost, where lower performance is acceptable. A new optical rate sensor
technology based on the use of fiber-optics has emerged over the paast few years as a lower
cost/reduced performance alternative to the ring laser gyro. Simultaneously, ring laser
gyro development activities have been directed at cost and size reduction to extend its
applicability range into the moderate performance areas.

T Strapdown accelerometer technology continues to be prinuvipally based on the pendulous
" - electrically servoed accelerometer design approach. Design refinements since 1978 have » e
B  upgraded the perfoxmance of this instrument and somewhat reduced its cost. It continues to ,,w,quJ!wn
g - remain compatible in cost and performance with requirements in most strapdown application :
.-~ areas (in proportion to the cost of the gyro and computing elements that are also contained
. © - in a strapdown system). To meet cost targets for the future, a vibrating beam accelerometer
- technology is heing-developed as a lower cost alterrative to the pendulous accelercmeter.

. B This paper~ieviews each of the instruments discussed above, with emphasis On the per= vl
L : formance capabilites, problem areas, and applications where they have been used ox planned b

" " for use since 1978, For each ingtrument, a brief discussion is also included which N, JOGIS. . —-
- - " describes its.principal of operation. Rnalytical descriptions and detailed design consid- AR
B - erations for the floated rate-integrating gyro, tuned-rotor gyro, ring laser gyro, and Ve . e
I, .- -pendulous accelerometer have been provided in the AGARD Locture Serxies 95 paper on Strapdown : Lo T
r- ‘Sensors (1), und are not repeated here. Error characteriutics for the fiber-optic rate Pao o
N sensor and vibrating beam acceleromete are presented, hut from a qualitative standpoint, pIeL
B . because the performance characteristics of these devices have not heon sufficiently dis- Voo
iy - closed in the open literature to aliow detailed acourate analytical modeling that accounts ! o
- for the important critical error sources, partiocularly those that are environmentally rw~.““,ﬂlqu
N - induced and which change over time and opevating cycles. ; R :
F - . A generalized error budget is also provided for reference at the beginning of the paper Sl
. which attempts to define typical gyro and accelerometer performance requirements for four T e
. types of strapdown inertial systems. o
3 . :
-

'}T 2. SENSOR PERFORMANCE REQUIREMENTS g

iy v Smant g g RanaqY four application
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areas: the classical 1 nmph inertial navigator, a higher performance advanced 0.1 nmph
inertial navigator, a lower performance strapdown attitude heading reference system (AHRE),
and a still lower performance tactical missile midcourse guicance system. The performance
categories depicted in Table 1 are considered typical for most strapdown sensor applications
today and in the immediate future. Table 1 should be used as a reference to categorize
typical sensor performance requirements during discussions on individual sensor

capabilities.
TABLE 1 - TYPICAL STRAPDOWN SENSOR PERFORMANCE REQUIREMENTS
Tactical
0.1 1.0 Missile
nmph  nmph Midcourse
Performance Parameter INS INS AHRS Guidance
Gyro Bias Uncertainty (deg/hr) 0.001 0.01 1.0(0.1)* 5 to 30
to 10

Gyro Random Noise (deg/nrit)ws 0.005 0.002 0.01 0.1
Gyro Scale-PFactor Uncerxtainty (ppm) 1 5 200 1000
Gyro Alignment Uncertainty (arc sec) 1 2 200 300
Accelerometer Bias Uncertainty (ig) 10 40 1000 1000

Accelerometer Scale~Factor
Uncertainty (ppm) 50 200 1000 1000
Accelarometer Alignment Uncertainty(s;c) 2 7 200 300

Accelercmeter Bias Trending (ug/sec) 0.003 0.0l NA(O.1)* NA

#*  PFor AHRS with an earth rate gyro-compass heading determination
- requirement. Other figure shown is for AHRS with heading
slaved to magnetic flux heading detector.

**  This error source is a characteristic principally of laser gyros.

3, SINGLE~DEGREE-OF-FREEDOM PLOATED RATE-INTECRATING GYRO : Wl

13 2 .

The flosted rate-inteyrating gyro (1, 4, 5) pictured schematically in ﬂgun 1 ia the ..me..,,g.

gyro with the longest production Muton( and {s the original high-accuracy gimbaled-platform e
ric

gyro. ‘The davice coneists of a cylindrical hexmutically sealed momentum-wheel/spinmotor

agsembly (float) contained in a cylindrical hermetically sealed case. The float i{s inter- N

faced to the case by a precision suspension assembly that is laterally rigid (normal to the
cylinder axis) but allows “frictionless" angular movement of the float relative to the case C

about theo cylinder axis. The cavity between the case and float (s filled with a fluid that e
serves the dual putpose of suspending the float at neutral buoyancy, and providing viscous ?. ' .
damping to resist relative float-case angular motion about the suspension axis. w#«

A ball-bearing or gas-bearing synchronous-hysteris spinmotor is utiliged in the £loat to
maintain constant rotor spinspeed, hence constant float angular momentum. A signal-
generator/pickoff provides an electrical cutput signal from the gyvo proportional to the
angular displacement of the float pelative to the cass. An electrical torgue generator
provides the capabilicy for applying known torques to the float about the suspension axie Lo
proportional to an applied electrical input current. Delicate flex leads are used to : Ty
transmit electrical signals and power botween the cass and float. -—!—-—-—-—’-

Under applied angilar rates about the input axis, the gyro float develdrs a precessional
rate about the cutput axis (rotation rate of the angle sensed by the signal-generator/pick-
of €, ses Figure 1). The pickoff-angle rate generates a viscous torqus on the float about
the output axis (due to tha demping f£luid) which sums with the electrically applied
torque-generator torgus to precess the float about the input axis at the gyro fnput rate. S
The ptokoff-rngle rate thereby becomes proportional to the difference betwsaen the input rate ' P ’ °
and the torque-generator precéssional race, hence, the pickoff angle becomes proportional t3
the inteyral of the difference bstween ihe input and torque-generator rates.
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To operate the gyro in a strapdown mode, the pickoff angle is electrically servoed to
null by the torque generator which is driven by the signal-generator/pickoff output (through
suitable compensation and amplifer electronics). The time integral of the difference
between the input and torque-generator precessional rates is thereby maintained at zexo, and
the integral of the torque-~gunerator rate becomes proportional to the integral of the input
rate. Thus, the integral of the torque-generator electrical current provides a measura of
the integral of input rate for a rate-gyro strapdown inertial navigation syastem.

SPIN REFERENCE AXIS

PICKOFF IXE
ANOLE {CASE FIXED) SPIN AXIS

ROTOR (SPINMOTOR)

TORQUE
GENERATOR
INPUT AXIS
(CASE FIXED)
oUTIT .
Axis HERMETIGALLY
. SEALED GIMBAL
HERMETICALLY (OR FLOAT)
SEALED CASE VISCOUS
. FLUID FLOATS

VOV AND JEWEL GIMBAL AND PROVIDES
AND/OR MAGNETIC  GIMBAL DAMMNG AROUT
SUSPENSION QUTPUT AXIS

Figure 1| = Single-degree-of-fraedom flcated rate~-integrated gyro concept.

3.1 Performance And Application Axeas

Application areas for thne strapdown floated rate-~integrating gyvo (RiC¢) have been :
primarily in the lowar performance (5 to 30 deg/hr bias accuracy) areas wherd small-size low
angular momentum unite me: bt performance vequiremente, and costs are competetive with alterna=-
tive gyro machanigation appu. “ohes {(e.g., the tuned-rotor gyro). The floatation fluid sus-
pension i{n the RIG makes the device extramely rugged, hence, provides a natural suitability
to those lower performance application areas where high vibrations and shock are prevalent.

Low cost tactical miesile midoourae inertial gquidance hae baen & continuing application
area for the strapdown RIG. Standard Missile-2, Harpoon, Phoenix, and recently AMRAAM, are
axamples of tactical nissile wystems that incorporate strapdown RiG's for midcourse guidance
and stabiliestion/control. Strapdown RIG's have aleo baen used in acme applications to
implamont A short term navigation refsrence betwesn updates from a higher acouracy navie
gation device. Examples are motion compensation for airborne radar systens (using the air-
craft INS as the “outer<loop" reference), and to generata short term navigation data batweaen
pracision radic navigation position fixes for aircraft test instrumentation purposcs (e.g.,

- ACMR «~ Alr Combut Maneuvering Ranqge).

Higher perfornznce applicitici areas for the strapdown RIC have rsmained limited due to

their higher cost for comparable performance tomparad ¢o tho strapdown tunedesotor or ring
lanex gyros.

. 4 . TUNED-ROTCR GYRO

The tuned-rotor gyro (1, 6, 7, &, 9, 10) is the most advanced gyro in large-scale
production todsy for aircraft l-nmi/hr gimbaled platforms. Due to its simplicity (compared
to the floated rate~integrating yyro), the tuned-rotor gyro is theoretically lower in cost

T Gy T, -

ad ewia
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and more reliable. A drawing of a representative tuned-rotor gyro is presented in Figure 2.
Figure 3 is a schematic illustration of the gyro rotor assembly.

Yhe gyro consists of a momentum wheel (rotor) connected by a flexible gimbal to a
case-fixed synchronous-hysteresis ball-bearing spinmotor drive shaft. The gimbal is
attached to the motor and rotor through members that are torsionally flexible but laterally
rigid. A two-axis variable-reluctance signal~generator/pickoff is included that measures
the angular deviation of the rotor (in two axes) relative to the case (to which the motor is
attached). Also included is a two-axis permanent-magnet torque generator that allows the
rotor to be torqued relative to the case on current command. The torquer magnets are
attached to the rotor, and the torquer coils are attached to the gyro case.

INNER = groP

GIMBAL
SIGNAL GEMERATOR \ J/”//
AND

o Gmu{:\ § /Lﬁﬁ,ym"

a[="
| N

EPIN MOTOR

AN

BEARING ASSEMBLY

Figure 2,- Typical tuned-votor gyro coanfiguration.
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SPIN-MOYCR BHAFT
(ALIGNED WITH GYRD CASE)

Figure 3 - Tuned-rotor gyro rotor assembly. ff!%"“ff!Lf
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As for all angular-momentum~based rate-sensing devices, the key design feature of the
gyro is the means by which it can contain the reference momentum (the spinning rotor),
without introducing torques (drift rates) in the process. For the tuned-rotor gyro, the
method is linked to the dynamic effect of the flexible gimbal attachment between the rotor
and the motor. Geometrical reasoning reveals that when the rotor is spinning about an axis
that deviates in angle from the motor-ghaft axis, the gimbal is driven into a cyclic
oscillation in and out of the rotor plane at twice the rotor frequency. Dynamic analyais
shows that the reaction torque on the. rotor to sustain this motion has a systematic
component along the angular-deviation vector that is proportional to the angular dis-
placement, but that acts as a spring with a negative spring constant. The flexible pivots
between the rotor and gimbal, on the other hand, provide a similar spring torque to the
rotor, but of the opposite sign. Hence, to free the rotor from systematic torques asso-
ciated with the angular displacement, it is only necessary to design the gimbal pivot
springs such that their effect cancels the inverse spring effect of the gimbal. The result
{tuning) is a rotor suspension that is insensitive to angular movement of the case.

L

’
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Use of the tuned-rotor gyro in a strapdown mode parallels the technique used for the
floated rate-integrating gyro. Exceptions are that damping :wust be provided electrically in
the caging loop, as there is no fluid, and that the gyro must be caged in two axes simul-
taneously. The latter effect couples the two caging loops together due to the gyroscaopic
cross-axis reaction of the rotor to applied torques.
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4.1 Performance And Application Areas

ST

Applicaticn areas for the strapdown tuned-rotor gyro (TRG) have been primayily in the
medium performance areas where small-size low angular momentum units have acceptable
accuracy, are lower in cost compared with comparable size/performance ring laser gyro
technology, and where bias accuracy compared to equivalent cost RIG units is superior. The
inherent simplicity in design of the dry reotor suspension concept for the TRG which lowers
its production cost, also limits its usefulness in high vibration/shock environments where
rotor resonances can potentially be excited (producing sensor error and, in extreme casges,
device failure). Current design improvements for tlie TRG are being directed at extending
its vibration capability while retaining accuracy.

The strapdown AHRS (attitude-heading reference system) has been a primary application
area for the strapdown TRG for commercial aircraft, military drones, and most recently,
torpedoes. One of the larger potential application areas for the atrapdown TRG is for the
military aircraft strapdown AHRS where small size and low coat are key requirements, and not
yet achievable with ring laser gyro technology.

Two current application arsas of interest for the strapdown TRG are for tactical mimsile
midcourse guidance and helicopter or torpedo strapdown AHRS. Small-size low-cost versions
of the strapdown TRG have huen developed as a competitor to the RIG for the tactical missile
midcourse guidance application. Potential vibration/shock susceptability of the TRG is an
area of concern for the tactical missile application, but is being addressed by TRG design
groups. Shock requirements for torpedo application of the TRG have been handled through use
of elastomeric isolators between the TRG ssnsor assembly and torpedo mounting plate. The
helicopter AHRS application imposes a bias stability requirement of 0.1 deg/hr on the TRO
which is not achievable today with small size low cost units. : '

The 0.1 deg per hour helicopter AHRS requirement stems from the need to determine
heading prior to takeoff by earth~rate gyro-compassing to an accuracy of 0.5 degrees. This
-translates into a gyro acsuracy requirement of 0.l deg/hr to detect the direction of hori~
zontal earth rate ?at 45 deg latitude) to 0.0) radians {i.e., 0.5 degrees). Typical
emall~size low-vost TRG's have bias accuracies over long term of 1 to 2 deg/hr. To achieve
the 0.1 deg/hr requirement, a turn-table is needed to position the TRG at different orien-
tations relative to the earth rate vector during initial alignment operations. 1In this way,
repeatable gyro biases can be measured and separatad from sarth rate measuremants, and earth
rate measurements to the required 0.1 deg per hour accuracy becoms achievable. The
turn-table also provides the means for calibrating the heading gyro scale factor prior to
takeoff. The use of such a turn-table as an integral part ©f a strapdown TRG system for the
helicopter AHRS is considered standard practice today.

4.1.1 Design Considerations In A Dynamic Environment

Use uf a strapdown TRG (or RIG) in a dynamic vibration envircnment must address the AR
rasic question of wide versus narrow bandwidth for the torgue-rebalance loop. If a signit- @
icant angular vibration environment exists, the loop bandwidth must be broad enough to T
measure real angular rates that integrate into attitude/heading (33, 34). On the other [
hand, if the baudwidth is to broad, undesirable high frequency sensor srror effects will be e e
‘amplified and passed as output data to the attitude integration process, generating attitude IR
error. In the case of the tuned-rotor g{ro. undamped rotor wobble effects near spin fre- el
quency limit the maximum bandwidth that is practically achievable to approximately BOH. RO
The alnimin torgue-rebalance bandwidth is selected so that the gyro rate signal outputs, Tt
vhen integrated, dgenerate attitude data that: _
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1. Accurately accounts for the accelerometer attitude under combined angular/linear
vibration environments (i.e. ~ sculling (33, 34)).

2. Acourately accounts for multiaxis angular vibration rates that rectify into attitude
drift (i.e., coning (33, 34)).

In the case of the TRG, Item 2 is achievable with lower bandwidith than with the RIG
because of the inherent nature of the TRG being an attitude sensing instrument (i.e., the
pickoff signals measure the true attitude orientation of the gyro case relative to the
rotor). As such, attitude errors in the TRG generated by low bandwidth limits, are theoret-
ically recoverable (with a time delay) by proper torque-loop rebalance logic. This
contrasts with the RIG torque-loop because the pickoff signal in the RIG represents the
integrated input rate (not attitude). As such, the RIG bandwidth must be broad enough to
accurately measure all significant multiaxis angular vibrations so that the true attitude
can be properly constructed in the attitude integration process. Both the RIG and TRG
bandwidths have comparable requirements to satisy Item 1.

One of the principal error mechanisms for torque-rebalance gyros under dynamic environ-
ments is torquer heating effects. In addition to producing scale factor errors in the gyro
output, bias errors can be produced by associated thermal gradient effects across the
instrument. 1In the case of the gyro scale factor error, much of the temperature induced
effect can be eliminated by temperature measurement and modeling correction in the strapdown
computer. Unfortunately, for the tuned-rotor gyro, because the torquer magnet is attached
to the spinning rotor, direct temperature measurements are difficult to achieve due to the
problem of making electrical measurements across the spinning rotor bearings (without resort-
ing to slip-rings and attendent potential reliability problems).

In order to reduce the scale factor error variation with temperature, TRG manufacturers
have developed new magnet materials (e.g., doped sumarium cobalt) which has a lower scale
factor error as a function of temperature. The penalty is reduced magnet strength, hence, a
larger magnet to gyenerate the same torque capability. Note, that the torquer heating effect
under angular vikcation can also be reduced by lowering the bandwidth of the torque-
rebalance loop. in the case of the TRG, this technique has been used in helicopter appli-
cations as a compromise between sensor error amplification versus output signal attenuation
error. Because the TRG is more tolerant of low bandwidth operation (see previous discussion
on Iteln 2 requirements), a reasonable compromise can usually be found. However, the band-
width selection then becomss sensitive to vehicle installation and operating condition. 1In
general, no true optimum solution is possible.

Scale factor errors in strapdown gyros under maneuvering flight conditions can rectify
into attitude drift in the strapdown system conputer (2, 34). The classical effect is
through continuous turning in one direction that generates a net attitude error proportional
to tha product of the scale factor error with the net angle traversed. Cyclic maneuvers can
also produce net attitude error buildup: asymmetrical scale factor errors rectify under

- osgillatory rates about the gyro input axis, symmetrical scale factor errors rectify under
multiaxis rates that are phased ninety degiees apart (between axes). The classical case of
the latter effect is the "jinking maneuver" which consists of cyclic patterns of roll right,
turn right, roll left, turn left. In the case of the tuned-rotor gyro, the scale factor
error esffect must be assessed to assure compliance to accuracy requirements for the partic-
ular application being considered, Reduction of the gyro torquer scale factor temperature
coafficient in future versions should broaden the areas of applicability for the instrument
in a dynamic environment.

5. RING LASER GYRO

Unlike the gyros that utilize rotating mass for angular-measurement reference, the laser
gyro operating principal is based on the relativistic proparties of light (), 11, 12, 14).
The device has no moving parts; hence, it has the potential for extremely high reliabiiity.

Figure 4 depicts the basic cperating elaments in a laser gyro: a closed optical cavity
containing two beams of correlated (single-frequency) light. The beams travel continuously
between the reflecting surface of the cavity in a closed optical-path; one beam travels in
the clockwise direction, the other ih the counterclockwise direction, sach occupying the
same physical space in the cavity. The light beams are generated from the lasing action of
a helium-neon gas discharge within thae optical cavity. The reflecting surfaces are die-
leotric mirrors designed to selectively reflect the freguency associated with the
heluim-neon transition being used.

To understand the operation of the laser gyro, consider the effect of cavity rotation on
an cbserver rotating with the cavity. Relative to the obasrver, it takes longer for a photon
of light to traverse the distance around the optical path in the direction of rotation than
in the direction opposite to tha rotation. This effect is intorpreted by the obssivar as a
lengthening of the net optical path length in the direction of rotation, and a shortening of
the path length in the opposite direction. Because the laser heam is self-resonating, it {s
a continuous beam that propsgates around the cavity, oclosing on itwelf without disconti-
nuity. As a result, the sffect of the self-resonance is to maintain a fixed integral number
of light wave Lunithg around the cavity. Under input angular rate, the increase in optical
path langth experienced by the beam traveling in the direction of rotation, must therefore
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Pigure 4 - Laser gyro operating elements.

be accompanied by a proportional increase in wavelength to maintain the same integral number
of waves around the lengthened cavity. The converse is true for tha beam traveling opposite
to the direction of rotation. Thus, a wavelangth difference is established between tha
oppositely directed beams proportional to the optical path length change, hence, propor-
‘tional to the input angular rate. Because the speed of light is constant, the wavelength
difference is accompanied by a freguency difference between the two bsams in tha opposite
sense. Hence, a frequency difference is generated betwsan the two beams that is propor-
tional to input rotation rate. o

The frequency difference is measured in the laser gyro by allowing a small percentage of
the laser radiation to escape through one of the mirrora (Figure 4). An optical prism is
typically used to reflect one of the beams such that it crosses the other in almost the same
direction at a small angle (wedge angle). Due to the finite width of the beams, the effact
of the wedge angle ls to ganerate an optical fringe pattern in the readout tone. When the

- frequencies betwaen the two laser beams are equal (under rero angular rate input conde-
itions), the fringes are stationary relative to the observer. When the fraquencies of the
two beams are different (under rotational rates), the fringe pattern moves relative to the
observer at a rate and direction proportional to ths frequency difference (i.e., propor-
tional to the angular rate). More importantly, the passage of each fringe indicates that
the integrated frequency difference (integrated input rate) has changad by a specified
inorement. Hence, cach fringe passaga is a direct indication of an incrementsl integrated
rate movement, the exact form of the output needed for a rate~gyro strapdown navigation
systen.

Digital integrated-rate-increment pulses are generated from the laser gyro frowm the
outputs of two photodiodes mounted in the fringe area and spaced 90 degrees apart (in fringe
space). As the fringes pass by the dicdes, sinusiodal output signals are generated, with

_-*ach cycle of a sine wave corresponding to the movemant of one fringe over the diodes. B
"~ > serving which diode output is leading the other (hy 90 degress), the direction of rotation
3 determined. Simple digital-pulse triggering and direction loglc operating on the
‘photodiode ocutputs convert the sinusoidal signal to digital pulses for computer input.

The enalytical relationship between the frings angle change and integrated rate input
angle change (11, 12, 34) is given by:

a¢ "-9-):1‘.5... 40 - ' (1)
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A¢ = Gyro fringe angle output change (Note: A$ = 2n
for a movement of one fringe across the output photodiode).

A = Area encloged by the laser beam.
= Perimeter of the laser beam path.
A = Laser wavelength {e.g., 0.63 micron).

A8 = Integrated input rate into the gyro (Note: A8 = 2% for a complete 360 degree
input rotation angle).

The "pulse size" for the laser gyro is the value of A6 for which A8 = 2x (i.e., the
input angle which produces a full fringe movement of 2x across the photodiode output
detector). It is easily verified that for an equilateral triangle laser gyro with 12.6 inch
perimeter (4.2 inches per side), the pulse size for a 0.63 micron laser (typical of today's
technology) is 2 arc seconds.

The digital pulse output logic can be mechanized to ocutput a pulse each time a full
fringe has passed across the diode (e.g., by triggering on the positive going zero crossing
from one of the readout photodiodes). For this approach, the gyro output pulse scaling
would equal the "pulse-size” defined above. Alternatively, gyro output pulses can be
triggered at the positive and negative-going zero crossings from each of the two photodiodes
to achieve an output pulse scaling that is four times finer than the basic full-fringe
Ypulse-size”. Both of the latter approaches are used today.

5.1 Construction

Figure 5 illustrates a typical laser gyro mechanization concept. A single piece
structure (typically Zerodur, a ceramic glass material) is used to contain the helium~neon
gas, with the lasing mirxrors and electrodes forming the seals. High voltage (typlcally 1500
volts) applied across the electrodes (one cathode &nd two anodes) maintaine the helium-neon
~ gap mixture in an ionized state, thereby providing the required lassy pumping action.

High-quality optical sesals are used to avoid introducing contaminants into the helium=-neon
mixture, which would degrade performance and ultimately limit life-time. ,

Pigure 5 - vaser-gyro block asserbly.
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The accuracy of the laser gyro depends on the manner in which the lager beams are
affected by the influences of the lasing cavity. A key requirement in this regard is that
the average of the clockwise and counterclockwise path lengths around the lasing triangle be
constent. Many of the error characteristics in the laser gyro vary as a function of average
path length (12), hence, stabilizing average path length also implicitly stabilizes
performance. Zercdur is used to construct the laser gyro cptical cavity due to its low
coefficient of thermal expansion, hence, high degree of path-length stability.

To compensate for residual remaining path-length variations, a piezoelectric transducer
is mounted on one of the laser gyro mirror subsirates (see Figure 5). Actuation of the
transducer by a control voltage flexes the mirror substrate to effect a path-length change.
The control signal for the transducer is designed to maintain peak average power in the
lasing beams. Because average beam power varies cyclically with path-length multiples of
lager wavelength, maintainirg peak lasing power implicitly controls the average path-length
to a conatant value. The a._:rage beam power is detected in the laser gyro by a photodiode
mount.ed on one of the mirrors that senses a small percentage of the combined radiation from
the clockwise and counterclockwise beams.

5.1.1 Square Versus Triangular Ring Laser Gyros

Figure 6 illustrates a squars laser gyro geometry utilizing four mirrors (as contrasted
with the three-mirror triangular configuration in Figure 5). Both geometries are used today
by competing ring laser gyro manufacturers. The rationale espoused by proponents of the
triangular vereus square geometry can be summarirzed as follows: Proponents of the
triangular geometry point to the three-mirror configuration as having the minimum mirrcr
count to form an enclossd laser ring. As a result mirror costs per gyro are minimized, and
lock~in (a performance deficiency in the laser gyro to he discussed in the next section) is
reduced due to the minimum number of scatterersc (the mirrors) in the laser beam path. From
a manufacturing standpoint, the proponents of the triangle point out that alignment of the
mirrors on the gyro block is simplified (hence, cost reduced) becauss the triangle geometry
is self-aligning in the lasing plane (through use of one curved mirrvor), and alignment cut
of the lasing plane is readily achieved by out-of-piane adjustment of the curved mirror
during device assembly.

Proponents of the square laser gyro geometry consider the additional mirror cost a
mgngible penalty when technology advances are taken into account. The additional .

-~ alignment requirement for the fourth mirror in a square is identified as a bensfit by square

gyro proponents due to the added flexibility it affords to adjust beam/cavity positioning,

and thereby optimize porformance. Another performance advantage identified for the square

Figure 6 - Bguare leser gyro configuration.
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is its higher area~to-perimeter ratio compared to a triangle of the same size, which
directly increases accuracy. The area-to-perimeter ratioc (see Equation (1)) is the primary
parameter in the device that impacts performance (12, 13, 17). Proponents of the square also
point to the lower angle of incidence at the laser beam/mirror interface which reduces back-~
scattering per mirror. The net result is a combined mirror reduction in back-scattering
which more than compensates for the additional mirror scattering, hence, reduces overall
gyro lock-in. Finally, from a manufacturing standpoint, square laser gyro enthusiasts claim
simpler tooling and machining for square compared to triangular devices, hence, reduced
production costs.

Triangular laser gyro proponents acknowledge a performance penalty due to the less
favorable area-to-perimeter ratio and beam-incidence yeometry. However, they claim that
this advantage is minor and will be largely overcome by technology advances. Additionally,
triangle proponents argue that when the gyro electrodes (size and geometry) are taken into
account, no real size advantage exists for the square gyro configuration. From a machining
standpoint, triangle proponents claim no advantage exists for any particular geometry once
tooling is complete and experience has been attained.

At this stage in the laser gyro development cycle, it is not clear whether one geometry
is superior to another as a general rule.

5.2 Lock~In

The phenomenon of lock-in continues to be the most prominent error source in the laser
gyro and the most difficult to handle. The means for compensating lock—-in has been the
principal factor determining the configuration and performance of laser gyros from different
manufacturers.

The phenomenon of laser gyro laock-in arises because of imperfections in the lasing
cavity, principally the mirrors, that produce back-scattering from one laser beam into the
other {13). The resulting coupling action tends to pull the frequencies of the two heams
together at low rates producing a scale~factor error. For slowly changing rates below a
threshold known as the lock=-in rate, the two beams lock together at the same frequency
producing no output (i.e., a dead zone)., Figure 7 illustrates the effect of lock-in on the
output of the laser gyro as a function of input rate for slowly changing input rate
conditions. The magnitude of the lock-in effect depends primarily on the quality of the
mirrors. In general, lock-in rates on the order of 0,01 to 0.1 degree-~per-seccnd are the
lowest levels achievable with today's laser gyro technology (with 0.63-micron lasex
wavelength). Compared with 0.0l deg/hr navigation requirements, this is a serious orror
source that must be overcons.
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Figure 7 - Laser gyro lock-in.
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Under dynamic input rates that rapidly pass through the lock-in region, the effect of
lock-in is to introduce a small angle. error in the gyro output as the lock-in zone is
traversed, but still retaining seusitivity to input rate while in the lock-in region (i.e.,
no hard dead-zone develops as in Figure 7 (12, 13, 16). The latter effect underlies the
basic principal behind adding cyclic high rate bias to the laser gyro as a means for
circunventing the lock-in dead-gzone effect, and converting it into a randem angle error
added to the gyro output each time the biased gyro input cycles through the lock-in region.
The principal method being used today to generate the oscillating bias in the laser gyro is
mechanical dither.

5.2.1 Mechanical Dither

With mechanical dither, the oscillating bias into the laser gyro is achieved by
mechanically vibrating the gyro block at high frequency about its input axis through a stiff
dither flexure suspension built into the gyro assembly. The spoked-like structures in
Figures 5 and 6 conceptually illustrate such a flexure that is attached to the laser block
{on the outside) and to the gyro case/mount (on the inside) by metal rings that are
connected to each other by flexible metal reeds. Piezoelectric transducers attached to the
reeds provide the dither drive mechanism to vibrate the gyro block at ite resonant frequency
about the input axis. One piezoelectric transducer is mechanized as a dither angle readout
detector and used as the control signal to generate voltage into the drive piezo's to
sustain a specified dither amplitude. The dither angle amplitude and acceleration are
designed so that the dwell time in the lock-in zone ia short so that hard lock-in will never
dsvelop. The result is a gyro that has continuous resolution over the complete input rate
range. The residual effect of lock-in is a small random angle error in the gyro output that
is introduced each time the gyro passes through lock-in (at twice the dither frequency).
This ie the principal scurce of random noise in mechanically dithered laser gyros. The
feé?tionship between laser gyros random noise, lock-in, and dither rate is ideally given by

15};

- AL | (2)
R (ogk 7

where
op = Gyro random noise (or “randum walk") coeffieient (dag/hra)
R, = Lock-in rate
Qp = Dither rate amplitude

K = Gyro output scale factor in fringes per input revolution (i.e., the reciprocal
of the gyro “pulse size" discussed previously, times 2x)

For typical values of gp = 0.002 deg/hrh, op, = 0.03 deg/mec, and K = 648,000 (i.e., 2
arc sec pulse size), equation (2) can be used to show that gp = 72 deg/sec. To achieve
sufficient lateral stiffness, the dither spring ie designed auch that the frequency of the
dither motion is on the order of 400 he. The associated dither cycle amplitude (corre-
sponding to 72 deg/sec dither rate) is 103 arc sec (or 206 arc sec- peak-to-psak). Equation
{2) is based on the assumption that the angle srror generated in the gyro output is uncor-
related from dither oycle to cycle. In practice this ie not perfectly achievable, and
somewhat larger dither amplitudes are required than predicted by equation (2). Nevozrthe~
less, the figures presented previocusly are generally representative of typical mechanical
dither requirements.

Once mechanical dither is incorporated for lock-in compensation, means muet ba provided
to remove the oscillating bias signal from the gyro output (so the that the gyro output
tepresentg the motion of the seneor assambly to which the gyro is mounted). Figure 5
illustrates the “case mounted readout’ method of optically cancelling the dither from the
output. By mounting the readout reflecting prism and photodiodes on the yyro case (i.e.,
off the gyro blook) the translational movement of the gyro block relativa tc the case
{caused by dither) will genurate fringe motion at tha photodiodes. ‘'This purely geometrical
effect can be made t¢ cancel the fringe movement produced by the laser block sensed dither
_angular motion through proper selection of the rotational center for the machanical dithex
mount. The result is a photodiode cutput signal that responde to rotation of the gyro case
and not relative movement between the dithering gyro relative to the case.

The alternative to “case-mounted readout” is “blook-mounted resdout” as illustrated in
Pigure 6. With this approach the gyro readout optics are mounted directly to the gyro
" blonk. Relative movement between the block and case im removed by moasurement and
substraction, or by filtering. In the measurement/wubstraction approach, a transducer
(typlcally electromagnetic) js used to electrically measure the instantaneons angle between
the gyro block and case. The electrical signal is then digitized and subtracted from the
gyro pulse cutput for dither motion compensation. With the filter approach, a digital
filter {0 used to filter signals near and above the dither frequency from the gyro cutput.
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The result is a cancellation of the unwanted dither rate between the gyro block and casa.
The penalty is attenuation of real oscillating rates of the gyro case which, if significant,
must be accurately measured for processing in the strapdown computer. Use of the filter
approach is only valid for relatively benign environment applications where it can be
assured that the only angular rate signals that need to be measured have frequency content
well below the dither frequency.

5.2.1.1 Mechanical Dither Design Complications - Orginally touted as a simple solution to
the lock-in problem with no deleterious side effects, the mechanical dither concept applied
in practice has been found to be the source of several subtle mechanical coupling error
mechanisms that must be designed for at the three-gyro system level for solution (19, 34).
It must be realized at the onset, however, that these complications are directly propor-
tiocnal to the magnitude of dither motion required for lock-in compensation. As lock-in
rates are reduced, dither amplitudes can be reduced proportionally (see equation (2)), and
design solutions for the effacts described below can be more easily achieved.

The basic problem with mechanical dither stems from a kinematic property of three-axis
rotary motion that cyclic rates in two orthogonal axes, if at the same frequency but phase
shifted by ninety degrees, will produce a real constant attitude rate about the third axis
(33, 34). The effect, known as “coning", if present, must be measured as cyclic rate
signals by the strapdown gyros, and delivered to the strapdown computer so that the true
drift about the third axis will be properly calculated. The problem arises when gyro output
errors are also being generated at the same frequency as the real rates to be measured.
Cyclic error signals from the gyro in one axis, in combination with errors or real cyeclic
rates from the gyro in one of the other orthogonal ~ias, will produce a vector rate profile
which appears as coning, but is false ("pseudo~coning" is the nonmenclature typically used
to describe this phenonemon). Since the composite gyro output signals (real plus error) are
processed in the same computer used to measure real coning moticn, a pseudo-coning error
will be created in the strapdown computer as a false drift rate about the "third" axis.
Filtering the gyro signale to remove the output error oscillations is not acceptable if real
cyclic motion ie present, since the true drift caused by the real cyclic coning motion will
not be properly meagurad ana accounted for.

In the case of mechanically dithered laser gyros, a potential source of real high
frequency coning in a strapdown system is the reaction torque of the gyro dither drives into
the senéor assembly (the sensor assembly typically consists of a metal casting to which the.
gyros and accelerometers are mounted). To minimize dither reaction torque resonance
effects, and to provide compliance for thermal) expansion, most RLG sensor assemblies are
mechanically isolated from the system chassis by elastomeric isolators (34). To generate
coning motion, equal angular rate vibration frequencies must exist simultanecusly in two
orthogonal axes. Dither induced vibratione from nominally orthogonal laser gyros into the
sensor assembly can become frequancy correlated between axc: if machanical coupling exiats
batweean the axes (e.g., priancipal moment-of-inertis axes of tho sensor assembly not parallel
to gyro input axes). The mechanical coupling mechanisms tend to pull the dither frequencies
in orthogonal axes togethsr, thereby creating real coning at dither frequency. Hence, even
if esingle gyro dither frequencies are separate, the machanical coupling can shift the
frequencies toward each other, thereby creating correlated frequency components between
axes, or coning. Another source of real high frequency coning ie linear randam vibrasions
into the strapdown system that produce correlated frequency rotary sensor assenbly motion in
orthogonal axes dua to sensor assambly/elastomeric mount asymmetries.

The real coning notion effects described above would not be a problem in themselves,
since laser gyros have the Landwidth and sensitivity required for accurate moasurement of
these sffects. The problem arises from pseudo-coning created at dither frequency, aleo due
to dither mechanical interraction. A classical example {s sensor assembly bending induced
by the dither reaction torgue which produces false gyro outputs at dither frequency (e.g.,
due to bending in the machanism used to measure and remove gyro block/case relative angular
dither motion from the gyro cutput, or gyro mount twisting about the gyro input axis).

Extcting and sophisticated mechanicsl design techniques must bs used in the overall
SENnsor, sensor assembly, and sensor sssembly mount to assure that pseudo-coning effects are’
negligible below the frequencies where real coning exists and has to be méasured (33, 34).
The coning computation algorithm in the strapgdown computer (33) can then bs run at an
dteration rate that is only high encugh to measure the real coning motion frequency eifects
(i.e., 80 that high frequency pseudo-~coning effecis are attenuated). Classical techniques
utiliced to minumize pseudo-coning effecta are to desiyn for stiffness in the sensor assen-
bly, design for mechanical symmetry in the sensot 2ssenbly to minimice mechanical dither
cross-coupling between gyro axes, and to assure sufficlent gyro dither frequency separation
so that the tendency for frequency pulling tegether im minimiced. If performed properly, a

" total design can be acheived that meete overall system requirements under sxternal vibra-
tion. Proper design ls more easily achieved for banign vibration environments (e.9.,
comnerical airoratt). »

5.2.2 Nagnetic Hirror Bias

The magnetic-mirror concept is a nolmschanical biasing technique based on the transverse
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magneto-optic Kerr effect (14, 18, 21). A special inner coating (e.g., ferromagnetic metal)
is applied to one of the laser gyro mirrors which, when magnetized normal to the plane of
incidence by an applied magnetic field, imparts a nonreciprocal (i.e., opposite) phase shift
between the clockwise and counterclockwise laser beams. This produces an apparant differ-
ential path-length shift between the laser beams which generates a frequency difference or
output rate. The result is a bias imposed on the gyro output that is controllable by the
applied magnetic field. Bias uncertainties are compensated through use of alternating bias
control (i.e., square-wave dithering of the applied magnetic field). The magnetic field
intensity is set at a high enocugh level to operate the magnetic mirror in a saturated state.
In this way, bias shifts generated by stray magnetic fields are minimized.

The advantage of the magnetic mirror is the elimination of the need for mechanical
dither, its associated design complications, and size/weight penalties. A problem area for
the magnetic mirror has been difficuities in generatiag a large enough bias for the 0.63
micron laser gyro due to low reflectance of the ferromagnetic coating (14, 20). The
resulting loss must be compensated by higher gain in the laser helium-neon discharge. For
the 0.63 micron laser, high gain cannot be tolerated becarse the laser hegins to resonate
unwanted mode shapes that deteriorate performance. The net result is that the magnetic
mirror biasing capability must be dilvuted by appropriate layering of dielectric coatings on
the mirror to recover reflectance. The net bias levels achieved with this approach have not
been sufficient to adequately compensate lock~in. (It should be noted that ferromagnetic
magnetic mirror technology has been successfully applied toc the lesser accuvate 1.15 micron
laser gyro which can be operated at a higher gain before multimoding problems develop (24)).
Another problem area for magnetic mirror technology has been the introduction of residual
nonrecipocal phase shifts between the incident laser beams that are temperature sensitive.
The r:ault is 2 bias instability that is temperature sensitive and which produces turn-on
transients. :

Recent work on laser gyro magnetic mirror technology has concentrated on the development.

of a garnet magnetic mirror in which the dielectric layer coatings on the laser mirror are
made with a transparent garnet film that produces nonreciprocal phase shift to incident
light on application of a magnetic field (20). The result has been that the loas effect
(associated with the ferromagnetic magnetic mirror technology) has been significantly
reduced so that high bias levels can be achieved with 0.63 micron lasers. Current deaign
work is concentrating on doping the garnet material to reduce the affect of residual
noareciprocal temperature sonsitive phase shifts that have remained with the new garnet mir-
ror technolgy. Engineering personnel) associated with these developments are predicting a
breakthrough within the next year based on experimental results achieved to date ou doped
gacnet coatings. . ' E :

5.2.3 Multioscillator Laser Gyro

Conventional two-beam (vlockwise and counterclockwise) laser gyros are deaigned to .

amplify plane polarieed laser light (i.e., in which the electric vactor normal ¢o the laser

beem is either perpendicular to the lasing plane (S-polarization) or in the lasing plane

" (P=polarisation). Triangular lasers typically use the former golurizntion while syuare
laser gyros typically use the latter. In the case of the multioscillator laser gyro (26,
27), circular polarizatinn is used in whioh both § and P modes are simultansously excited,
but at one quarter waveiength phase shiftud from one another. The result is a coubined .
electric vector polarization that spirale between § and P, denoted as circular polarization.
Right circularly polariced (RCP) or left circularly polariged {LCP) light ie generated by
creating a plus or minus quarter wavelength shift botween the S and P waves, thereby
oreating a right or left sense spiralling electric vector wave. : .

In the multioscillator, both RCP and LCP laser beanw ave created in the sawe cavity,

" ¢ach with clockwise and counterclockwise componants (i.e., a four<beam lasor gyro). The two
polarization states are excited by a reciprocal polarieation rotator (e.g., a quartz cry-
stal) in the beam path that f{mparta an additional spiral rotation to the circularly polar-
ized light, and which operatus identically on both the clockwise and counterclockwise

c ents of the RCP or LEP beams (i.¢., recriprocal). The additiocnal rotation adds to the
sprialiing for tho RCP beam and cvetards the spiraling of the LCP heam. The effect of the
added rotation ¢h che RCP veam 19 to resonate the light components with decreased wavelength
such that a net spiral angle reduction is acheived arocund the beam path to match the spiral
angle increase across the rotator. As a rosult, the RCP beam (both the clockw.se and
counterclockvwins cotponents) are up-shifted in froquency {proportional to the wavelength
decrease). The opposite effect iw created in the LOP light which ie downe-shifted in
frequoncy by the sams amount that the RCP light fréguency is up-stiifted. As for the .
two-beam laser gyro, each polatization state (RCP or LCP) containg a clockwise (CW) and a
counterdlockwian (CCW) beam component. iHence, two sets Of CW and COW beams are established,
one RCP and the other LOP, ¢ach operating at a different center freguency. Each set is used
to generate an independent output sighal equal to the frequency difference between the CW
and CCW beams. ~ As for the two-baan laser gyro, the frequency difference output from sach
polarization state is proportional to input rotation rate. Also, as for the two-beam laser
-gyro, the frequency difference output from the RCP and LCP lasers eipsrience lock-in which
pull the CW and OCW froquedicies together at low input rates. - - ’ :

In order to overcome lock-in, a nonareciprocal polarl:itiun rotator is intrcduced into
the Leam path vhich rotates circularly polarized light in the opposite sense for clockwise
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compared to counterclockwise beams. Hence, a frequency shift is imparted between the
clociwise and counterclockwise beams (i.e., a bias) for both the RCP and LCP light. The
frequency difference is maintained at a high enough level to remain far from the lock-in
region under frequency shifts produced by angular rate inputa. The common means for intro-
ducing the nonreciprocal bias in the multiocacillator laser gyro has been through use of a
Faraday rotator consisting of a piece of amporphous glass placed in the beam path with a
magnetic field appiied across it parallel tc the beam. The resulting Paraday effect intro-
duces the desired frequency bias on the circularly polarized light that is in the opposite
sense for the LCP compared to the RCP light beams. As a result, the RCP beam output (i.e.,
the difference between the clockwise and counterclockwise RCP beam frequencies) is posi-
tively biased, while the LCP beam frequency difference output is negatively biased by an
equal amount.

By swaning the outputs from the RCP and LCP beam sets, the input rate sensitivity is
doubled, while the Faraday vbiaes effect is cancelled. The cancelling of the bias by summing
both ocutputs eliminates the need for alternating bias to compensate for Faraday rotator gain
uncertainties. Elimination of the oscillating bias eliminates a main source of laser gyro
random noise (i.e., dithering through the lock-in region). Hence, the random noise in the
multioscillatoy is lower, and closer to the theroretical limit created by tandom gain and
loss of photons fron the laser heams (25, 26).

5.2.3.1 Principa) Error Sources - The basic principal behind lock-in compensation in the
multigscillator laser gyro relies on the Faraday bias (and Faraday bias uncertainties) being
equal between the two laser bheam aets so that they cancel one anothér. In practice, this is
not totally tyue, to a large degree because the operating frequencies of the left anrd right
circularly polariged lasar sets are different by design. Thiz frequency difference causes
each to behave slightly differently to the Faraday biaa, producing a net residua) error when
combined, The error is both temperature and magnetically sensitive, requiring some degree
of magnetic shielding and temporatute measurement eompenaation‘

Another source of bias error in the multioscillator ie variations in the lock-in
- ¢characteristic hetween the right and left circularly polarized heams. . Even through the
Faraday bias kesps the lasors well outgide of the lock-in region, small scale faator
‘nonlinearitics still exist at the bias point caused by lock-in. Because the lock-in rates
for the two bean seta differ, when the gyro outputs are sumped, the residual lock-in error
effacts at the bias poiat do not cancel. The resulting bias errors era«d il teu:nratum
aemteiw and can have unpredictable vazrations over time. )

Hultioaeillntor deaign groups claim that the acove Qtfoctc are for zhe most pare,

predictible and can be compansated sufficiently for uehtwtow opcuuon ‘in high acouracy

uppncauom.

™™D lcni wiers serious ertorn can develop and ate nRot Qnily cwonnud arige from
anisotropic and birefringence effecte introduced Ain the light bBeazs as they pass through &
quarte ciystal reciprocal polarization rotator and Faradsy nonveciprocal rotator. ‘the net
effect i to introduce unpredictable nonreciprocal path length variation betwesn un four
hcw which are tesperature, acceleration and magnetically seasitive.

Recent advances in multiocscilletor dutgn techniques have replaced the quarte erynu
_reciprocsl polarization rotator with an out-ofuplane bedm path geometry that rotetes the

laser boan by cprical reflection at the smirrors (theceby, mimicking the rotational effect of -

the geart: crystal) (27). The resulr i{s elimination of hlutrmgmea effects originally
corestad by the presence of the quartz crystsl in the boam path. Current work on the
multicscillator ie addrevsing ieproved methods for providing nohteciprocal polariestion

-~ rotation that have small and more predictable erxor ctuncwrﬂnica thay wete achieved with
ar&qiual Pauaay xoutm dutgn con&iguutioan

.3 Laser Gyro Performance And Applivation Aveas

Over the past 6 years, the ring laser gyro (RLG) has rogruud from advanced devel-
opment into full scele production in l-rusph strapdown inertial navigation applications. The
. suctesoful l-nuph leser ayro systin programs to date have utilised the 0.83 eicroh trans
sition with wechanical dither. Systess in the l-nmph range have bLean developed by several
competing uuuhctur.‘.ng groups for both commerical end military ipplicatim.

Performance advances in RUG technology heve been rapid. Continuing advances in laur
gyeo mirror technology has reduced lock-in (and random noiwe) by more than sp order of
~magnitude over the past eight yeats. Lock-in rater lower thai 0.0003 deg/hrt have besn
teported. Advanced development programi are now in progress to design laser gyros with
pct!omnco capabilities required for 0.1 nmpl navigation applications.

Principal probless remaining with RLG technology ave size and weight for the high
- perlformance appiicatiocns, and site, weight and ¢oat for the lowar accuracy applications.
For the higher performance applications, the total weight of an RLG strapdown {nertial
navigation system is typitally 308 higher than its comparable ginbaled systsia counterpart.
slqniﬁicunt cost, reliability, and reaction time benefits for the RIGC systen; however, make
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it an attractive alternative to the traditional gimbaled system. It is generally conceded
that laser gyro performance in the lower accuracy FHRS and tactical missile midcourse
guidance application areas is superior to the competing strapdown RIG or TRG strapdown
technologies, however, size, weight, and cost advantages for the RIG or TRG with acceptable
performance are prevailing factors today that continue to restrict entry of the RLG into the
lower performance application areas.

Performance advances in future RLG's may make it possible to build smaller, lighter
weight laser gyro systems for the lower performance market. Advances in nonmechanically
dithered RLG technology may make it possible in the future to build a a small size
cost/performance competetive integrated 3-axis laser gyro sensor assembly (1, 24) in a
single Zerodur structure using interleaved laser paths to reduce net size/weight. If
advances in mirror technology continue to reduce lock-in rates and associated dither
amplitude requirements, mechanically dithered RLG system size/weight will also be reduced in
the future. Production learning is expected to be the determining factor that will decide
the degree to which laser gyro production costs will be reduced in the future to be compet~
itive with the lower performance RIG and TRG strapdown sensors. For the higher performance
strapdown applications areas, strapdown RIG and TRG manufacturer's generally conceed that
the ring laser gyro is now the industry standard, and not a viable competition area for
higher performance but more expensive versions of strapdown TRG or RIG technology.

6. FIBER-OPTIC ROTATION RATE SENSOR

One of the newer rate sensor technologies that has emerged over the past few years is
the fiber-optic rotation rate sensor (28). The concept for the device is illustrated in
Figure 8. Light generated irom a suitable light source at a specified design frequency is
transmitted through a fiber-optic coil. The light beam is first split by a beam-aplitter so
that half the radiation -.raverses the coil ir the clockwise (CW) direction, and half in the
counterclockwise (CCW) direction. The emerging light from both ends of the coil are then
recombined at the beam splitter, and transmitted onto a photodetector. The photodetector
output power is preporticnal to the average intensity of the recombined light.

FIBER-OPTIC
coi

PHOTODETECTOR

SPLITTER

Figure 8 - Basi¢c fiber-optic rotation rate sensor concept

Under rotation of the device about an axis normal to the plane of the fiber-optic coil,
the effective optical path length is changed for the CW compared to thea CCW beams in a
manner similar to the ring laser gyro. In the direction of rotation, the path length
inoreasaes (i.e., a photon of light has to traverse the length of the coil plus the distance
that the coll has been rotated during the traversal period). In the direction opposite to
the rotation, the light traverses th: langth of the coil, minus the distance that the coil
has been rotated during the traversal period. The difference between the CCW and (W optical
w&ath lengthe, then, is twice the die' ince of rotation, or:

L D LD
AL = 2 . wu= W
C p) [}
where

L =  Total fiber length
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D = Diameter of ccil (assumed circular)

AL = Difference between CW and CCW optical path-lengths
W = Input angular rate

C = Speed of light

1his corresponds tc a phase suift between the CW and CCW light beams emerging from the coil
given by :

Ay = 2% =28 _' " w (3)

where
A = Wavelength of light source

Thus, the phase angle between the emerging light beams becomes proportional to the input
angular rate. This contrasts with the ring laser gyro resonator for which the phase angle
change is-proportional to the integral of the input rate (see Equation (1)). Hence, the
fiber-optic rotation sensor is a "rate gyro" while the laser gyro is a "rate integrating
gyro". ‘The other difference between the two sensors is that the laser gyro CW and CCW beam
frequencies are shifted from each other proportional to the input rotation rate (due to the
self-resonance of the laser); the frequencies for the CW and CCW beams in the fiber-optic
rate sensor remain equal under rotation rates. N

The photodetector in Figure 8 is used to sense the phase shift between the CW and CCW
beams. The auplitude of the combined beams at the photodiode equals the sum of the
individual beam amplitudes, including the phase shift factor. The result is a combined beam
intensity which is maximum for 44 = O and mininum (zero) for 4¢ = = (i.e., varies as cos
(4¢/2)). The photodetector output is proporticnal to the light incensity, hence, also
varies approximately as cos? (Aé/2).

In order to achieve high mensitivity (high scale factor), the length L of the fiber coii

is large. A typical value of L = 400 meters with D = 0.1 meters and A = 0.82 microns
produces a 4¢ from equation (3) of approximately one radian at 1 rad/sec input rate.

6.1 Practicai Desiqn Refinements

Ae depicted in Pigure 8, the filber-optic rotation rate sensor has fundamental error
mechanisms that make it impractical to implement. Among these are large scale factor errors
associated with photodetector scale factor uncertainties, light source intensity variations,
and light amplitude losses in the fiher; loms of rate sensitivity arsund zero input rate
(due to the cos? (a¢/2) output characteristic of the photcdetector: phase angle variations
due to mechanical movement between the beam splitter and fiber that produce changas in path
length between t:e CW and CCW Leams: and polarizatich state differences betweéen the W and
CCW beams that produce phase shifts due to nonreciprocal birrefringence and anisotropic
effects {n the fiber material that are aggravated by environmental exposure. To overcome
these fundamental probloms, recent fiber-optic rotaticn sensor configurations (28) have
adopted refined interface and control elements such as those depiuted in Figure 9.

In Figure 9, the discrete component beam-splitter in Figure B is replaced b fiber-optic
couplaors which consist of intagrated fiber-optic junctions that split entering oeams 50% to
the left and 508 to the right. A polarizer (28) i{s included to supprass unwanted
polarization states in the light. 'The fiber itself is specifically manufactured to preserve
a single polarization state (28) (“polarization preserving fiber"). In thieé manner,
noareciprocal £iber-beam interrvactions are supprossed.

A light source (typically a super-luminiscent diode such as Galfum Arsenide) transmits
narrow fregquency bandwidth lighi® into the fiber that aplits into (W and CCW components at
the coupler junction. Acousto-optic shifters (A/0) (such ss Dragg cells**) at the end of

e Shama . wenma

*Note « Original fibor-optic sensors used laser light. One of the major technological
break-throughs for the fibex-optic sensor was replacement of the coherent laser
light with a broader spectrum qource. The result was a significant reduction in
nonreciprocal beam/fibor intercaction error mechanisma due to vhe shorter
sorrelation distance for the broader spectrum light (28, 29).

*ote - A Dragg cell (28) is typically mechanized as a piezoelectric device that imparts an
acoustical vibration transverse to the light beam at its input drive freguency.
The result is a bending of the light (by the “Biragg angle“) with an nccumpany%ng
frequoncy shift in the light passing through the cell equal to the Hiragg sell drive
frequency.
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" Figure 9 - Improved fiber-optic rotation rate sensor configuration.

the fiber coil are then used to generate a controlled phase shift in the light illuminating
the photodector.

To function properly, each Bragg cell in Figure 9 must be biased at a large offeet
frequency Fy (typloally 20 Mu,). A Bragg cell mounted at one ond of the coil is driven
directly at the bias freguency F) (see Pigure 9) which up-shifts the light leaving the cell
by Fy from the light entering the cell. The light entaring from the left (the clockwise Cw
beawm in Flgure 9) must traverse the length of the coil at the up-shifted frequency before it
leaves the coil and illuminates the photodetector. The beam entering from the right (the
counterclockwise CCW baam in Piiure 9), on the other hand, immediately leaves the coil and : ‘
illuminates the dotector after it is frequency up-shifted. The net result is that the CW 9o .9
boam travels a further distance at the up-ehifted frequency than the CCW beam, thereby .
gonerating a net phase shift between the CW and CCW beams at tho photodetector proportional
to P) and the coil length.

The Bragg cell at the opposite end of the coll is driven at F3 which generates a phase
shife at the photodiode in the opposite sense to that created by the Fy Bragg cell. The Fy
frequency ls controlled in servo fashion to maintain the photodetector output at peak powar
{{.e., toro net phaso angle). Under zere input angular rate, the Fy serva drives Fj to 9. 9
aqual Py (L.0., so that equal and opposite phase shifts are created that cancel .o .-
one-another). Under lnput angular rate, the servo creates a fregquency difference between ¥y
and Fj, the device output in Figuve 9, proportional to the input angular rate (that
generates an egquivalent phase shift at the readout te null the phase shift c¢reated by input
eotation). It ie easily demononstrated that she freguency differxence generated to achieve a
ot zero phaso angle is given by
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where

% = Length around one coil of the fiber (which typically consists of several coils).

If equation (5) is compared with equation (1) for the laser gyro resonator, it should be
clear that they are identical on an integral basis (i.e., the frequency difference pulse
count cycles from equation (5) times 2rn radians/cycle is proportional to the input angle by
the same factor that, in equation (1), relates RLG output fringe angle change to input angle
change.

Figure 9 also includes an electro-optic phase shifter (E/0) driven at frequency Fj at
one end of the fiber, which imparts an oscillating path length change to the CW and CCW
beams passing through (Note: The E/0 is typically mechanized as a piezoelectric actuated
“gtretcher” which physically changes the length of the fiber by introducing stresses in the
fiber proporticnal to applied voltage (28, 29). This induces an equivalent phase shift in
the light). Because the E/O driver is at one end of the coil, the light beam passing out of
the coil delivers the phase shift effect first to the photodetector. The beam traveling in
the opposite direction has to traverse a longer length of fiber to the photodetector, hence,
delivers its phase shift, by an equal amount, later. The delay creates an alternating phace
bias at the photodiode mixed beam output, generating an oscillation of the output about the
peak power point. By comparing the positive half cycle output decrease with the negative
cycle decrease, a linear signal can be generated proportional to the average deviation of
the input light phase angle difference from zero. The linear signal is generated in the
phase sensitive demodulator shown in Figure 9 drivean by F4q. The result is a signal out of
the demodulator that is linearly proportional to the A¢ phase deviation from zero, thereby
gliTinating the cos? (p¢/2) sensitivity problem around A¢ = O that exists without the E/O

evice.

The basic advantages for the Figure 9 compated to the Figure 8 mechanization approach
are the elimination of the discrete light/beam-splitter/fiber junctions, thereby reducing
phase shift errors caused by mechanical movement; elimination of the photodetactor
zero-phase angle sensitivity problem through use of the E/0 demodulator; and, through the
closed-loop servo operation that maintains the phase angle signal at null, elimination of
scale factor errors associated with light source intensity, optical intensity losses in the
fiber and beam-splitters, and photodetector scale factor uncertainties.

6.2 Development Status And Application Arxeas

The basic motivation behind the development of the fiber-optic rate sensor was to design
a low cost alternative to the ring laser gyro that was inherently vold of lock=-in problems.
The resonant characteristic of the laser gyro which regenerates its light source by stimu-
lated emission, is the transfer mechanism that couples the CW and CCW beams together from
back-scatter, producing lock-in. For the fiber-optic rate sensor, the light socurce is
external to the sensing ring, hence, does not amplify the effects of back-scatter. As a
result, the lock-in phenomenon associated with the laser gyro is ahsent in the fiber-optic S
gensor. This has been proven experimentally (29). The rationale behind the projected low U e
cost of the fiber-optic sensor is that use of fiber-optics and integrated-optics tech- R
nologies should reduce labor hours associated with device manufacture. It also assumes TR
continuing reductions in the cost of high quality optical fiber which has been occuring over S
the past few years. From a performance standpoint, the fiber-optic rotation sensor is not
expected to compete with the high performance laser gyro for accuracy, but is envisioned as Lo
a competitor to the lower cost autopilot, and eventually tactical missile and AHRS guality !,mwmw!L*,
gyros. :

Much has been accomplished since 1976 when the fiber-optic rotation ssnsor concept was ) o
originally conceived. To a large degree, thesc accomplishments are summarized by the B
evolution of the concept from its original form (in Figure 8) to its more refined practical

form (in Pigure 9). Nevertheless, much remains to be accomplished before this device can be

coneldexed a serious competitor with mature low cost conventional spinning wheel gyro

technology or new lower cost/medium performance laser gyro technology. The device has still !__w_,_,!,,_
to be dosigned into a practical form that is producible at low cost, and which achieves S
overall performance goala over opertional environments in a yeasonable form factor. To a N
large extent the development status reflects the level of funding committment assigned by S
individual groups toward device development. Although many small funded activities have .
existed over the past 8 yeara, few dedicated programs have been heavily funded. FProm RETI
another standpoint, the funding limite could reflect lack of confidence by funding agencies AR
in the new technology, or a lack of available funds to pursue new technologies after :
completing heavy investinents in recent technologles that are only now entering large scale ® o
production (e.g., the laser gyro). et

Some of the technical problems that remain for the fiber-optic rotation rate sensor (28) SONEN
inelude larger than desived size {2 to 4 inches in diameter) for the fiber-optic ring to RN
avold introducing beam interractions with the fiber walls under tight fiber turne; scale Lo
factor e¢rrvors dus to photodiode output frequency variations with temperature; bias errors S
associated with photodiode output freguency side-bands creating phase offsets at the .
photodetector; blas errors created from large required Bragg cell drive frequency offsets il ®
coupled with variations in the CW and CCW Bragg biased coil lengths due to off-nocminal - EEE
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variations between the Bragg cell distances to the fiber-optic coupler (see Figure 9); bias
errors associated with the E/0 demodulator electronics loop: bandwidth limits associated
with the closed-loop operation in Figure 9; and increasing complexity of the sensor
configuration to resolve problem areas. Virtually no data has been published on the
performance of the fi!er-optic rate sensor under dynamic environments. One of the principal
potentional error mec. misms for the device (as for all angular rate sensing instruments) is
bias error created under dynamic temperature, mechanical vibration, acoustic vibration,
acceleration, and magnetic enviroments. Fiber-optic rate sensor enthusiaste remain con-
fident that these problems can be resolved, given time and funding. For evidence they point
to the significant performance advances made over the past eight years, where the
fiber-optic rate sensor has progressed from an original concept that could barely detect

earth's rate, to current technology versions that have demonstrated milli-earth-rate
sensitivities (29).

7. PENDULOUS ACCELEROMETER

The pendulous accelerometer (Figure 10) (1) consists of a hinged pendulum assembly, a
moving-coil signal-generator/pickoff that senses angular movement of the pendulum from a
nominally null position, and a permanent-magnet torque-generator that enables the pendulum
to be torgqued by electrical input. The torquer magnet is fixed to the accelerometer case,
and the coil assembly is mounted to the pendulum. Delicate flex leads provide electrical

access to the coil across the pendulum/case hinge junction. Electronics are included for
pickoff readout and for generating current to the torquer.

PICKOFF ANGLE
\\‘__r_u
M
T g axis
il‘f.‘é' - gl TORQUE
{CASE '/ GENERATOR
FIXED) ] 4

1))
i L‘\ PENDULUM AXIS

REFERENCE
AXI3
(CASE FIXED)

Pigure 10 - Electrically ssrvoed pendulous accelercmeter concept.

The device is operated in the captured mode by applying elsctrical current to the
torquexr at the proper magnitude and phasing tu maintain the pickoff at null. Under these
conditions, the elsatrically generated torque on the pendulum balances the dynamic torque
generated by input acceleration normal to the peadulum plane. Hence, the electrical current

throughithe torquer becomes proportional to input acceleration, and is the output signal for
the davice.

Mechanization approaches for the pendulcus accelerometer (1) vary between manufacturers
but generally fall into twe catagories: fluid filled and dry units. Fluid-filled devices
utilize a viscous fluld in the cavity between the pendulum and case for damping and partial
floatation. The dry units use dry air, nitrogen, or electromagnetic dawmping.

The hinge element for the penculous acceleromoter is a flexibloe member that is stiff
normal to the hinge line to maintain mechanical stability of the hinge axis relative to the
case under dynamic loading, but flexible about the hinge line to minimize unpredictable
spring rostraint torques that cannot be distinguished from acceleration inputs. Materials
selacted for the hinge are chosen “or low mechanical hysteresia to minimize unpredictable
spring-torque exrsors. To minimize hystersis effects, the hinge dimensions are selected to
assurs that hinge stresses under <ynamic inputs and pendulum movement are well below the
yleld-streas for the hinges material. Beryllium-copper has baan a commonl{ ueed pendulum-
hinge material due to its high ratin of yield-stress to Young's modulus (i.e., the ability
to provide large flexures without exceeding material yleld-stress). Another successful

R ——
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design approach for dry accelerometers has utilized fused quartz for both the hinge and
pendulum by etching the complete assembly from a single-piece quartz substrate (1).

7.1 Performance And Application Areas

The pendulous accelerometer continues to be the primary mechanization approach being
used for almost all strapdown applications. Design refinements over the past 6 years now
provide units from several manufacturers that meet 1.C nmph strapdown inertial navigation
requirements in heaterless configurations. The heaterless configuration operates without
temperature controls and achieves its accuracy through thermal modeling of the sensor errors
in the strapdown system computer based on temperature measurements taken with temperature
probes mounted within the sensing unit. The heaterless accelercmeter configuration has been
perfected within recent years for operation with ring laser gyros which are also operated
heaterless using direct path-length control to stabilize performance (Note: Use of heaters
to control temperature and stabilize performance with the ring laser gyro is impractical due
to the long thermal time constant of the Zerodur material from which it is constructed, and
the associated reaction time penalty that would be introduced from turn-on until tempera-
ture/performance stabilization. Laser gyro performance variations with temperature are also
compensated by thermal modeling). It is highly fortunate that pendulous accelerometer
designs originally developed for heated operaticn (to stabilize performance), have been
predictable enough thermally, to allow accurate characterization over their complete
temperature range by analytical modeling using temperature measurements. Hence, major design
refinements for heaterless operation have not been necessary.

Most accelerometers today are of the dry pendulous metal flexure hinge variety (1).
Design refinements in quartz hinge design configurations (1) (most notably in the plating
technology used to conduct current across the hinge into the pendulum-mounted torquer coil
to minimize hysteresis) have provided a rugged unit that meets 1.0 nmph strapdown inertial
navigation accuracy requirements.

Experimental pendulous accelerometers have recently provided indications that
identifiable futher design refinements will make it possible to achieve the accuracy
improvements needed for the advanced 0.1 nmph INS applications. Advanced engineering
develoment programs are currently being funded (at a fairly modest level) to develop and
evaluate these performance improvements.

Unit costs for the pendulous acgelerometer, although acceptable, still remain higher
than desirable, particularly in the higher accuracy applications. Competitive sourcing in
some applications has created the anvironment needed to reduce costa to some extent through
design, manufacturing, and test improvements. Increased production volume has added to cost
reduction through learning and improved tooling/automation techniques. However, the
production volume has not been sufficient to develop the automatic manufacturing technol-
ogies needed to make major in-roads in cost reduction. Nevertheless, the pendulous
accelerometer cost is acceptable for most applications, compared to the cost of other
strapdown system elements.

8. TORQUE~LOOP MECHANIZATION APPROACHES FOR TORQUE REBALANCE INSTRUMENTS

The ilmplementation of the torque loop for the torgue-to-balance instrumenta {(e.g.,
floated rate-integrating gyro, tuned~rotor gyro, pendulous accelerometer) continue to be
mechanized using different approaches, depending on manufacter: digital pulse-rebalance or
analog-rebalance with follow=up pulse-rebalance logic, using pulse-on-demand or pulse-width=-
modulated forced limit-cycle techniques {1). Little data has been published on the
porformance of these electrical circuits, an unfortunate circumstance, particulary since
their accuracy is a key contributor to the overall performance of the intrument thay are
designed to cperate with. DPerformance data advertized aes representative of particular
sensors does not always include the effect of the digital pulsa-rebalance circuity (i.e.,
the data was taken on an analog basis at the basic instrument level). This becomes of
greater concern when one considers the more demanding application areas that can require
dynamic ranges (maximum input versus bias acouracy) in the 106 to 107 category.

9. THE VIBRATING BEAM ACCELEROMETER

Much of the cost for conventional pendulous electrically-servoed accelaromaters is
asgociated with the torque-generator and elestronics needed to close-the-loop on the
instrument and generate precision pulse cutputs representing quantized increments of
integrated input acceleration (l). The vibrating beam accelarometer replaces the
torque-rebalance mechanism with an open-loop direct-digitaleoutput transducer based on
quarte-crystal oscillator tochnology (30, 31, 32). 'The concept is deplcted in Figure 11.

In Figure 11, two guartz-crystal beams are mounted symmetrically buick-to-back so that
each axially supporte a proof mass pendulum. Each beam las vibrated at its resonant
frequency by an electronics loop in a manner similar to the method used to sustain amplitude
in quarte~crytal cscillator clock references. In the absence of acceleration along the
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FLEXURE PENDULOUS .
PIVOT MASS
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Figure 11 - Vibrating beam accelerometer concept.

acceleration sensing axis, both beams are selected to nominally resonate at the same
frequency. Under applied acceleration, one beam is placed in compression and the other in

“tension Ly the inertial reaction of the pendulous proof masses. This produces an increase

in frequency for the beam in teneion, and a decrease in frequency for the beam in com-
pression. The frequency difference (F; = F) in Figure (ll)) i{s a direct digital output
proportional to the input acceleration.

The symmetrical arrangement of the beams produces a cancellation of several error
effects that would exist for one beam mounted individually. Error effects that are
nominally cancelled include nominal beam frequency variatione with temperature and aging,
asymnetrical scale factor nonlinaarities, anisoinertis errors (1), and vibropendulous errors
(1) that are common between the individual beam assemblies.

9,1 Design Considerations And Application Areas

The vibrating beam accelerometer is being designed as a lower cost alternative to the
conventional pendulous clectrically-servoed accelerometer for strapdown applications. Cost
reductions are expected to be achieved through elimination of the complex electro-mechanical
assembly associated with the pendulous accelercmeter torque-generstor, and elimination of
colgplex torgque-to-balance and pulse quantiver readout electronics.

The ultimate success of the vibrating beam accelerometer will depend on whether its
accuracy capabilities will approach those of mature technology pendulous accelerometers at a
competotive price. Error mechaniasms in the vibrating beam accelerometer arise from unpre=
dictable variations betwsen the two beam assemblies that are temperature, vibration sen-
sitive and which vary over time. One of the more important error mechanisms that must be
dealt with in the design of the unit is the potentional problem of mechanical coupling
between the beam assemblies that pull the frequencies together under low input acceleration
(an effect similar to lovk~in for laser gyro-?. the result is a detection threshold for the
unit that is a function of the strength of the mechanical coupling. The key to the design
of an acourate vibrating beam accelerometer lies in the ability to isolate one crytsal beanm
from the other. Onhe approach being used to achieve isolation is through application of a

gtal-ba:g construction (32) for eaoh of the crystal beam assemblies as {llustrated in
gure 12.
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Pigure 12 = Dual-beam crystal oscillator concept.

In Figure 12, each beam assembly is composed of an integral dual-beam arrangement in
which the beam elements vibrate in opposition (180 degrees out of phase). The resulting
counter-vibration allows each beam movenment to be counter-acted mechanically by the other
such that no net vibration is transmitted into the mount (i,e., similar to a tuning fork).
The result is that mechanical coupling mechanisms between the independent dual-beam
asgsemblies are minimized.

A problem area being addressed in the design of the vibrating beam accelerometexr is the
output resolution. Typical mechanirations are based on using crystals with a 40 KHr center
frequency (zero input acceleration) with 108 variation over the design acceleration range.
Hence, the inherent maximum frequency output cf the device (beam frequency difference) under
maximum input acceleration is typically 5 to 10 KHr., For the higher accuracy applications,
this resolution is generally too coarse (by at least an order of magnitude under certain
conditions). In order to enhance the basic resolution, design techniques being investigated
include using time measurement betwesn frequency difference pulses as the output, or use of
digital phase~lock loop external circuity to generate higher frequency waveforms whose
integral tracks tke frequency difference output signal.

The vibrating beam accelerometer is still in its development stage with units becoming
available for evaluation by test groups this year. Developmental test results reported to
date have baen encouraging. It is too early at this time to predict what the ultimate cost/
performance of the device will be compared to mature pendulous accelerometer technology.

10. CONCLUDING REMARKS

Over the past six years, the laser gyro has emerqged as the rate sensor most suitable for
the high performance strapdown applicatiors. Floated rate-integrating and tuned-rotor gyro
technologies continue to be the most suitable rate sensors for the low-to-medium pexform-
ance/lows=cost application areas where small size is also important. It is expected that
cost and size reductiocns for the laser qgyro will broaden its applicability renge in the
future so that it will aventually dominate the medium accuracy performance arcas as well.

It is too early to predict whether the laser gyro will ever be of a low enough cost to
successfully compate in the lower accuracy tactical missile application areas.

Pondulous acceleromater technology continues to be the main stay for strapdown
applications. Performance advances and gome cost reductions over the past few years have
enabled this instrument to remain compatible with overall strapdown system cost/performance
goals. To gensrate a significant cost reduction tor strapdown accelerometers, the vibrating
beam acceleromster is receiving attention by some development groups. Time will tell
whethor the cost/performance of this instrument will successfully compete with pendulous
acceleraiteters in the future.
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STRAPDOWN SYSTEM ALGORITHMS

AD-P003 621 7 .

Praesident
Strapdown Associates, Inc.
woodbridge Plaza, Suite 150

10201 Wayzata Blvd.
Minnetonka, Minnesota 55343

SUMMARY

This paper addresses the attitude determination, acceleration transformation, and
attitude/heading output computational operations performed in modern-day strapdown inertial
navigation systems. Contemporary algorithme are described for implementing these operations
in real-time computers. The attitude determination and acceleration transformation
algorithm discussions are based on the two-speed approach in which high frequency coning and
sculling effects are calculated with simplified high speed algorithms, with results fed into
lower speed higher order algorithms. _This is the approach that is typically used in most
modern-day strapdown systems. Desig uations are included for evaluating the performance
of the strapdown computer algorithms as\a function of computer execution speed and sensor
asgembly vibration amplitude?ftequency/p se environment.
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Both direction cosine and quaternion based attitude algorithms are described &znd
compared in light of modern-day algorithm accuragy capabilities. Orthogonality and SADREN
normalization operations are addressed for potential attitude algorithm accuracy NCIRCR
enhancement. The section on attitude data ocutput algorithms includes a discussion on T e

roll/yaw Euler angle singularities near high/low pitch angle conditions.
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1. INTRODUCTION

The concept of strapdown inertial navigation was originated more than thirty years ago, -
largely from an analytical standpoint. The theoretical analytical expressions for v
processing strapdown inertial eensor data to develop attitude, velocity, and position o,
information were reasonably well understood in the form of continuous matrix operations and ol )

differential equations. The implementation of these equations in a digitial computer, . o . B
however, was invariably keyed to severe throughput limitations of original airborne digyitial s .
computer technology. As a result, many of the atrapdown computational algorithms originated

during these early periods were inherently limited in accuracy, particulary under high }_ A
frequency dynamic motion. A classical teat for algorithm acocuracy during this early period core

was how well the algorithm computed attitude under cyclic coning motion as the coning
frequency approached the computer update tycle frequency.

In the late 1960's and early 1970's, awveral analytical efforts addressed the problem . ’ . '
of oplitting the strapdown computation pracess into low and high speed sections (7, 8, 10). B s e
The low speed cection contuined the bulk of the computational equations, and was designed to Lo
accurately aceount for low frequency large amplitude dynamic motion effects (e.g., vehicle Tk
maneuvering). The hioh speed computation section was designed with a small set of simple T
algorithms that would acourately adeount for high frequency small amplitude dynamic motion TR B
{e.g., vehicle vibrations). Splitting the computational proceas in tiis manner allowed the o

bulk of the strapdown algorithms to be itarated at reasonable speseds compatible with

computer throughput limitations. The high speaed algorithme were simple anough that they ;. ‘ .
could be mechanized individually with special purpose electronica, or as a minor high speed LS. .
loop in the main processor. G et

Over the past ten years, the structure of most strapdown algorithms has evolved into RN
this two speed structure. The cechniques have been refined today so that fairly Crats

straight-forward analytical demign methods can bo used to define algorithm analytical forms
and computatiounal rates to achisve required levels of performance in specifled dynamic . )
enviromsents. ' ® o

This paper desoribes the algoritluns used today in most modern-day strapdown inertial e
navigation systems to calculate attitude and transform accelsration vector measurements from v
sensOr to navigation axes. The algorithms for integrating the transformed accelerations s o
into velocity and position data are not addressed because {t ims belisved that these
opoi-atignn are gensric to inextial navigation in general, not only strapdown inertial
nav gat Ol s

For the algorithms discussed, the analytical basis is presented together with a L - .
discussion on general design methodology used to develop the algorithms for compatibility Sl e
with particular user accuracy and environmental reguirements.
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2. STRAPDOWN COMPUTATION OPERATIONS

Figure 1 depicts the computational elements implemented by software algorithms in-
typical strapdown inertial navigation systems. Input data to the algorithms is provided
from a triad of strapdown gyros and accelerometers. The gyros provide precision measure-
ments. of strapdown sensor coordinate frame (“body axes") angular rotation rate relative to
nonrotating inertial space. The accelerometers provide precision measurements of 3-axis
orthogonal aspacific force acceleration along body axes.

BODY
ACCELERATIONS VECTOR '::x,'fé“'""
(FROMSTRAPDOWN —>]  TRANSFORMATION > e ATIONS
ACCELEROMETERS)
DCM OF BODY FRAME
RELATIVE TO NAV FRAME
80DY NAVIGATION
RATES ATTITUDE HEFERENCE NAviG)
(FROM STRAPOOWN ] INTEGRATION ROUTINES [*
GYROS) ROTATION
1 RATES
s . ATTITUDE/MEADING
EXTRACTION DATA

PIGURE 1 - STRAPDOWN ATTITUDE REPERENCE OPERATIONS

The strapdown gyro data ia processad on an itexative bazis by suitable intagration
aigorithms to calculate the attitude of the body frame relative to navigation conrdinates.
The rotation rate of the navigation frame is an input to the caloulation from the navigation
section of the overall computation software. Typical navigation coordinate frames are
oriented with the z-axis vertical and the x, y, axos horizontal.

The attitude information calculated froin the yyro and navigation frame rate data ie used
to traneforin the acoelerometar spevific force vector measuraments in body axes to their
equivalent form in navigation coordinates. The navigaticn frame specific force
accelerations are then integrated in the navlg«tiun software section to caloulate velocity
and position. The velocity?ponition computational algorithms are not unigue to the
strapdown mechanieation concept, hence, are not treated in this paper. Several texts treat

" the velocity/poeition integration algorithms {n detail {}, 2, 3, 4, 12).

Pigure 1 also shows an Euler Angle Biatraction function ae part of the strapdown attitude
reference operations. This algorithm is used to convert the cvalculated attitude data into
an output format that is wore compatible with typiusl user regquirements (e.g., roll, pltch, :
heading Buler anglus). - ' . 5.

3. - STRAPDOWN ATTITUDE INTEGRATION ALGORITHMS

The attitude information in strapdown inertial navigation syetems is typically
calculated in the form of a direction cosine matric ov as an attitude guaternion. The
direction cosine matrix is a three-by-three matrix whose rows rapresent unit vectors in . - :
navigation axos projected along body axes. As such, the element in the ith ~ow ang jth i
column reprosents the cosine of the angle batween the navigation Erome {-axis and body fiame e
J-axis. The quatornion is a four-vector whose olaments are defined analytically (5. 9) ae v
follows: .

a,/a) sin (a/2) : <

/s o (A wo
a) s '
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where

Gy’ &ysxy = Components of an angle vector g.
o« = Magnitude of g.

The g vector is defined to have direction and magnitude such that if the navigation
frame was rotated about g thrcugh an angle a, it would be rotated into alignment with the
body frame. The a rotation angle vector and its quaternion equivalent {(a, b, ¢, d, from
equations (1)), or the direction cosine matrix, uniquely define the attitude of the body
axes relative to navigation axes.

3.1 Direction Cosine Updating Algorithms

3.1.1 Direction Cosine Updating Algorithm For Body Rotations

The direction cosine matrix can be updated for body frame gyro sensed motion in the
strapdown computer by executing the following classical direction cosine matrix chain rule
algorithm on a repetative basis:

Clm+l) = C(m) Alm) (2)

where

¢(m) = Direction cosine matrix relating body to navigation axes at the m‘" computer
cycle time ’

Alm) » Direction cosine martix that traneforms vectors from body coordinates at the
(m+1)tD computer cycle to body coordinates at the wth computer oycle.
Tt is well known (9) that:
Alm) = I + £1(0x) + £319x)2 ' ' ' ' (3)

where

ain ¢ .
5 “'“T.!'.‘ RS Y TR s TR

L - cos ¢ '
f2 =Ty =M e e

(4)
.2 - gl 4 ’}'2 + ng

R L T : S :
(ax) = Joe O - - .. 8
2 T : : _ SR

I = 3 x 3 unity matrix
');"y!.g = Components of ¢. N !..._.»..,.._.,.,!.

Y = Angle vector with direéction and magnitude such that a rotation of the body v
frames about § through an angle equal to the magnitude of 3 will rotats )
the body frame from its orientation at computer c¢ycle m to its R
orientation at computer cycle m+l. The g vector is computed for Y
wach computer cycle i by processing the dats from the straplown gyros. '
The algorithm for computing g will be described subsequently. .0
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The “order” of the algorithm defined by equations (2) through (4) is determined by the
number of terms carried in the £;, £, expansions. A fifth order algorithm, for exanple,
retains sufficient termn in £, and f2 such that A(m) com:ains all ¢ term products out to
£fifth order. Hence, - would he truncated after the 0 term and f3 would be truncated after
the ¢2 term to retain hfth order accuracy in A(m). The order or accuracy required is
determined by system accuracy requirements under maximum rate input conditions when ¢ is a
maximum. The computation iteration rate is typically selected to assure that § remains
small at maximum rate (e.g., 0.1 radians). This assures that the number of terms required
for accuracy in the f;, £, expansions will be reasonable.

3.1.2 Direction Cosine Updating Algorithm For Navigation Prame Rotations

Equation (2) is used to update the direction cosine matrix for gyro sensed body frame
motion. In order to update the direction cosines for rotation of the navigation coordinate
frame, the following classical direction cosine matrix chain rule algorithm is used:

c{n#1) = B(n) C(n) (s)
where 7
B(n) = Direction cosine matrix that transforms vectors from navigation axes at

- computer cycle n to navigation axes at computer cycle (n+l).

The equation for B(n) parallels equation (3):

B{n) = I - (gx) + C.5({9x)3 S : A (6)
with ' '
a fo -9, o _ .
(ox) = o 0° -of . .
-5y 90 O | - -
whete

0x00y08z = Components ot 9.

8 = Angle vector with direction and magnitude such that a rotation of the
_ “navigation frase about 0 through an angle equal to the wmagnitude of §
will rotate the navigation frame from its orientaticn at compater cycle n
to its orientation at computer cycle ntl. The § vector is computed for

edch cogputer cycle n by processing the nav&gah on frame xoueim rate data »

l.’m the navigation somun ‘section (12)

) It is iq:ortun!: to note that the n cycle (for nwigatxon frame rotation) and m cyole
(for body frame roration) are generally Jdiffervent, n fspically being exscuted at a lower
dteration rate than m: This {s permissable because the navigation frame rotatiocn

rates afe considerably smaller than the body ratss. hence, high executioh rates are not
necded to maintain § small Qo reduce the order of the iteration algorithm. The algorithm
represented by equations (5) sid (6) is second order in 9. Generally, first order is of

~ sufficient accuracy, and the (0x)4 ters need not be cairied in the actual sorwno
hplmuuon. - ‘ o

3.2 guaternion Updating Algorithes

3 2 1 Quaternion Tramtomuon Pruperties

The updating algorithms for the attitude quaternion cah be duv.lopcd throigh an
investigation of its vector transformation properties {5, 9)}. wWe first introduce
nominelature that is useful for deacribing quaternion algebraic operations. Referring to
eguation (1), the quaternion with compounsiits a, b, ¢, d, can be desciibed as:

u « al ¢+bjeck+d ' 7 {8)

S

T e A AT s
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where
a,b,c¢ = Components of the "vector” part of the quaternion.
i,j.k = Quaternion vector operators analagous to unit vectors along orthogonal
. coordinate axes.
4 = V“Séalar“ part_of the quaternion.

We also define rules for quaternion vector operator products as:

ii = -1 ij= x jii = -k
33 = -1 sk = i kj = -i
Kk = ~1 ki= 3 ik = -j

With che ahove definitions, the product w of two quaternions (u and v) becomes:

w=uv = (ai + Dbj +ck +a3) (ei + £ + gk + h)

= aeil + afij + agik + ahi
+ beii + bfjj + bgjk + bhj
+ ceki + cfkj + egkk + chk
+ dei + dfj + dgk + dh

= (ah + de + bg - cf)i

+ (bh + df + ce - ag)j

+ (ch + dg + af - be)k

+ (dh - ae - bf -~ cg)
or in "Four-vector" matrix form:

A ]e' d-c b a e
w = if'y ale d-a b £
! b a 4 ¢ q
h! -a =b -~c 4d h

We also define the “complex conjugate" of the general quaternion u in equation (8) as:
A ,
u* = -zl -bj-ck +d

We now define a guaternion operator h(m) for the body angle change ¢ over computer cycle
m as:

) iz 4
= ¢ sln (¢ .
hm) (43 /¢) sin (6/2) (2
cos (9/2)

where the elements in the above column matrix refer to the i, j, k, and scalar components of
h. We also define a general vector v with commponents v, v,: vy, and a corresponding
guaternion v having the same vector components with a zera a!alar component.t

zx
v =

vy

0

Using the above definitions and the general rules for quaternion algebra, it is readily
demonstrated by substitution and trigonometric manipulation that:

v % him) vhim* =A(n) v (10)

whare
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Thus,

A [A(m) o}
A'(m) = 0 0 L
vyl R
o A v,
&

As defined in (3).

Am)

Equation (10), therefore, is the quaternion form of the vector transformation equation
that transforms a vector from body coordinates at computer cycle (m+l)} to body coordinates
at computer cycle m:

v' = A(m) v (11)

v'.¥ = "Three-vector" form of v' and v (i.e., with components vy', vy', vp' and vgs vys vg).
v = The general vector v in body ccordinates at computer cycle (m+l).

v' = The general vector v in body coordinates at computer cycle m.

3.2.2 Quaternion Updating Algorithm For Body Motion

Equation (10) with its equation (11} dual can be used to define analagous vector
transformation operations betw=2en body coordinates and navigation coordinates at computer
cycle m as:

v qim) v' ql(m)*
(12)

V" = c(m’ !C

where

qim) Quaternion relating body axes to navigation axes at computar cycle m.

v' = The vector v in navigation coordinates.

¥" = The vector v in body coordinates at computer cycle m.

v',v* = Quaternion (“Four vector“) form of v', v“.

The q quaternion has four elements (i.e., a, b, o, d) that are updated for body motion

at each computer cycle m. 'The updating equation is easily derived by substituting ,
equation '(10) into (12)s p.... .0
v¢  w» q{m) him) v him)* q(m)* N

Using the definition for the quaternion complex conjugate, it is readily demonstrated
thate

ha)* qlm* = (qlm) him))e | e ..t

vt » qlm) n(m) v (hi(m) qlm))*

But we can also write the direct expressions

vt w glatl) v gimel)e

Therefore, by direct compacison of the latter two aequatioas:
g{atl) = gim) him) {13) _ -‘. " “
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Equation (13) is the quaternion equivalent to direction cosine updating egquation (2).
For computational purposes, h{m) as defined in equations (9) is equivalently:

£4 4
him) = fg ‘;
f% ¢z

4

in (¢/2)
£3 = = R = 0.5(1 - (0.56)2/31 + (0.5¢)4/51 =c<++)

(14)

£, = cos ($/2) =1 - (0.54)2/21 + (0.5¢)4/41 =~¢.:.)
(0.50)2 = 0.25 (452 + 4,2 + ¢,2)

The “order" of the equation (13) and (14) updating algorithm depends on the order of ¢
terms carried in h which depends on the truncation point used in £3 and f£4. The rationale
for selecting the algorithm order and associated algorithm iteration rate is directly
analagous to selection of the direction cosine updating algorithm order (discussed
previouely).

3.2.3 Quaternion Updating Algorithm For Navigation Prame Rotation

Equation (13) with (14) is used to update the quaternion for body frame motion sansed by
gyros. In order to update the quaternion for rotation of the navigation coordinate frame,
an algorithm analagous to equation (5) (for the direction cosine matrix) is used with a
navigation frame rotation quaternion r:

g{n*¥l) = r(n) q(n)

0.5 By (15)
"0;5 0
r(n) = |.0.5 07
-~ {1~0.5¢8/2)2

(6/2)2 = 0.25 (0,2 + 0,2 + 0,2)

whers

e,.o,.oa =  Components of 9 as defined previously for equations
(6) and (7).

The development of equation (15) parallels the development of (13). The equation for
r{n) is a truncated form of the theoretical oxact anaéyhieal expression (analagous to the
second order truncated form of equation (14)). The 0 term in equation (15) generally is
not required for accuracy {due to the wmaliness of § in typical applications).

As for the direction cosine updating algorithm for navigation frame motion, the
esquivalent quaternion updating algorithm (equation (15)) updating cycle n need not be
processed as fast as the body rate cycle m to maintain egquivalent acouracy. This is due to
the considerably smaller navigation frame rotation rates compared to body rotation rvates.

3.2.4 Equivalencies Betwoen Divection Cosine And Quaternion Elomsnts

: The analytical equivalency between the elements of the direction cosine matrix and the
attitude quaternion can be derived by direct expansion of equations (12). If we define the
elesents of q as:
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X )
g . equation (12) becomes after expansion, factorization of v', and neglecting the gcalar part o
. of the v* and v' quaternion vectors (i.e., carrying only the vector components y" and v' ):
& (a2 + a2 - b2 - c?) 2(ab ~,cd) 2(ac + ba)
. o= 2(ab + cd) (a2 + b c? -a2) 2(bg - ag) v (16)
. S 2(ac - bd) 2(be + ad) (@2 + ¢ - b?)
f{'z i;: Defining € in equation (12) as:
. cu 12 C13
- : c = [Ca sz Ca3
E : Car C32 €33
equation (16) when compared with (12) shows that:
, Cl1 = a2 +a? -p? - 2
rinen 5 C12 = 2(ab - cd)
R U
"y €13 =  2(ac + bd)
L € = 2(ab + cd)
R €2 = @2 4+1b?-c?-a? (17)
= €23 = 2(bc - ad)
g 5 C31 =  2(ac - bd)
N €32 =  2(bc + ad)
Ciz = a2 + ¢ - a2 - p?
] The converse of equation (17} is somewhat more complicated. Using the property

{from equation (1)) that :
a2 + b2 + ¢l + a2 =)

the converse of equatior (17) can be shown (l1l) to be computable from the following sequence
of operations:

+C
o iz_ Trsa
Ca2 = Ty
C33 - Tr
r

1f pl = max (P A pzo ps: P ). then:
: 0. Pillz ‘19“?°pxevious
$021 Cya)/ ; .
C13 + 031)/45 \ L
(C32 - C23)/4a Lol

.'; 1 Py« max (P, ), then: % S
0.5 ‘o 122 ;ign(gp,eviou” o 0
= (Cy SRS,
M (18) RN
- (Czl + 012’/4b St

18 by wmax (P, P P,), then: NI

0. /2 ;ign?°prev£oun ‘
(cy3 + C3 )/40 R
(c)? + €33)/40 e

TS EESR
—_~0
(¢3
a
>
L 1)
(¢}
3 =
[ -]

= wax é. Py i/s .*P 26 then: ) _ 5? 3~5'“‘<
P4 signldoe viouu RERS
2032 : gza;;zd pre ,
3 " 9 ..
‘céx - C12)/44 N
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3.3 The Computation Of ¢

PRI
Salala "

3.3.1 Continous Form

The ¢ "body attitude change" vector is calculated by processing data from the strapdown
gyros. Under situations where the angular rotation rate vector (sensed by the gyros) lies
along a fixed direction (i.e., is nonrotating in inertial space), the § vector is equal to
the simple integral of the angular rate vector over the time interval from computer sycle m
to computer cycle (m+l):

R “N g
O -
RSN g

s

B e
i

ftm+1
tm

®

w dt for cases when w is nonrotating. (19)

where

\ @ = Angular rate vector sensed by the strapdown gyros.

Under general motion conditions (when w may be rotating), equation (19) has the more
- complex form (as derived in (10) or alternatively, in Appendix A):

t
0L - 1 - a 8in
® a(t) ftig +1/2 axu+ - (1 (%:EIEE%) e x(e x w))dt
: e {20)
s = altmtyy)

: It can verified by power series expansion that to first order,

" - 1/¢2 - a8l 1

. (/e%) O - focea)) * Iz

. Hence, a(t) in equation (20), to third order acouracy in a can be approximated by:

a2 T t
SN alt) » [ (w+l/2axw+ L ax(sxw))dt (21)
V. tm 1 — -

A second order expression for a(t) can be obtained from (21) by dropping the 1/12 term.
R An even simpler expression for g(t) is obtained by dropping the 1/12 term, and approximating
S the ¢ term in the integral by the direct integral of u:

ae) = 5w
tn

aplt) = 1/2 j:m L xuwat (22)

& = Blemtgyy) + Spltmeyy,)

S An interesting characteristic about equation (22) is that its accuracy is in fact

\ comparable to that of third order eguation (21). In other words, the simplifying assumption
N of replacing « with p in the 1/2 g x w texm Ls in faot equivalent to introducing an error in
o equation (21) that to third order, equals the 1/12 ¢ x (3 x w) term. Thie property can be

verified by simulation as well as analytical expanoion under hypotheaized angular motion
conditions.

Equation (22) is the equation that i mechanized in software in most modern-day
strapdown inertial navigation systems to calcuate ¢. It can be demonstrated analytically
and by simulation that for representative vehicle angular motion and vibration, equation
(22) £aithfully caleoulates ¢ to accuracy levels that are compatible with high poerfornance
strapdown inertial navigation system requivenanta.

For situations wheve @ is nonrotating, the 8fi term in {22) is eero and % e?uula the KN
simple time integral or w over the computer interval m (i.e., the equation {19 Conte T
approzimation). For situations where o is rotating (a situation defined analytically as : | B
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: e
-f "coning"), the §B term is nonzero and must be calculated and used as a correction to the w
R integral to properly calculate ¢.
~%r' ' ‘:{ It is important to note that the accuracy by which equation (22) approximates (20) is
; A dependent on ¢ being small (e.g., less than 0.1 radian). In order to protect the accuracy
i of this approximation, the computer iteration rate must be high enough that ¢ remains small !
A - under maximum vehicle rotation rate conditions. P o
.}}.., }ff 3.3.2 Recursive Algorithm Form
'}QZQ ‘:fj The implementation of equation (22) in a digital computer implies that a higher speed
i B integration summing operation be performed during each body motion attitude update cycle. A
3 " computational algorithm for the integration function can be derived by first rewriting
. . equation (22) in the equivalent incremental updating form:
g B Blt) = B(&) + [ wat
g ‘ t"-"'l
Sp(A+1) = 8B(L) +1/2 . B(t) x w at (23)
. - L
“ - B(A41) = Bltstyy))
v, & = Blemtyy) + 8B(tstyy)
with initial conditions:
e = Bltmty) = 0
RET | ° (24)
- S SB(taty) = 0
) where .y =
) = High speed computer cycle within the m body rate update cycle.
o ." ;: . . .
" b The integrals in (23) can be replaced by analytical forms that are compatible with gyro b ... 9
. input data processing if w ie replaced by a generalized time series expansion. For AN
equations (23), it is sufficient to approximate w over the 4 to A+l time interval as a S
5 - IN constant plus a linear ramp: : :
8 v A+B(t-ty) (25) L
.. y ﬂ where L N
A, B = Constant vectors. : -
: Subatituting (25) in (23), and recognizing with the equation (25) approximation that: '
X Altgey = ty) = 1/2 (a6(2) + 20(2-1)) .
°._o
. 1/2 B(tyey = tg)2 w 1/2 {a6(2) = a8(2-1))
: where by definition:
N . t
. N\ as(a) A& TR g >
ty
;'.':‘. v - ylelds the desired final form for the ¢ updating algorithm: )
: :{'Q ’ N } 1.-
— ) e e
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sp(a+1) = 8B(2) + 1/2 (p(a) + 1/6 p0(2-1)) x 48(2)

ta+1 tetl
J, wat= [ 4o
ty ty (26)

Aa(2)

g(a+1) = B(1) + as(2)

(]

] Blt=tpyy) + 88(t=tpy))

with initial conditions:

Blt=ty) = Bla=0) =0
8p (t=ty) 2 58(2=0) =0
where

dg = Gyro output pulse vector. Each component (x,y.z) represents the occurance
of a rotation through a specified fixed angle .ncrement about the gyro input
axis. )

A = Gyro output pulse vector count from & to ;¥1-

The computational algorithm described by equatior (26, is used o . recursive basis to
calculate ¢ once each m cycle. After ¢ is calculated, the g and 48 functions are reset for
the next m cycle ¢ calculation. The iteration rate for & within m is maintained at a high
enough rate to properly account for anticipated dynamic w motion effects. Section 6.
describes analytical techniques that can be used to assess the adequacy of the 1 iteration
rate under dynamic angular rate conditions. o

3.4 The Computation Of 6

The g vector in equaticns (6) and (15) is homputed;aa a simple integral cf navigation
frame angular rate over the n cycle iteraiiion periods

tn+l - ,
8 = Q 4t o (27)

j f
where '

2 = Navigation frame rotativ. rate as ‘calculated in. the navigation software
seotion (12). o :

Standard recursive integration algorithms can be ased to caloulate § in equation (27)
(e.g., trapexoidal) ove: -the time inteival from n to n+tl. The update rate for the
integration algorithm it selected to he compatible with software accuracy regquirensnts in
the anticipated dynamic maneuver environment for thu user vehicle.

3.5 orthogonalit:> And Normalisation Aléurith@g

Most strapdown attitude conpu:ation techniques periodically employ self-consistancy
correction algorthms as an outar~loop function for accuracy enhancenant., If the basic
attitude data is computed in the form of a direction cosine matrix, the self~consistancy
check is that the rows should La orthogonal to each other and equal to unity in magnitude.
This condition i based on the. fact that the rows of the direction cosine matrix represent
unit vectors along orthogonal navigation coordinate frame axes as projected in body axes.
For the quaternion, the self-consistancy check is that the sum of the squares of the
quaternion elemsnts be unity (this can be verified by cperation on equation (1)).

3.5.1 Direction Cosine Orthogonalirzation And Normaliraticn

The test for orthogonality between two direction cosine rows is that the dot product be
zexro. The error condition, then ies :
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Egy = € &4 (28)
where

€ = ith row of C

Cj = jth row of C

T = Transpose

A calculated orhogonality error E;s can be corrected by rotating C; and Cj relative to
each other about an axis perpendicular”to both by the error angle Eii. Since”it is not
known whether Ci or C4 is in error, it is assumed that each are equally likely to be
generatiny the error,~and each is rotated by half of Eij to correct the error. Hence, the
orthogonality correction algorithm is:

Ci{n+l) = Ci(n) -1/2 Eij Cj(n) (29)
Cj(n+1) = Cj(n) -1/2 Eij Ci(n)

1t is easily verified ueing (29) that an orthogonality error E;4 originally present in
Ci(n) and Cj(n) is no longer present in Cy(n+l) and Cj(n+1) after application of equation
( 9)0 "

The unity condition on Cj (i.e., normality) can be tested by comparing the magnitude
squared of C; with unity:

By = l-0¢5 T (30)

A measured normality error Ejj can be corrected with:

Ci(n+l) = Ci(n) -1/2 Eii c; (n) - (31)

Equations (28) through (31) can be used to measure and correct orthogonality and
normalization errors in the direction cosine matrix. In combined matrix form, the overall
measurement/correction operation is sometimes written as:

Ca+l = Cp#r/2 (1 - cp 6T ¢ o (32)

3.5.1.1 Rows or Columns - The previous discussion addreseed the problem of orthogonalizing
and nomalizing the rows of a direction cosine matrix C. In combined form, eguation (32)
shows that the correction is:

6c=1/2 (r -cct) ¢ , (33)

Equation (33) can be operated upon by premultiplication with C postmultiplication by CT,
and combining terms. The result is:

sCc = 1/2 ¢ (1 -~ cTo) (34)

The (X -~ ¢Tc) term in (34) is the error matrix based on testing orthogonality and
normality of the columns of C. Thus, if the rows of C are orthonormaliced (i.e., 6C is
tulled), the colurvnis of C will also be implicitly orthonormalired. The inverse applies if
the columns are directly orthonormalized with (34). The question that remains is, which is
preferred? The answer is related to the real time computing problem associated with the
caloulation and correction of orthogonaliration and normalization errore.

l1deally, the orthogonaligation and normalization opevations are performed as an outer
loop function in a strapdown navigation computer so as not to impact computer throughput
"~ reaguirements. A cowputational organication that facilities guch an approach divides the
orthonormalization operations into submodules that are executed on successive passes in the
outer-loop software path. A logical division of the orthonormalization operations into
subodules ie ‘as defined by equations (28), (29), (30), and (21).

This implies that measurement and correction of orthogonalization and normalieation
effacts are performed at different times in the computing cycle. Such an approach is only
valid if the orthogonality and normalizations ervors (i.e., Eiy and E{y) remain reasonably

" stable as a function of time, _

‘-ﬂo assess the tiwe stability of the otehogoqality/normalization orror is to investigate




3.5.2 (Quaternion Normalization
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the rate of change of the bracketed terms in equations (33) and (34). For convenience,
these will be defined as:

A
Ep = (I -ccT)
(35)
A
Ec = (I -cTe)
The time derivative of (35) is:
Ep = - &l - ¢t
{36)
EC = - CTC - CTC

Expressions for ¢ and CT can be developed by returning to equations (2), (3), (5), and

(6}. These equations can be rearranged to show that over a given time interval, the change
in C is given by:

AC = c(a-~-1I)+ (B- I

which with (3) and (4) becomes to first order:
AC = C(px) - (8x)C (37)

Dividing by the time interval for the change in C, recognizing that ¢ and 6 are
approximately integrals of w and § over the time interval, and letting the time interval go
to zero in the limit, yields the classical equation for the rate of change of C:

¢ = clux) - (gx)c (38)

where

(ux), (2x) = Skew symmetric matrix form of vectors w, 0.

The transpose of (38) is

T = - (ux) CT + cT (gx) (39)

We now substitute (38) and (39) into (36). After combining terms and applying equations
(35), the final result is: '

Ep = Ep (@x) - (x) By
(40)

3

Eq =« Eg (wx) - (yx) Eg

Equations (40) ehow that the rats of change of Ep is proportional to Ep and the
navigation frame rotation rate Q, whereas the rate of change of Eg is proportional to Ep and
the body rotation rate y. Since y is generally much larger than §, Ep is generally larger
than Ep. It can be concluded that Ep is more stable over time, hence, orthonormalieing the
direction cosine matrix rows (based on the ¥, measurament) is tha preferred computational
approach if the real time computing problem f- taken into account.

The quaternion is normalized by measuring ite magnitude squared compared to unity, and

adjusting each element proportionally to correct the normalization error. The normalivation
error is given by , :

By * 9q* -1 ' | (41)

It is easily verified using the rules for quatexnion algebric that scquals the sum of
the squaxes of the elements of q minus 1. ‘The correction algorithm is glven by

Yael) = Un) - 1/2 Eq Q(n) ' , (42)
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3.6 Direction Cosine Versus The Quaternion For Body Attitude Referencing

The tradeoff between direction cosine versus quaternion parameters as the primary
attitude reference data in strapdown inertial systems has been a popular area of debate
between strapdown analysts over the past three decades. In its original form, the tradeoff
centered on the relative accuracy between the two methods in accounting for body angular
motion. These tradeoffs invariably evolved from the differential equation form of the
direction cosine and quaternion updating equations and investigated the accuracy of
equivalent algorithms for integrating these equations in a digital computer under hypoth-
esized body angular motion. Invariably, the body motion investigated was coning motion at
various frequencies relative to the computer update frequency. For these early studies, the
tradeoffs generally demonstrated that for comparable integration algorithms, the quaternion
approach generated solutions that more accurately replicated the true coning motion for
situations where the coning frequency was within a decade of the computer update frequency.

As presented in this paper, both the quaternion and direction cosine updating algorithms
have been based on processing of a body angle motion vector ¢ which accounts for all
dynamiic motion effects including coning. These updating algorithms {equation {2) and (3)
for direction cosines and (13) and (14) for the quaternion) represent exact solutions for
the attitude updating process for a given input angle vector ¢. Consequently, the jquestion
of accuracy for different body motion can no longer be considered & viable tradeoff area.
The principle tradeoffs that remain between the two approaches are the computer memory and
throughput requirements associated with each in a strapdown navigation system.

In order to assess the relative computer memory and throughput requirements for quater-
nion parameters versus direction cosines, the composite of all computer requirements for
each must be assessed. In general, these can be grouped into three major computional areas:

1. Basic updating algorithm
2. Normalization and orthogonalization algorithms

3. Algorithms for conversion to the direction cosine matrix form needed for
acceleration transformation and Euler angle extraction

Basic Updating Algorithms ~ The basic updating algorithm for the quaternion parameters
is somewhat simpler than for direction cosines as expansion of equations (2) and (3)
compared with (13) and (14) would reveal. This results in both a throughput and memory
advantage for the quaternion approach. Part of this advantage arises because only four
quaternion elements have to be updated compared to nine for direction cosines. The
advantage is somewhat diminished if it is recognired that only two rows of direction cosines
({.e., 6 elements) need actually be updated since the third row can then be easily derived
from the other two by a cross-product operation (i.e.,, the third row represents a unit
vector along the z-axim of the navigation frame as projeacted in body axea. The first two
rows represent unit vectors along x and y navigation frame axes. The cress-product of unit
vectors along x and y navigation axes equals the unit vector along the z-navigation axis).

Normalization And Orthogonalization Algorithms - The normalization and orthogonalization
operations associateé with direction cosines are given by equation (28) through (31). The
quaternion normalization equation is given by equations (41) and (42).

The normalization equetion for the quaternion is generally simpler to implement than the
orthcgonaliration and normalization equations for the direction cosines. If only two rows
of the direction coaine matrix are updated (as described in the previous paragraph) the
direction cosine orthogonalizatlon and normalization operations required are half that
dictated by (28) through (31}, but are still more thun required by (41) and (42) for the
quaternion. Since the orthonormalization operations would in general be iterated at low
rate, no throughput advantage results for the quaternion. Somn memory savings may be

. realized, howaver. .

A koy factor that must be addressed relative to orthonormalization tradeoffs is whether
-or not orthonormalization is actually needed at all. Cloarly, Lf the direction cosine or
quaternion updating algoritlms were implemented perfectly, orthonormalirzation would not be
requirad, It is the author's contention that, in fact, the accuracy requirements for
strapdown systems diotate that strapdown attitude ugdating software cannot tolerate any
arvors whatsoever {compared to sensor error effeots). Thereforae, if the attitude updating
software is designed for negligible drift and scale factor error (compared to sensor errors)
it will also implicity exhibit negligible orthogonalitation and/or normaliration errors.

) The above argument is valid if the effect of orthonormalization errors in strapdown
attitude data is no more detrimental to system performance than other software attitude
arror effects. This i in fact the case, as detailed error snalyses would veveal. Since
modern-day general purpose computers used in today's strapdown inertial navigation systems
have the capability to implemont attitude updatxn? algorithms essentially perfectly within a
reasonable throughput and memory requirement, it is the author's opinion that
orthonormslization error correction should not be needed, hence, is not a viable tradeoff
area relative to the use of guaternion parameters versus direction cosines.

Algorithms For Conversion To The Direction Cosine Matrix - If the basic calculated
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attitude data is direction cosines directly, no conversion process is required. For cases
where only two rows of direction cosines are updated, the third row must be generated by the
cross-product between the two rows calculated. For example:

C31 = Cj2 C23 = Cy3 C22
C32 ™ Cp3 G - Cy) €23 (43)
C33 = Cj) C2 - €32 Ca1

For quaternion parameters, equation (17) must be implemented to develop the direction
cosine matrix, a significantly more complex operation compared with (43) for the twn row
direction cosine approach. Since direction cosine elements are generally required at high
rate (for acceleration transformation and Euler angle output extraction) both a throughput
and memory penalty is accrued for the quaternion approach. The penalty is compounded if the
calculated direction cosine outputs are required to greater than single precision accuracy
(including computational round-off error). For noise~free acceleration transformation
operations (such as may be needed to effect an accurate system calibration) double-precision
accuracy is needed. The result is that equation (17) for the quaternion versus (43) for
direction cosines would have to be implemented in double-precision imposing a significant
penalty for the more complex quaternion conversion process.

Tradeoff Conclusions - From the above qualitative discussion, it is dqifficult to draw
hard conclusions regarding a preference for direction cosines versus quaternion parameters
for attitude referencing in strapdown inertial systems. Pros and cons exist for each in the
different tradeoff areas. Quantitative comparisons based on actual software sizing and
computer loading studies have led to similar inconclusive results. Fortunately, today's
computer technology is such that the slight advantage one attitude parameter approach may
have over the other in any particular application is insignificant compared with composite
total strapdown inertial system throughput and memory software requirements. Hence,
ultimate selection of the attitude approach can be safely made based on “analyst's choice®.

4. STRAPDOWN ACCFLERATION TRANSFORMATION ALGORITHMS

The acceleration vector measurement from the accelerometers in a strapdown inertial
system is transformed from body to navigation axes through a mechanization of the classical
vector tranformation equation:

a8 = ca (44)
where

a w Specific force acceleration measured in body axes by the strapdown
acceleromaters

g“ = Specifiec force acceleration with components evaluated along navigation axes.

The implementation of equation (44) is accomplished on a repstative basis as a recursive
algorithm in a digital computer such that its integral properties are preserved at the

uter cycle times. In this manner, the velocity which is formed from the integral of
{44) will) be accurate under dynamic conditions in which gﬂ may have erratic high frequency
components. The recursive algorithm for (44) must account for the effects of body rotation
(and secondarily, rotation of the navigation coordinate frame) as well as variations in a
over the computer iteration period. :

4.1 Acceleration Transformation Algqorithm That Accounts For Body Rotation Effects

To dovelop an alyorithm for equation (44) that pressrves its integral properties, we
begin with its integral over a conputer cycle:

W oe tw}: ade - ' (45)
g ty 2 _ ,
where ‘:i‘
: QF w»  Change in the integral of equation (44) (or specific force veloocity change) ; “'||
over a computer oycle m : v

The velocity vector in the navigation cammputer is gonerated by summing the g“‘u
corrasted for Coriolis and gravity effects.

The C matrix in (45) is a continuous function of time in the interval from ty O tyy,
A eguivalent form for C in terms of its value at the computer update time (m) ist

¢ = oclm) Ale) , : (46) !_,._?..,.9“
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where
C(m) = Value of C at tp
A(t) = Direction cosine matrix that transform vectors from body axes at time t to the
body attitude at the start time for the computation interval tp.

Equation (46) with the definition for A(t) above accounts for the effect of gyro sensed
body motion over the computer interval. The next section will discuss the correction used
to account for the small rotation of the navigation frame over the computer interval.

Substituting (46) in (45) and expanding:

{m) f ' (t)
ul¥ = C(m A(t) a dt
=2 ¢ a

We now use a first order approximation for A(t) as given by equation (3), with s treated
as a function of time in the interval as defined to first order in equation (22):

o(t) ~ plt) -I:m w dt

Thus,
Alt) « I+ (3(t)x) (47

tm+l
w & c(m) Itm (X + (alt)x)) a at

- Clm) (f::ﬂ.e. at + I:“(p_m =) )

We now define

A tanl
u = f ade
*u
Hence,
W oot (ue !:':“(g(_u xaya) e
with \
| (t) = . |
t) = W dat
] ty
tael
u = J aat
tn
An uurnidvb form of (48) can also be derived through direct apgucauon of the
integration by parts rule to the intsgral term in the equation (48) u™ expression.:
W = Cm) (u+1/2p8 xu+ 1/21; plt) x a ¢ u(t) xu)de) (49)
with

{
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(t) = at

4 Itm o

ult) = jt a dt
tm

8 = sle=tg)

n o= ut=t )

Equations (48) and (49; are algorithmic forms of equation (44) that can be used to
calculate 3§ in the strapdown computer exactly (within the approximation of equation (47)).
These equations show that the specific force velocity change in navigation coordinates is
approximately equal to the integrated output from the strapdown accelerometer (u) over the
computer cycle, times the direction cosine matrix which was valid at the previous computer
update time. Correction terms are applied to account for body rotation. In general, the
correction term involves an integral of the interractive effects of angular w and linear a
motion over the update cycle. The integral terms have been coined “sculling® effects.

The equation (49) form of the uN equation includes a 1/2 g x u term which can be
evaluated at t,;; as the simple cross-product of integrated gyro and accelerometer
measurements (T.e., without a dynamic integral operation). Furthermore, it is easily
demonstrated that for approximately constant angular rates and accelerations over the
computer cycle, the integral term in (49) is identically zerc. This forms the basis for an
approximate form of (49) which is valid under benign flight conditions (i.e., using equation
(49) without including the integral term). The 1/2 § x u term in (49) is sometimes denoted
as "rotation compensation". )

4.1.1 Incremental Form of Transformation Qperations and Sculling Terms
In a severe dynamic environment, equations (48) or (49) would be implemented explicitly

with the integral terms machanized as a high spased digital algorithmic operation within the
tp to tyy) update cyole. The integral terms we are dealing with are fraw (48) and (49):

gy & [Smleace) dat
& ® {ate) » a)

{50)

52 8 12 -;t:“*’um. x 2 +ule) x g) at
‘With the equation (50) dafinitions, (48) and (49) become: . _
W e otm) el e T (52)
o wWow Sl lus1/2 g + 82) S , {52}

Recursive nlgorithas for 8) or §3 can be derived by first rewriting (50) in the

- equivalent form:

Cope = gm e S g
o= ) 7 tl ,

Cate) e oa(w e I_: ade

alart)

o o
al+ jt"’um xo)dt
s : |

o) = gz (MG ssene s T

-glarl)
uf a#1)

pltut )
ufe=t ”.1’ ’

nlt=tyn)
v yalevtge)
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with initial conditions
Blt=ty) =0
u(tst,) =0
1y (t=ty) =0
r2(t=ty) a2 o

(54)

where

4 = High speed computer cycle within m lower speed computation cycle.

The integrals in (53) can be replaced by analytical forms that are compatible with gyro
and accelerometer input data processing if o and a are replaced by a generalized time series
expansion. For equations (53), it is sufficient to approximate w and a over the & to 1+l

time interval as constants. Using this approximation in (53) yields the final algorithm
forms. For §;., the companion to equation (51), the algorithm ia:

23 (441) =y (2) + (B(L) + 1/2 88(2)) x Av(2)
pla+1) = p(&) + a8(2)

where

ti4]

.Aem-I »de-iq gt

_ tial il
Au(r) = It:. adt = lt‘ dy

8 *nlestgn) - ‘ {55)

For equation (S51)
WH1) w u(d) + av(L) -

A
4 = alteegey )
with initial conditionss
‘p_(t-e,) Late0y w0

qaftet) &y t1e0) = 0

where
at, dv, = Gyro aud accelerometer cutput piilée vectors. Bach componant (x, y, )
reprosents the occurance of a rotation through a specified angle atou* the
- gyro input axis {for &) componunts) or an aceceleration through a specific
force velocity clunge amug the accelercmeter input axis {for dv
componants ).

6, A¥, = Gyro &nd accelerometer pulse veotor ciunts from & to t+l.

For the alternative S form, the companion to equation (52), the algorithm fi:

U . St A WA Rt
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Yo(a+1) = yo(2) + 1/2 (B(2) x Av(2) + u(2) x A8(L))
BIA41) = B(1) + 48(2)

u(f+1) = u(2) + av(e)

where
teel sl
AB(L) = | wdat =) a0
- ty ~ ty T
tasl ta4
Au(r) = [ adt =) dv
- ty T ty
and (56)
8y = 12(t=tm+l)

For equations (52):

B = E(t=tm+l)

u = ulestpyy )

with initial conditions:

Blt=ty) = p(2=0) = 0
A

ult=t) 2 u(2=0) = 0
A

Yalt=ty) = ¥5(4=0) = 0

Equations (51) with (55), or (52) with (56) are computational algorithms that can be

used to calculate the navigation frame specific force velocity changes. Two iteration rates

are implied: a baslc m cycle rate, and a higher speed . cycle rate within each m cycle.

The m cycle rate is selected to be high enough to protect the approrimation of
neglecting the (Bit)x)2 term in A(t) (contrast equation (47) with the equation (3) exact
form for A). This design condition is typically evaluated under maximum expected linear
acceleration/angular rate envelope conditions for the particular application. Typically,
the m cycle rate required for accuracy in the attitude updating algorithms is also
sufficient for accuracy requirements in the m cycle of the acceleration transformation
algorithms.

The & cycle rate within m is set high enough to properly account for anticipated
composite dynamic w, a effects. Section 6. desvribes analytical techniques that can be used
to assess the adequacy of the 8 ilteration rate for the sculling computation under dynamic
input vonditions.

4.1.3 Acceleration Transformation Algorithms Based on Quaternion Attitude Data

Equations {51) or (52) were hased on the use of direction cosine data {(C) in the
strapdown computer. If the basic attitude data is calculated in the form of a quaternion,
the equivalent C matrix for transformation can be calculated using equations (17).
Alternatively, the quaternion data can be applied directly in the implementation of the
tranformation operation through application of equation (12) to equations (51) and {(52):

ulN = q(m) (u + 8;) alm)* | (57)
or

Na * 83) q(m)*

u q{m) {(u 2) alm (58)

$3%1/28xu+8,
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where u and the terms in the middle brackets are the quaternion form of the vector of the
same nonmenclature defined as having the first three terms (i.e., vector components) equal
to the vector elements, and the fourth scalar term equal to zero. The §; and §; terms are
calculated as defined by equations (55) and (56).

4.2 Acceleration Transformation Algorithm Correction For Navigation Frame Rotations

The acceleration transformation algorithms represented by equation (51), (52) or (57),
(58) with (55), (56) neglects the effect of navigation frame rotation. In general, this is
a minor correction term that can be easily accounted for at the n cycle update rate (i.e.,
the computer cycle rate used to update the attitude data for the effect of navigation frame
rotations). It can be shown through a development similar to that leading to equation (52),
that the correcticn algorithm for local navigation frame motion is given to first order by:

Aul(n) = - 1/2 8 x y(n) (59)

where

Agy(n) = Correction to the value of gn computed in the m cycle that occurs at the
current n cycle time. (Note: the m cycle is within the lower speed n cycle time
frame) .

v(n) = Summation of u(m) over the n cycle update period.

8 = Integral of the navigation frame angular rotation rate over the n cycle
period (as described in Sections 3.1.2 and 3.4)

5. EULER ANGLE EXTRACTION ALGORITHMS

If the body attitude relative to navigation axes is defined in terms of three successive
Euler angle rotations ¢, 8, ¢ about axes z, y, x respectively (from navigation to hody
axes), it can be readily demonstrated (9) that the relationship between the direction cosine
element.s and Euler angles is given by:

Cll = CcosY cosd

Ci2 = - cosd sing + siné aind coey

Ciz = sind sainy + cose sing cosy

z

Cay cosd sing 7

Cz2 ™ cosd cosp + sing sind eing - .7 : (60)
Co3 = - siny cosy + cosy #ing eing '

€31 = - eind |

C3z = simd ©osbd

Caz ™ comp cosd

Por conditions where /0/  w/2 the invorse of equations (G0} can bo uesd to evaluate the
Buler angles from the direction cosines: . .

-1 ¢
¢ o ean 32

€33

0 e tant M T (61)
¢ (1=5312) S :

~% Cgy-
an 21

¢ =t ol
Gz

For situations where [/ approschus w/2, the ) and ¢ equations in {61} becone
indetetrminate because tho nameratos and doiminator approach tero simultanecwsly (ece
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equations (60)). Under these conditions, an alternative equation for ¢, ¢ can be developed
by first applying trigonometric algebra to equations (61) to obtains:

Cy3 + Cyp = (8iné ~ 1) sin(¢ +
Ci13 - Cg5 = (8ind - 1) cos(¢ +

Ca3 - C32 = (sin@ + 1) sin(¢

C13 + Cp3 = (siné + 1) cos(¢

Taking appropriate reciprocals

$)
¢)
¢)
¢)

(62)

of sine, cosine terms in (62) and applying the inverse

tangent function:

For @ near + ®/2

-1 Cz3 - C;2
€13 + C22

¢ - ¢= tan

(63)
For @ near - =n/2

-1 C23 + Cp2

reae

C33 = C22

¢ + ¢ = tan

Equations (63) can be used to obtain expressions for the sum or difference of ¢ and ¢
under conditions where /6/ is near =/2. Explicit separate solutions for ¢ and ¢ cannot be
found under the /0/ = x/2 condition because ¢ and ¢ both become angle measures about
parallel axes (about vertical), hence, measure the same angle (i.e., a degres of rotational

veedom is lost, and only two Euler angles, 6 = + x/2 and ¢ or ¢ define the body to
navigation frame attitude). Under /9/ near =/2 conditions, O or ¢ can be arbitrarily
solected to satisfy another condition, with the unspecified variable calculated from (63).
As an example, ¢ night be set to a constant at the value it had from equations (61) when the
/0/ near x/2 region was entered. This selection avoids jumps in ¢ as the solution equation
is transitioned from the {61) to the (63) form.

6. ALGORITHM PERFORMANCE ASSESSMENT

The division of the attitude updating and acceleration transformation algorithms into
high and low specd loops for body motlon effects (4 and m ratea) provides for flexibility in
selection of the iteration rates to maintain overall algorithm accuracy at system specified
performance levels. The & and m rate slgorithms have been designed such that the high rate
) loop consists of simple computations that can be iterated at the high rate nsoded to
properly account for high frequency vibration effects. The m rate loop algorithms, on the
other are more complicated, based on computationally exact solutions.

Tteration rates for the m loop are selected to maintain accuracy under maximws maneuver
induced motien conditions. The m loop iteration rate to maintain accuracy under maximum
maneuver conditions can be easily evaluated analytically, or by simulation, through
comparision of the actual algorithm solution with the Taylor series truncated forms sslected
for system mechanization. fteration rates for the % loop are selected to maintain accuracy
undor anticipated vibratory envirvonmantal conditions. :

6.1 Vivration Environment Assessment

A fundamental caleulation that should be performed prior to the analysis of 1 loop
alyorithm iteration rato reqrivemsnts is an assessment of the dynamic inputs that must be
poasured by the algorithms. In ssaence, this cousists of an evaluation of the continuous
(1.0., infiniteiy East iteration rate) form of the algorithms in question under dynamic
input conditions. The specific continuous torm equations of interest ave equations (22)
for §f and {50) for 8, or Sy. '

" 6.1.1 4B Dynumic Envirxonment Assesswent (Coning)

We ropeat equations (22) for 8 evaluated at t = g4t

[T RSN
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(t) ft at
Bl e 2

(64)
tm+1
8B (t=tyyy) = 1/2 ftm Blt) x u at

and analyse the solution for 8B(t=tp4;) under general cyclic motion at frequency f in axes x
and y with angular amplitudes-e'x. 9y and relative phase angle ¢ such that:

t
Io wat = (8 sin(2zft), 0, sin(2nft+e), 0)T
{(65)
w = 2xf (8, cos(2rft), 8, cos(2ft+s), 0)T

Substituting (65) in (64), expanding through application of appropriate trigonometric
identities, and carrying out the indicated integrals analytically betwean the assigned
1imits, ylelds zero for the x, y components and the following for the z component of

Sp(tmtpy)s
sin 2xf(tpey - tp) )

6By (t=tyey) = = 8 Oy (8ine) £ ((tgy) = tp) - o

Defining the m cycle time interval as Ty, the latter exression is equivalently:

sin 2x£T,
8Bz = % 0x 6y (sine) £ 7y ( 1 - —im m
m

) (66)

Hence, even though the  rate is cyclic in two axes as defined by equation (65) in x and
¥y, the value for 0P, is a constant proportional to the sine of the phase angle between the
X, y angular vibrations. Under conditions whers ¢ = O (defined as “rocking” motion), 66, is
zero. Under conditions where ¢ = x/2, 88, is maximum. The equation (65) rate when ¢ = %/2
has been termed “coning motion' due to the characteristic response of the z axis under this
motion which describes a cone in inertial space.

Equation (66) can be put into a “drift rate" form by dividing the 8f, angle by the time
interval Ty over which it was evaluated: :

sin 2x£7, )

— e (67)

S = % 0y Oy (aing) £ (1 -

, Equation (67) is a fundamental equation that can be uscd to assess the magnitude of
60, that must be gocounted for by the 8p computer algorithm under discrete frequency input
conditions. 1f 88, is amall relative to system perforiance requiraments, it can be -
neglected, and the £ loop aljorithm for 8§ need not be implemented. .

Equation (67) describes how 8p, can be caloulated for a discrete input vibration
frequoncy £. In a more general case, the input rate is composed of a mixture of frequencios
in % and y at difforent phase angles ¢ for each. If the source of the gereralired angular
‘vibration is random input nolse to the strapdown system, the x, y motion is c¢olored by the
transmission characteristios of the nolse input to the x, y angular responss. A more

_guneral developinent of aquation {67) that accounts for the latter effects shows that the -
compsrable equation for 6Py is given byt

i o i
by = I 0 Agle) Agle) minlaay(u) = ag(@)) (2 - ia';.‘f'ﬁ) Pun(d0) du (68)
" ) m - .

where

A, (w), Ay(u) » Amplitude of tranefer function relating system input vibration nolse
_ to angular attitude response of sensor assembly about %, y axes.

OA,(@).QAY(H) = Phase of transfer function relating system input vibration noise to
) angular attitude response of sensor assenbly about x, y axcs.
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- Pnn{du) = Power spectral density of input vibration noise.

w = Fourier frequency (rad/sec)

Note: Mean squared vibration energy = j; Pon(ie) dw

Equation (68) can be used to assess the extent of random spectrum dynamic angular
environment to be measured by the §g computational algorithm. The §gy value calculated by
{68) measures the composite correlated coning drift in the sensor assembly that must be
calcuated to accurately account for the actual motion present. If the §g, magnitude
calculated from (68) is small compared to other systems error budget effects, the
mechanization of an algorithm to calculate §g is not needed (i.e., can be approximated by
zero).

The extension of equations (67) and (68) to y, £ or %, x axis angular vibration motion
should be obvioua.

6.1.2 8;, 8, Dynamic Environment Assessment (Sculling)

We repeat equations (50) with u and g from (48) and (49):

glt) = f: q at
mn

t
u(t) = a dt
4 / £

(69)

8 = Ifm+1(ﬁ(tl x a)dt
tm

82 = 12 f::“u(r_.) x a +ult) x g)ae

and analyse the 5y, Sa2 solutions under general cycle motion at frequency £ in axes x, y
with angular ampIitude o, about axie x and acceleration amplitude Dy along axia y at
retative phase ¢ ;_uch thatt _ » .

[oudt = (o sinl2ate), 0, O)T

w = (3af 0y cos(axgt), 0, OF : 70)
8 = (0, Dy sin(2ettey), O)T :

Substituting (70) in (69), npanding theough application of approprlate trigoﬁmeric
identities, and carrying out the indicated integrals analytically between the assigned
limits, yields tero for the x, 'y components and the following for the r component of 5y
and 82+ ' , - _ - o

By = L/2 Tm‘bx Dy (cosy) (1 - ‘:;;;;32“ (71)
. S1¢ * 1/2{gxn)y +8y : ' » o - (72)

where

(grulg= = -'conpomnt of § £ u evalulated st t = tyy) .

Hence, evan though the , and & inputs are cyclic in two axes as defined in eguations
(70), the value for Sy, is a constant proportional to the cosine of the phase &ngle batwesn

e

T
s
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the x angular vibration and y linear acceleration vibration. Under conditions where ¢=1/2,
85, is zero. Under conditions where ¢= 0, 8y, is a maximum. Equation (70) motion when

4= 0 has been termed "sculling motion" due to the analogy with the characteristic angular
movement and acceleration forces imparted to an oar used to propel a boat from the stern.
Note also that Sj; is equal to Sz, plus the correction term (rotation compensation) measured
as the cross-product of the simple angular rate and linear acceleration integrals taken over
the m computation cycle. (See equations (48) and (49) for definitions).

Equation (71) for 85, can be put into an "acceleration bias" form by dividing the
velocity change correction Sy, by the time interval T, over which it was evaluated:

8in 2nfTy )

—_— 73

Sz = 1/2 8y Dy (cosé) (1 -

Equation (73) (with (72) for 8;,) is a fundamental equation that can be used to assess
the magnitude of Sy, that must be accourted for by the S; or Sz computer algorithm under
discrete frequency input conditions. If Sy, is small relative to system performance require~-
ments, it can be neglected, and the 1 loop algorithm for calculating 8; or S; need not be
implemented. Under the latter conditions, 8; would be set equal to the cross-product term
in (72) which makes the basic equation (51) and (52) transformation algorithms identical.

Equation (73) describes how Sy, can be calculated with a discrete input vibration
frequency £ for angular motion about x and linear motion along y. In a more general case,
the input rates and accelerations are composed of mixtures of angular and linear motion
about x and y at different frequencius and relative phase angles. If the source of the
generalired vibration motion is random input noise to the strapdown system, the x, y angular
and linear motion is colored by the transmission characteristics of the noise input to the
x, y angular and linear response. A more general development of equation (73) that accounts
for the latter effects show that the comparable equation for Sy, is given by:

Syg = f'; (Ay(w) By(@) cos(dpy(@) = #pe(@)) = Ag(w) By(w) cos(epx(w)

simTy {74)
= ¥By(u) (1 = c—) Pppliw) &
WTy
where

oty k) As defined previousl

Axi®), Wpyid, = ned praviously.

Pani$), 0

By(w), Bx(u), "m= %, y, anplitude/phase linear acceleration response of the aensor

- dgxl), By(@) assexbly to the input vibration. ,

Equation (74) can be used to assess the extent of random spectrum dynamic motion
environment to be measured by the 8; or 8; computational algorithms. The Sz value
calculated by (74) measures the composite correlated soulling acceleration bfn in the
senscr asserbly that must be calcoulated to accurately account for the actual motion present. -
If the éz magnitude calculated from (74) is emall compared to other system error budget
effecte, ghc mechanization of an algorithi to calculate 8) or 8; in the high rate & loop is

- not needed (i.e., 8, can be approximated by zero in (52) or 8; can be set ejual to the
oross=-product term in (52)). - ] .

The aextencion of equations (73) and (74) for y, 2 or ¢, x axis vibration motion should
‘be obvious. . o , '

6.2 Algorvithm Accuracy Assesawent

The accuracy of the computation algorithwm for 88 or §;, 82 can be assessed by comparing
their solutions to the comparable continucus foym solutiofts dSveloped in Section 6.1 under
identical input conditions. : : : ’

6.2.1 8p Coning Algorithm Error Assessaent

The computational algorithm for caleulating 38 in & strapdown system ie given by
equation (26). A measure of the accuracy of the squation (26) algorithm can be obtained by
alalytically calculating the solution genersted from (26) under assumed oyoclic motion and
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comparing this result to the equivalent solution obtained from the idealized continuous
algorithm described in Section 6.1. For a discrete frequency vibration input, the equation
(65) motion can be used analytically in equation (26) to calculate the algorithm solution
for 68 at t = tyy; (i.e., analagous to the eguation (67) solution for the continuous
(infinitely fast) algorithm. After much algebraic manipulation, it can be demonstrated that
the algorithm solution for 5p as calculated from equation (26) under equation (65) input
motion, has zero x, y components, with a z component rate given by:

* in 2xfT
6Bgarc = % 9y ey (sin ¢) ((1 + 1/3 (1 - cos 28£Ty)) _._.-_—..-.s :"‘f:'z - (75)
sin 2%£T
an'rm

where
Gézam = Recursiva algorithm solution for 6f, rate
Ty = Time interval for high speed X computer iteration cycle
Equation (75) for the 8f discrete recursive algorithm solution of equation (26) is
directly analagous to the equation (67) solution of the equation (22) continuous 8§
algorithm. It is easily vorified that (75) reduces to (67) as Ty approaches zero.
The error in the 8§ algorithm is measured by the difference between (67) and (75); i.e.:

sin 2x£Ty

e(&éz) =% £ 0y 0, (sin ¢)((1 +1/3 {1 - cos 2x£Ty)) T,

1) (76)

where
0(665) = Error rate in the equation (26) algorithm.

Equation 7(76) can be used to assess the error in the equation (26) 8f adlgorithm caused
by finite iteration rate (i.e., the effect of Tp) under discrete frequency input conditions.

Under random vibration input condi-tiéna. “he equation (26) algorithm can ba analysed to
obtain the more general sclution for the 8fgprg rates : 5 .

lapm - I;_Q_A_‘(ﬁ)’ Ayle) unr(o,w(_u) - dax(0)) ((1’

sin Py -ain 0Ty

o m
T W) Pnplde) dv o

+1/3 (1 - coauwTy)

The 3f algorithm error under random inputs is the differance betwean the equation (77)
discrete solution and the equivalevt continucus equation (68) w;ut.ion form. The result iss

méz) -J; G Ag(9) Aylu) sin(apgle) = opgtv)) (Q1

h WY,
in YT 1) Byglde) dw
Wl ‘

" (78)

+1/3- {1 - coswTy)

Pquations (76) and (78) can be used to assess the error in the ejuation (26) 8f
algorithem caused by finite iteration rate under discrete or random vibration input .
conditions. The extension of equations. (76) and (78) to y, ¢ or z, x axis effects should be

' 6.2.3 '_q Schntng Algoriths Error Assesanmsnt
" the computational aigorithm for calculating §, or S is given by ejuations (55) and

- (56)+ & meusuroe of the accuracy of these algori cah be obtained by analytically
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calculating the solution generated from (55) or (56) under assumed cyclic motion and
comparing the result to the equivalent solution obtained from the continuous algorithm as
described in Section 6.1.2. For a discrete frequency vibration input, the equation (70)
motion can be used analytically in equation (55) and (56) to calculate the algorithm
solution for 8;, S, (i.e., analogous to the equation (72) and (73) sclution for the
continuous (infinitely fast) algorithm). After much algabraic manipulation, it can be
demonstrated that the algorithm solution for 8; and S; as calculated from equations (55) and
(56) under equation (70) input motion, has zeroc x, y components, with a z component rate
given by:

sin 2#fTy sin 2afT,
2%£T, 2x£Ty,

(79)

82¢a16 = 1/2 68y Dy (cose) (

81ga16 = 1/2 (B x u)g + Sapre (80)

where

S)za16+ S2zaLG = Reoursive algorithm solutions for 8,5, 835

Equations (79) and (80) for the 8,, S, discrete recursive algorithm solution is directly
analogous to the equations (73) and T%z) solution to the continuous 83, 83 algorithm. It is
easily verified that (79) and (80) reduce to (73) and (72) as T, approaches zero.

The error in the S;, S algorithm is measured by the difference between (79), (80) and
(73), (72) ; i.e.,

. in 2x£T
e(81g) = elfgg) = 1/2 65 Dy (cosy) (1 - 227772 (81)
_ 2$£Tz
whare
e(By,), e(8y,) = Error rate in the equation (55) and (56) algorithm solutions.

Equation (Bl) can be used to assess the error in the equation (55) and (56) algorithms
caun:diby finite iteration rate (i.e., the effect of T,) under discrete freguency input
conditions. .

Under random vibration input conditions, thi equation {55) and (56) algorithms can be
analysed to cbtain the more gencral solution for Sy, S2g¢ o

CBap = 1 (Ay() Byle) Gon Laaglo) ~ apylo))

"= Agl) Bylw) coslepg(w) = epylwl)) (ﬂ;i_ - -
: . Wy .

- 840 ol pon(ie) do

8y = 1/2 (g x u)y ¥ 8y

The Sy, Sy, algorithm error under vibration is the difference between the equation (82)
discrete solutions and the squivalent continucus equation (74) with (72) forms: :

elByy) = elByy) = j: (Agle) By lw) coslepylu) ~ epyle))

« Ag(w) Bylu) coslepglo) = opyle))) (2 - (83)

o M0 T )

“,l

lquntidn (82) and (83) cun be used to assems the error in the equation (55) and (56)
algoritiss caused by finite iteration rate under discrete or random vibration input
conditions. Ths extension of equation (83) to y, & or ¢, x anis effects should be obvious.
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7. CONCLUDING REMARKS

The strapdown computational algorithms and associated design considerations presented in
this paper are representative of the algorithms being used in most modern-day strapdown
inertial navigation systems. The unique characteristic of the attitude and transformation
algorithms presented is the separation of each into a complex low speed and simple high
speed computation section. Due to the simplicity of the high speed calculations they can be
executed at the high rates necessary to properly account for high frequecy but generally low
amplitude vibratory effects without posing an insurmountable throughput burden on the
computer. The lower speed calculations which contain the bhulk of the computational
equations can then be executed at a fairly modest update rate selected to properly account
for lower frequency but larger magnitude maneuver induced motion effects. Perhaps the
principal advantage of the algorithm forms presented, is their ability to be analyzed for
accuracy using straight-forward analytical techniques. This allows the algorithms to be
easily tailored and evaluated for given applications as a function of anticipated dynamic
environments and user accuracy requirements.
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APPERDIX A
_DERIVATION OF § EQUATION

A differential eguation for the rate of change of the ¢ vactor can be derivad fron the
eguivalent quaternion rate equation. The quaternion h in equations (13) and (14} {a the
quaternion equivalent to the ¢ rotition angle vector. A differential squation £or h can be

derived from the incremental equivalent to (13) that describies how h changes over a short

time period 4t (from t to tyy)) within the larger time fnterval from t, to tgyt

hit+l) = hit) pQ) ‘ (A1)

- where
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- SBubstituting in (A3) obtainss

93 %x
g3 %y
p = g3 %y
94
(a2)
ain {a/2)
g3 = -—---/—- gq = cos («/2)
a
@ = Rotation angle vector associated with the small rotation
of the body over the short computer time interval from i to
441 withia the larger interval from m to m+l.
CyrByrBgo = Components and magnitude of g.
Equation (Al) is equivalently:
h{2+1) - h(2 1)-1
(441) = B(4) L0 B4 (23)
At At
A
At = tgy) -ty
The basic definition of angular rate states that for small At,
@~ wbe
(Ad)
a « At
Hence, for emall At, g is amall, and therefore, from (A2),
g3 ~ 1/2
2 2002 (A5)
@ At
94 ~ l - —— ) - L__

2 2
Using mixed vector/scalar notation, substitution of (A4) and (AS5) in (A2) yields:
P * 933*49, |

2,2
“1/2uw bt 41 -8t

2

e "B i) (1/2 0 + 1/2 w28e)

at ' .‘J ‘ .
In the limit as 4t * 0, the latter reduce to the derivative form: » o
We now return to (14) and express h as a function of  in mixed vector/ecaler actation: ' ':"'_
N Y 7O | , e e
| 10 (4/2 - | L
£ w sin (¢/2} (AN
. L
 £4 = cos le/2)
‘Substituting in (A6), _
h o= 1/2€30u+1/2 8w (AB)

It is readily demonstratad by algebraic expansion and u-lng the rules of quatemion

algtbra that ¢ w Ln (AB) is equivalently:

. o
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...
Qe =~ gxe-g°a b
"
Differentiation of (A7) shows that: "
A P R A L
b
s cos ¢/2 . s8in ¢/2 .
f3 =1/2 ¢ - 2’ ¢
¢ ¢ g
-t (1/2 £4 - £3) "
® :
fa = - 1/2 (sine/2) 4 =-1/2 6 & £3
Hence, with (a8),
n 'fsi*—:—- (1/2 £4 - £3) 8 = 1/2 ¢ ¢ £3
= 1/2 £3 (9 xg) -1/2 €38 yw+1/2 40
Dividing by £3 and solving for i:
. £4
4 -1/2£ w+1/2 (p x
3 (A9)
£ .
S B TV R B S R 7 R S V- I I
) f3 .
Equation {(A9) is now separated ilnt.o ite vector and scalar components:
Y SN S U S I R SR TIN
— 4 8) = e —
f3 ’ £3 (Ar0)
1/2 g 4 1/2 40 '
The scalar eguation is equivalently:
¢ 1 o
— e W
. ¢2 , . _

" Substituting in the vector part of (Al0) ylelds: : ' . v ﬁi‘-.-,-..
, £ 2 ¢ R
eS8 e (g aw) s (/2 c0) (g W) e , . -

Using the vector triple product rule, it is sasily demonstrated that: o , : : PR
B wamexlexy +e?y '
© Substituting, ' _ _
T £4 , £ 1 s
AWM wt L2 s (M2 =) b (L v ) pox (kW) y
R £a * 2, :
Combining ternss _ ' S,
BN TR Y 2R 3 (1~ "-_')3_.: (g x ) ' o ; o
- " {ming the definition for f, and £y from (A7), it can be shown by trigonowetric
- manipulation that the hucxoua coett _ei;eng_&_n_ the latter expression is eguivalently: -
ot 1 ¢ sin - o - e
1_ -‘ -s-u:-u - -T - .__,1....“..7,..(-) - R . . . e
S -3ty ¢ © 2L=cose) 0 ' ‘ ST
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Substitution yields the final expression for §:

* l
_0_-m+1/23xm+___(1- $ oin ¢

- ( ) All)
[ etz z(l_co”)) 4x(gxp (

Equatiox; (20) in the main text is the integral from of (All) over a computer cycle (from tj
to tmer).
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REQUIREMENTS, APPLICATIONS, AND RESULTS OF STRAPDOWN
INERTIAL TECHNOLOGY TO COMMERCIAL AIRPLANES

Phillip J. Fenner
Manager, Navigation Sensors/Displays
737/751/767 F1ight Systems Technology
. . Boeing Commercial Airplane Company . AD- P003 622
AT . Box 3707
/ Seattle, WA ~98124-2207

\NSMRY
The basis for selection of a strapdown inertial system for short to medium range jet transports is discussed.
Inertial data requirements and assocfated performance requirements are shown for commercial airplanes.
Good performance at low cost and high reliability are key requirements of inertial technology application
to zommercial airplanes which do not have a long range navigation need. The Honeywell laser inertial
veference system (IRS) selected by Boeing for the 757/767/737 airplanes is describad, along with airplane
installatfon and interface details. ; Test programs fnstituted to validate the design and reduce program
risk are described. Performance a 1iabi1{ty expsrience data from Boeing f1ight tests, and over the
‘first year of airline service, ave s to exceed expactations,

INTRODUCTION

" Boetng has recently fntroduced inertial navigation technology as the basic airplane system component for
‘primary attitude and heading data wn the medium range, two engine atrplanes, the 757 and 767. The short to
nedium range 737-300 atrplane will also have the same -ihartia) navigation technology as basic equipment
when delivered in late 1984,

 The question is often rafsed, “Why inertia) for short to medium range afrplanes?’, becauss navigatiua is
usually the priesry purpose of installing inertial systess in commarcial aivplanes.

One of the goals of the new airplane development programs {757/767) at Boeing was the following: “Any new
afrplane should include in the basic configuration, automatic pavigation/guidance computing and control

- systems having the capability and flexibility to oparate 1n tha forecast ATC environment and be relatively
unlinfted in its application without the necessity for future expsnsive modifications to the avionic systems.”

- During the preliminary dasign phase of the new technology transports st Boaing, which ultimately, turned
out to be the 757 and 767 atiplanss, the airplane attitude system design specification was at a cross-roads.
- Do wa contiiue with 20-30 year old tachnology systems or is this the propar time to salect new techmology

- systens at potantially higher risk and cost, but wuhich provide tha data neaded to isprove the airplane
operaticnal capability? ' C '

Buaing has lony racognized, through its research programs that tnartial navigation systems are a vary.
_desirable attribute to any typs of commrcial airplene. - R :

The experience base startad with the M7 {n 1357 as shown fn figure 1, continuad with the Aserican 55T
_program, vhich was followad by Boetng research netivities using 1m~tia1 dats for various atrplane functions
Ancluding wutoland, sdvanced dispiays, and 4D navigution and guidance. A kay Boaing ressarch activity vas -
the program to .du‘gn. build and fly a strapdosn inartia) systam ¢0 seet afvplane systems requivements, but
st & cost that was viable for short to medium vange airceaft. This program sutcess was the stimulus to -
study the spplicadiifty of strapdown techaology on naw alrplany prograss. - : -

CYhis report 4s organired first with discussion of fnertial data requiremants for commercial alvplanes, :
- followed by the candidete ay:tess coasiderad, and syitew perforssnce requivesents devalopment. The strapdown -
- inertial development wark ut Boaing fs than covered and finally, & description of the system and test
::gﬂ‘kl;ﬂ u:lth the Yaier strapdown system on tha 757 &nd 767 afvplanss, is provided which 1s the primary
focus of the report. ' _ : : : : ’

 IRERTIAL DATA REQUIRZMENTS

Ao sxamination o tha functional csguirements for fuertial data on commarcial dirplanes shows that sigaflicent
{nprovements 1n 3irplane-operating capability are guined from using attitude dats that ars insensitive to :

- atvplane ssnduvers, and ground ceferenced veiocity vector data. These atrplanscsystes functions &nd thelr
vequirad {nertie) datu are shown I Table 1. Yo satisfy al) of theie requirements, an inertial Quality
attitude system, and spacifcally a strapdown configurction, must de spivitied, Gravity erscted attitude S
systens do hot provids the fanpe of dats ndor the quality of data desired, and glsballed inertial systess Sao

- Are too castly, and oot all the destred dats dre available. 2

R T TAR NS e

. Aere ke

| With & strapdown 1aertis] refarence systew, 3 comercial airplane has Yor the Picii-tise s salfcontaind . T o
data system that criplataly determings the atvplase’s state - a desivabie feabies Fov Wirglane igniivstions et
v and for teprovemeats in the future. : e S T T e L

- ~faprove as commercial -'W'U 00.!’&"_“& 15 given tn W')’QN@M; parirapas, . i
Ruviga L{qnfﬂhim‘ ' : : . - P L

A descripticn of the xey applications of inertfal dats to the Strpiage systey umich 3@_,}“;5};:”@;&' O U ':‘p__' L

P -

Continuous, very lwﬁo!&;o. acceleration, velocity and paci".éﬂ data; foom an inertial %eféra?»&é ’_sjvs'te'-a’ é@a ‘ Bl ity
be uted to t-gmu the accurgcy and responie characterfsiics of 9 radis bused (o.g., VOI/OME) pavigation - - © oo o
system. Excollent ground refarenced high freguency 23ta yeox tile type of attitude systam conplensnts the = -

notsy, Yower data raty from RF navigation alds whose serfarsince is dependent 53 siation gemmatry and

T T T L O N Iy N TR ) . R, T e L SRR TV b T S U
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INDUSTRY PARTIGIPATION >

INERTIAL SENSORS AND PROTOTYPE
EQUIPMENT \ ENGINEERING SYSTEMS
577787

INERTIAL SYSTEM

BOEING INERTIAL
RESEARCH DEVEL

BOEING INERTIAL
AIRPLANE PROGRAMS

7 _

B737/NASA 4D FLIGHT
MANAGEMENT SYATEM
RESEARCH PROGRAM

' 151787 -
DOT/FAA
ADVANCED DISPLAYS STRAPOOWN

INERTIAL
AND FLIGHT CONTROL /[ IREETEL Lo

Cdistance and ave clso interrupled periodically for station changing. Navigation accuracy smd Am?m- path
capture and tracking -ave improved with an inertial data atded system, This will be pe-ticularly fmportant
. areas whare congestion will require sighter path control.- For growth to ting
navigstion shich is expected to be employed in the high density termina! areas of the 1980°s, the ground -
veferanced date avaitsble from an. inertial quality attitude eystem is required. Bosing achieved ¢ S-sucond
average 40 ervor using this type of systes on the NASA Terminal Configured Vehicte (YCV) program using a
S 73713 vplane. This perforsance satisfiss the time Nav requiresents predicted by sany atr traffic conteo)
snalyses. R R R o - ahh -
Long vange nm?_man requiresents. usually réquire installation of an additiona) systen that 1s certitied
as sole means of navigation. If an friertial refarence systee was fnstalisd as the basic attitude syitew,
- the Yoy range navigation requiesents could be satistied automaticaily, assuming the navigation perforsance
_ {s asdequite for overvatar navigation. - , o A oo S

fus] Economy Computatiens = °

“Invastigations indicate that the optimue Mach for maxisum ground neutfcal efles/pound of fuel in wind ame
_shifted fron the handuook (stili-ate) veiues. Knowledge of grourd speed would therefore be beneficial in
“gelucting the optisum Mach under headeind/tailwind comditions. High quatity estisates of ground speed are
- avallable ¥rom isertial navigation systems, for this function. o , B :

1t is very desirsbis to display basic sirplane attitude and heading sccurately at al) times. Gravity.

- eretted systess exhibit several Sagrees of error due t¢ 2'rplane scceleraticns, e.g., takeotf, banking
maneavers, large thrust changes, For maximum crew confidence, amd less nulsance warnings from instrusest
¢omparaiors, attitude and heading are desired from a source that i insensitive to airplape maneuvers.’
These data are only availadle from an Inertial reference system. Rivanced display (CRY type) reseirch by
‘Boelng, both FIight and stmulation,
_ provides improved thrust nanageeent capsbility 3nd more pracise sirplans Control. These data are by
available from tn inertial attitude reference systes. S o ,
 Current preusatic vertical speed indicators indicate false rates in o1l mansuvers due to the selsale oass
f6 the instrument sinsing the centrisetal accelerations. Electric instrumnts will elininate titts prodiew,

_but several seconds of filteiring on the noisy air duta computer aititude rate signal is hequired ta geierate .

characteristics, This f{ltering adds 14y to the data and hardvare Lo the digptay, all
ba obiviated By providing instantaneous, low noise vertical

© refervade a2stem, which is insensitive to mancuvers, and atsospiwiic aoise.

accepiable display

has shown that properly displayed T1ght path accelerstion sad celocity

speed from an Snartial attitude - T

(I

B
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Table 1. New Airplane Functions Requiring Inertial Data . f,' :;A. l: .
Funection Data Required Comments R
Navigation/guidance, precise path Low nolse, high frequency, earth ref- Improves accuracy/response. Ailows -—~——-
control, improved NAV accuracy erenced acceleration, velocity and paths without VORTAC reception ] 4
position . -
Time NAV (4D) Ground reference veloclity and More efficient contral for those
acceleration terminals with time controlied flow
Long range NAV Self-containsd, accurate present Provide overwater navigation where r.seded
position
Energy manaﬁement Ground speed Need to know wind continuously to
detarmine optimum Mach for maximum
ground nm/Ib of fuel
Displays
Accurate attitude Attitude ingensitive to snvironment improved weather radar stabllization .
and crew confidence r"'—“'”'.
Accurate vertical speed inertial vertical velocity improved high frequency response
and vertical wind shear detaction
Takeo!f acceleration, flight Longitudinal acceleration, ground Engine thrust monitor. Allows
path angle reference velocity vector batter thrust management and
sirplane control -
Flight path acceleration Ground reference acceleration vectors Allows predicted path to be displayed NN
on map display { q
Automatic Flight Control .
Autoland Attitude insensitive to environment. improves control perfom:ance required v .
Ground referenced velocity veotor, for Cat. il and ofiers performance P,
body rates gsins for poor ILS facliities and B
wind shear condiions A
Rollaut Ground speed, track, track rate, Longitudinal guidancs needs to know dis- o m.
bady rates tance iraveisd and track devistions " s
Response/Performasice lmprove- Along track acceleration, verticsl Betler responss characteristics with
ments in other modes veloclty, vertical acceleration, track, accurate attiiude and earth referenced
greund spead, stable attitude, heading, accelsration and valocty data
body rates
Wind shear detection Ground refsrence valocity acceleration Allows comparison of airspesd and ..
ground spaed for shear Indicution q
Over rotation Pitch, pitch rate Allews precise caiculation of pedicled . '
pitch ¢ igle
Antl-skid Ground speed improves petformance under hydroplaning
condilions
- Autobrake Ground speed/acsaleration Pr?'}dd« improved control and repeat- ' 4
abllity b
Nose gear steering Ground spesd More accurate than airspesd al (ow speeds
for guln schaduting
Auto thrust revarsal Ground speed Ground spesd will allow more precise
scheduling
q
Taxi speed monitor Ground speed Provids information foz bettar cantrol in e
restricled areas and reduce wedr on
gear and tres
Autopilot/Auteland «
The ciassic autoland problem is to derive a signal proportional to cross-track veloctty for dumping in the .
approach mode. This is difficult to achieve because of beam nofse, bends, wind shear, turbulence, and
inaccurate roll attitude data. A common method to obtain X-Track velocity i called lagged roll which
depends heavily o roll attitude accuracy because the dominant damping signal {s derived from the term,
?sim, where ¢ is roll angle. A lateral body mounted accelerometer is also used in this daaping scheme
747 type) and fts use restricts approasies to constant speed bocause of errors developing from
longitudinal acceleration during decelerating approaches coupling inte the lateral accelevometer during <
crabbed (crosswind) approaches. _ S e
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An IRS system provides the accurate, unperturbed roll attitude signal plus true cross-track acceleration
and velocity independent of wind or airplane deceleration conditions. No maneuver restrictions are
required. The inertial cross-track velocity informatisn (drift angle, track angle, track angle rate) in
addition to the required roil attitude accuracy, have been shown by Boeing to aid significantly during
transient conditions such &s large beam bends, overflights, winds, and landing aid faults.

Other autopilot modes, such as autothrottle and altitude hold, can provide better performance with true
along-track and vertical acceleration data, rather than attitude compensated longitudinal and normal
acceleration sensor data. :

Control damping requires body angular rate and linear acceleration data. Contemporary flight control
systems have utilized body mounted sensors to satisfy this requirement. Strapdown attitude systeas, either
inertial or non-inertial, can now provide this data, thus eliminating the neaed for 16 sensors in a
3-channe} fail-op system and 12 sensors in a dual fail-passive system.

Autobrake/Antiskid

Most an*iskid systems rely on measurement of wheel rotation for determining airplane ground velocity and
wheel lockup {skid) to control braking forces. Unsatisfactory operation occurs when wheel speed 15 not a
true measure of airplane ground velocity. This {5 especially sensitive during hydroplane conditions.
The::fore, some external measurement of ground speed is considered essential to {mprove madern antiskid
systems. .

The autobrake systems currently average several wheelspesd signals and differentiate the average to obtain

a measurement of airplane deceleration. This has provided to be less {han satisfuctory and often results

in excessive or insufficient braking. Acceleration data frow tha inertial reference system would eliminaty .
these current braking inefficiencies. . . :

INERTIAL DATA SYSTEM CANDIDATES

Airplane attitude reference systems may be partitioned into. two generic types: Schuler-tuned (inertial)
and gravity erected vertical references. A primary difference between the two types is the q_ualigg of the
attitude and heading data. A Schuler-tuned system is capable af providing accurate attitude (< .05°) and
heading unperturbed by airplane maneuvers, which can cause errors of several degrees in the gravity erected
systems. There are, in addition, other data available from an inertial system which are not presant in any
gravity erected system. These are navigation data (Vatituude/longitude), ¥light path velocity vecior, drift
ana):. ;;ight. path acceleration vector, true heading, and- synthesized magnetic heading inG magnetic sensor
vequired). o - S .

. Boeirg research studies for the new airplane programs facluded in depth reviews of new attitude system
techiolugy which could be considered candidates for the naw airplane programs, meeting most or all the
m}ulrennts shown in Table 1. Thate candidates included strapdown atiitude/heading veference system
(AHRS) as wal) as strapdown inertial navigation systems. - - - - A

“The AHRS systems are basically gravity referenced systems, and gave the desired, improved verticality, but

did not provide the inurtial navigation quality velocity and other related parameters felt to de readed in

& good fnertial sensing system. For example, the ANRS necded radio de.a combined with the systes !
acc-leration data to dcvo'logo reasonable velocity information. This system also depended on air date and . -
magnetic field sensors to obLain the verticalily during mansvuars and for stabilized magnetic hesding. :
Thus, a rathar complex systes wac requived to obtain the bacic ingrtial data and still had Timited:
taformation cupability and very Vimfted growth potential. In addition, 1t was not clear froam an in-huuse
system dosign synthests of each system type that a significant cost advantage was held by AHRS over atrapdown ,
fnertial systems. A review of table 2 shows the limitations of this type of system and other cendidate S
attitude systems when coapared a?ainst the requirements. The strapdewn inertial: navigation-system is shown Cw :
te fulfil) tho reguiremants for ineriial data. a . T :

Cost has bren a problem that prevented wide application of this kind of system. Long-rarge sirpiane LR
spplications have baen economically visble because the human aavigator may be alisinsted. Bosing studies s
in 1973 indicsted the cconomy of strapdown inertial systems, 17 the functions provided by the conventional - - = 1 . .|
attitude and heading reference systems and tha body-mounted ingrtial sensors used for flight coaten) ave . - . [0 oo
replaced by the inartial systea, . - . - S

Cost of owndarship studies weve performed to substantiste the viabiiity of this technology-as & basic sensing: ® O
- systen to Boeing airplanes for uppifcations other than lonp range navigation, - A sussary of this activity o] N
{5 showh in Table 3. The difference between installed cost and unif cost is the incurred supense for test -
and calibration after airplane instaiistion. The greatest differentied in this category is for the conventional = - 7.
verticsl gyro based system because of its large nusber of components. From this cost. tirade study, 1t wes S o
conctuded that, although the inertial reference system was somewhat more axpensive than other son=tnertial AP S TN,
qualfty candidates, the system capability warranted the extra juvestment. - . ' T P~

In suamary two basic questions had to be answered by Bosing engineering to zatisfy tie Boetng and airiine..
manggonent tesms for new airplane davelopsent: “why {nertial¥, and how do you justify the probabia incroass |
fn unit (black box) cost? ' T , - :

The answers to these two guestions are sumsarized fn Table 4 and 5. Yo satisfy the criteria of Yabile & N
required a break through {n fnertial systes techhology from that used th the high cost gleballed systéms oo

which could ba used on a cost e?fectfve basis only on long range transports. TYhe technology wost preaising

at the tice was the strapdown inertial mechanization which 1s sussarized in Tadle & B R




Table 2. Attitude Systems Performance Comparison

757/767 Study Conflgurations -
Gimbal Strapdown ‘
Require. For | Existing Fleet | Strapdown | Gimbal INS A/Hdg At/Hdg - N
Function New Alrplane | Capabilities Inertial (Low Cost) System System o e
Atiitude 01° underail | 550 0.05° 02° 50 0.25° e
conditions raneuvers 2° (translent) 1° (transient) : o .
2 underall | 2°,5° under r > R
Magnetic heading conditions | maneuvers z z 5° (transient) | <5° (translent) "o ®
True heading <0.4° Not available <0.25° <0.25° Not available Not available - L
Ground speed <10kn | Notevaltable |  &-10Kn 88Kn | Notavalabie | frod amepeed dete
Track ref. acosl. 0.01g Not available 0.001g 0.001g Not avaliable :;‘;‘f{,‘;m“f:"'
Track angle <® Not available <# <¥ Not available 2:";‘:'.’,‘:.3.%’”42& ¢ -
Filghi path engle 04° Not avsliable <048 coas | Notavembie | pediie VORDME o
Track ungle rale 025°/sec | Notaveilsble | <025°ssc | <025°/sec | Notavaliabie m‘ﬁm"f:‘i @ 9
Body sagulsr rate 0.1%sec Not available 0.015%/e0c Not avallable Not avallable 0.01°/a0c
Preyent position <2nm/he | Nolavallable <2 pm/he <2 nm/he Not avallable Not avallable
T Vertical veloclty <1 f/eec Not gvalisble <1 t/sec <1 t/sec No’ avallable 34 tt/sec ”3‘“" - “"_“.
Beidy ret. acasi. 001g Not sisiiable 0001g | Notavailable | Notavallable 0019 R
intactaces Digita! Anaslog Digital Anslog/digital Oigital Digita!
Fiyaway cost/chanml 53K $33K 37 $90K $2TK $a7K o
Risk _ Lov-madium Low Madium Madium-nigh | Low-medium Madium-high o o 4
Table 3. Cost of Ownaership Summaty for Inartial Data Altornatives, Briokwall
e .0
nartisl Syshims Heading/Attitude Systemas )
ARING 581 (747) VG/OG
Cost Paramater | Gimbalied (Actusl ) (2nd Order AHRS) | {13t Order Leveding)
{§/FL He/Chanol) | Cout Date) N Digha! intertaces | (Actusl Cost Data)
Direct mMalaenance 1 057
Sout {shop) 154 LY 05 o_®
Direct opersiing .
€4t (shop, barden, 408 17 18 113 '
tue, doley) L
Amortized an 12 082 082
omlm i cost _ . °
— SHOOR/(M4K) $I7KI(K) $27K/(24K) $IIK/(23K) _—




Table 4. Why Inertial?

o Attitude/Heading Unperturbed by Alrplane Dynamics

+ Attitude displays without errors

o Eliminates cockpit nuisance wamings duiing mansuvers
o Iimproved autoland performance

+ Weath-r radar ~tabillzation problems eliminated

¢ Gi-und Referanced Data

s Wind vector

* (mproved displays

* Wind shear detection

¢ improved autoland pcﬂomuneo and capabllity
s improved path control

o Time navigation improvements

+ Enhance sheigy management compitations

¢ Improved Navigation Performance and Operation

* Smoath vortac navigation
« Allows paths without vortac reception
o Inherent over waler navigation and direct routs operation

¢ Growih
. Sdl-eonulmd data system to completely determine alrplane’s slate

+ Taxi speed monlior

« Overweight landing monitor
+ T/O accel monitor

o Auto thruat reversal

¢+ Nose wheel steering

Table 5. How Da We Justily inartial lor 787/767?

o Cost Compatitive (Fly Away Coat)

¢ Cost-ol-Ownership Accaplable

* Replaces Euipment on the Aliplane
¢ Functional integration

Tabie 6. Why Strapdown?

® Low Cost Polntial ' ..,\,.,.._.w_,!

* fnitied
s Costol-ownership

o High Reliabiity Polential
® Functional integretion Capabliity . .
* inherenty Dighal ' '!"*"“’*"“.

Confidence in this technology was achieved with the Boaing strapdown research program described in the next
section. Tha results of this internal IRAD spawned an {industry “fly-off* competition which s described in ST
tt‘n :«:tion :lf‘m- next, and confirmcd that fndustry had the technology with accepuble risk for a commercial 9 4
airplane venture. :




47

BOEING STRAPDOWN RESEARCH PROGRAM

The airplane equipment replacement study results and the attributes of high-quality inertial data led to
the design, build, and flight test of a strapdown inertial system by the Boeing research staff. The program
had three objectives:

¢  To demonstrate technical feasibility of a potentially low cost strapdown inertial system

o Tg g?ther sufficient knowledge to write a realistic procurement specification for future Boeing
airplanes

o  To encourage industry in the development of a low~cost strapdown inertial system.

Boeing reserach engineering developed a strapdown inertial system “working" specitication for internal use
and from this document designed and built a strapdown inertial system which performed better than the
requirements. Lab and flight testing occurred in 1975-76, and 8 minute alignments and 2 nmi/hr navigation
performance were demonstrated with a system without any temperature controlled sensors. This system usad
two degrea~of-freedom tuned rotor gyros from Teledyne, Systron-fonner force-rebalanced accelerometers and a
Bgeingidezggned gigital computer and strapdown aigorithms. Typical performance exhibited by this sytem is
shown in Figure 2.
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This program success provided the necessary.confidence for Boeing management to pursue a strapdown inertial
system for the new airplane programs being developed. This researsh cffort in strapdown inertial technology
at Boeing is summarized in Table 7. (Ref. 1, 2)

Table 7. Bosing Stre~dowr Reseasch Program

¢ Objectives
« Determine foasibliity of low cost stapdown inertial system

» Stimulate iInduatry to develop low cost system on
thieir funds for commerclal applications

* Develop a spucification for procurement

¢ Reauits
+ Bosing designed and built a low cost strapdown sysism (1973-75)
+ Teledyrie gyro
« Systron-Donner sccel
« Boelng computer

o Lab and flight tested successfully (1975-76)

+ Demonrated 8 minute slignments

« No hea'er usad

« Flight tesiad with 2 nmi/lv NAV performance
and 8 kn vilocity performance

« Laser gyra lab tost

+ Stimulated 767 program to pursus strapdowm inertisl tachnology

NEW AIRPLANE STRAPDOWN INERTIAL “FLY-OFF" PROGRAM

To support the new airplane pro?rals, Boeing established an inertial developsment program with the chjectives
and vendor participation shown in Table 8.

The key to reduce the risk of introducing new technology on & conmercial atrplane was to stimulate a
f1y-before=buy* competition between potential suppliers of strapdown {nertfal systems. As shown {n Table
8, three manufacturers participated in vavying degress. ,

Tabie 8. 767 Ineriial Relarence System Development Program

o Objectives
o Promole the developmant of an inertial reterence system
which is coat compatitive with a convwntional atitude/
haading/body/rale/body scceleration sensor system

» Reduce the tek of introducing new lechriology
{strapdown inartisl) into commaercial alreralt

_« Evalunle pre-croduciion digitel strapdown
ioarilal patormance

¢ Promole an ARINC specitication {704)

- », ' : e Vendor Particlpation S N )

o JSoind developmant prograin (o produce fiight teet
T . . hisdware with 3 vendon

e Y 4 "~ The basit requiremants of the system design which manufactuvers nesded to satisfy during this evaluation

ST phase are listed fn Table 9. These systems provided by the potential vendors were prototype configurations AR
! for commercia) airplanes. The system described in this paper, & laser inertial system, had its heritage fn e

the grotoype system devaloped for a Boeing 727 test airplane fiight svaluation, where over 70 hours of R

flight time and 200 hours of laboratory test time were accumulated. This system met all test objectives o

and operated without any failures ~ all factors which provided & strong technicel besis for its ultimate 9 ®

Y o selection on the 757-767 airplane progran. The manufacturers Litton and Teledyne participated with NO
_— A tuned-rotor gyro technology with only Teledyne meeting the flight test schedule., These tuned rotor gyro
baswd systems did not exhibit the maturity needed for a commercial airplane program at the time (1978) of ,

their evaluation,
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Table 9. Low Cost Inertial Reference Requirements

@ Provide Alrplane Heading, Attitude, Body Axis Rates and Acceleration,
and Ground Referenced Position and Velocity information
Unperturbed by Alrplane Maneuvers

¢ Cost Competitive With Conventional Systems Replaced

¢ Unrestricted Alrplane Attitude and World-Wide NAV Capabiilty

® Performance
o Alignment — <10 minutes
¢ Radisi position — <4 nmi‘hr
« Attitude — <2 arc-minutes
¢ Magnatic heading — <1° synthesized
¢ Radial velocity — <8 knots
o+ Vartical velocity — <1 ft/sec

A summary of the Honeywell laser inertial system test results of this competition is given in Table 10.
Susmaries of this test program for the lab and flight phases are shown tn Tables 11 and 12. Oetailed
performance characteristics exhibited by the system in position and velocity are shown in Figure 3 through

The performance data and the {ntegrity of the system during the evaluation at Boeing and by other evaluators
such as the Central Inertial Guidance Test Facility of the US Air Force, led to the conclusion that this

technology was viable. The key question that remained was "could the supplier provide laser gyros with the
performance and reliability required from a production facility at a cost acceptable for airline operations.

An in-depth review of the laser gyro technology, the manufacturing processes vequired, design changes
planned for producibility reasons, and company commitment to the product were conducted at the supplier's
facilities. This review showed the risks were acceptable in the technology, the production facility was
well alony in construction, and the company's commitment and funding sources were very strong. Consequently,

- the strong technical status, with the favorabls cost proposal and strong company comaitment, led to the

seiection of the Honaywel} laier gyro~based inertial refevence system for the 757/767 atrplane programs.

Tabie 10. Bosing Profolype Honeywell Laser Inertial System Test Summary

Test Period Apitl 18 - July 12, 1978

Akecratt Type 731100

Labaralory Yests 100 hours
¢ EN

¢ Scotsby
- & Vibration

Flight Tesle 70 hown

Postiton Emor Rate ® 2.0 newhr 83% prob

Velocity Enor * 7.22 kis 8% prob

Systhem Tum-ons * 5%

lyubnunnmuyuua .85
System Fallures *0

FUNRUT. A
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Table 11. Honeywell Laboratory Test Ensemble Performance

Total Lab Radial Position Error Rates, Radlal Velocity Errors
Test Series 95 Percentile, nmvhr 95 Percentile, ft/sec (knots)
12 With Scorshy runs | Without Scorsby runs |  With Scorsby | Without Scorsby
1.87 19 7.22 (4.3) 7.39 (4.4)
Table 12. Honeywell Individual Laboratory Test Results
Pos Ervor Rate | Ground Speed Error
95 Percentile, 95 Percentile,
Laboratory Test Dascription NAV Time, hr nwhe ft/sac (knots)
Static NAV baseline 4.00 148 8.7 (3.4)
Static NAV with azimuth rotation 400 0.98 8.1(3.8)
High temperature static NAV .00 150 48 (27
Cold temperature static NAV 48 123 8.8 (5.1) L
Static NAV with 45° heading and §° 153 189 6.4 (3.8) ¢
tilt in each axis )
Scorsby Motion @ 7° tilt 300 210 8.8 (1.0) :
Scorsby Motion @ +2-3° tit an 049 s (2.1)
Scorsby Motion @ +7.5* tit 216 1.64 8.1({3.0)
Scorsby Motion @ +4° tit aie 2718 6.5 (3.8)
First long term statio NAV 083 .45 4327
Second long term atatic NAV 10.00 1.26 9.5 (5.0)
Third long term sletic NAV .22 080 S1(49)
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SYSTEM PERFORMANCE REQUIREMENTS DEVELOPMENT

Pn_rmter Performance

The performance raquivesants for a commercial inertial navigation system used for purposes other than just
navigation are drivan primarily from the equipment using inertial fnformation. _

For example, track angle (a velocity based parameter) is desired for contvol and display purposes with a
strong destre to malntain fts accuracy in the 2-3° range Suring low spaed oparations. Track angle is
defined a3 tam"' "‘/m Using pareia) derfvatives, 60“/“. and 6@&/6% to- develop error contributions

" due to each velogity component and then combining to davelop the total error in Ytk due to {nertial velocity

ervor ylelds the following nq‘uat_ioo for estisating track angle error:

' LI . 8 2. [
By = v Vol * VS e V7 eV
ynz "V.‘l

For gtk of 2-3°, the velocity errors must be less than G knots per axis.

sincq, we felt this velocity perforﬁou requiresent could vecult fn an unacteptable system cost, the
requirement was reluctantly changed to 4%, requiring errors fn the 8 knot per axis range. ‘ :

This process was essentially followed for the othar inertisl paraseters of'ﬂi?ht path ngle, tiack
referenced accelevations, track anpgle rvate, etc. The Final specification requiressnts had to be balanced
bétween the user vequiresents (usually tob tight) and what could be achfeved with a systes of acceptable
cost.  Tha jusgment for the latter was based considerably on the exparieics Boeing gained in the strapdown
inertial research program previously distussed, . . ’

Navigation/Magnetic Heading

Exceptiont to the reguirements process described above were navigation perforsance and magnetic heading.
Yhese are controlled, fn the US, Ly the Federal Afr regulations.

Savigation performance for inertial systems in civil transport use is specified in FAR 121, Appendix G to
be: “For f1ights up to V0 hours duration, no greatar than 2 nautical miles per hour of circular error on
95X of system f1ights completed is permitted". -

L I
Vol ' .

8.9
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Na?netic heading performance requirements are less ciear in the regulations, but 2° is the generally acceptable
value by flight crews and regulatory agencies, Magnetic heading was specified to be synthesized using a

stored worldwide magnetic field mode) for miagnetic variation computation. This would eliminate the magnetic
field sensing hardware components used in the current coamercial fleet.

However, Boeing did not have a requirement for long range navigation performance at the time of launching
the 757/767 two engine medium range airplanes. Therefore, to keep the expected system costs to acceptable,
the navigation performance was specified to be 4 mm/hr, 95%. This performance was still expected to provide
velocity performance that was acceptable for flight control, guidance, and display purposes. Fortunately,
the 767/757 airplane contract competition resulted in obtaining a system with the navigation perforsance
required for lony range navigation. The 757/767 airplane suddenly had long range navigation capability that
could be offered to customers at no extra cost. It turns out that this capability had more demand by
airlines than ever anticipated, especially the foreign carriers who have routes over regfons without radio
navigation coverage.

Alignment

The aligrment time reguirement of 10 minutes §s about 1/2 that of coemmerical gimbal inertial navigation
systems and stems from the desire of the airlines to minimize align times during the small turn around time
operations that short to medium range operations have at through-stops. It also is the time feit to be
achievable with sensors without temperature control and stil) provide sufficient alignment accuracy needed
for good navigation. Boeing demonstrated 8 minutes in its strapdown research program. ’

Vertical Velocity

Vertical velogity is specified to be output from the 757/767 inertial systems as the priwary source of
airplanz vertical speed, an industry first. WNo air data computer derived vertical speed 15 used on the
airplane as ts normally done.

A baro~inertial velocity and altitude filter was srcmed to be impiemented to provide low noise, wide
bandwidth signals with no lags in response to airplane maneuvers or configuration changes and optimized for
autopilot control laws. This feature also allows the vertical speed indicator to be Yess complex and ervor
free {n turns due to the elimination of & seismic mass used for damping noisy air dats computed vertical
speed, which fs differentiated altitude. This festure has been particularly applauded by fiight crews.

The gns;g ::5";“{& {s specified to be the same as that for commercia) aivplane air data computers vertical
spead, ainute.

Output Data Filter Characteristics

Yo pravent data aliasing effects in using digital systems wiich operate genarally &t a lower sasple vate

than the inertfal reference system, anti-aliasing pre-sample f{lters ware specified for the output pirametars
with spacia) emphasis on the body vate and acceleration dats. Ths final choices of sasple rate and pra~sampling -
filter depend upon the input signal and noise spectrs, maximue allovable signaito-tieise vidtie degradation

due to aliasing, saximum. all 1¢ tramport dalay, available computational resources, and the bandwidth of

tha system which uses the data. A practica) to make these choices is to analyze $he system for various .
w.ng\e rates and f1lters, This was done with the aid of a computer program which computes the effect of . -
«ach cosbination of sample vate and fiiter characteristic on the output signal-to-noise ratio for the

defined Input signa) and noise spectra. : : -

‘Transport delay or equivalent phase shift in the data to the different contro} systems was the prims :
dasign constraint used to davelop dcceptable f11ter charscteristics, although there are thiee interrelated -
parisetars that must ba specified to wssure dynamic interface cignal compatibility., Thase are maxisue
bandwidth, maximum transport delay and minimum sasple rate. Examination of airplane structura) vibration
power spectral densities were used as the sssumed noise source in deterwining the filter chavacteristics ,
required. The results of the andlyses {ndicated that second order Butterworth filters with a 3 d8 bandwidth ®

of 3.2Ht ware needsd to provide acceptable anti-aliastng characteristics (<20 B st the sutopitot foldover - Sk s
fraquency, 10Kz) for both body rates and acceieration dats, and still have transport delays which wers -
satisfactory to the control systes desiyns. Analeg or digital f1iRering may be used depending on sshsor
‘signa) chavacteristics, For example, the laser gyro output {5 essentially digital fn nature and the body
rate filters could be fmplemented in software. The accelerometers are andlog devices and the anti-aliasing
fiiters were impleseated with analog circuitey prior to sampling with an A/D multipleser to divn\pg the
acceleration data for the control system users. These anti-aliasing filters are not in tha data flow to
the attitude and navigation sclutions. : ' o '

Reliability

Heltadility reguirvemints wvere daveloped based on the predicted RIBFs provided by the competing suppliers in U
their proposals and the results of {n-house strapdown system synthesis studies, which permitted o pngnr BAE
design to sufffcient detail that a retiability estiwate could be made from the parls count., Reliadility T e
estimates of 4000 to 5000 hours MIBF ware predicted to be &chievable. Cospliince with certification regulations S
require in-f1ight WTBFs to be in the range of 100D to 2000 hours NYBF. This requiresent s developed Vros ° ®
the US Fecers) Air regulation FAR 25.1303(b) which 1s a general failure requirement for a1} afrplane systeas. e
Whan specifically appliied to the inertial reference systea, the regulation has bean interpreted by the FAA -
© to require that the total Jass of the afrplane's primary attitude systeas be “isprobable™. Imgrobablg.has

been guantified by the FAA to be an event with a probability of occurrence of approximataly 10 ¥ - 10~

Consequently, dual independent attitude systems with relfabilities of about 1000 hours NTBF each will

satisfy the regulation. However, when adding in other attitude data demmnt components such as displays, ,
requires ralsing the inertial systew nuwmt! requirsent above 1000 hours to satiefy the availability ) Y
requirement for the entire attitude data “chain®. R
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Warranty/Component Reliability (MTBUR/MTBF) Programs

The airframe manufacturer, Boeing in this case, is contractually obligatad to obtain the best possible
product assurance package for the customer airline as is possible with the supplfer. This package is

passed on to the customer, who may elect to negotiate their own specific package, including warranty terms
and MTBF (mean time before failure) and MTBUR (mean time hefore unscheduled removals) targets that may be
somewhat better than those obtafned by Boeing. Leverage is high, of course, for the airline and Boeing in
the competitive phase of a new airplane program. The warranty period typically is three years for electronic
systems including the inertial reference system, starting with delivery of each aircraft. Hemedies under
the supplier's warranty involve repairing, modifying or replacing the defective part.

The reliability “guarantee" program is also a conirolling mechanisa for determining which party (airline or
supplier) pays for maintenance. This is commonly termed, YSupplier Component Reliability (MTBUR/MTBF)
Program™ and establishes MTBF and MTBUR contractual targets or “guarantees.” Remedies include technical
assistance, redesign and additional spare parts at no charge. This program runs for a period of five

years, starting with the fntroduction of the rew airplane into revenue service (September 8, 1982 for 767).
The program concept is based on obtaining mature level values (MTBF and MTBUR contractual targets) durin?
the introductory period of each new airplane program, however, in the case of electronics/avionics suppliers,
many have insisted on introductory values only or “guarantee” steps at several time intervals during the SR
five year program, For the IRS, these “guarantee" MTBF/MTBUR steps are the following in flight hours: ORI

YEAR 1 3 5 i

®
MTBF 1600 2000 2490 '\ o
MTBUR 800 1000 1200 : ’
As one will see later in this paper, these goals have been surpassed by more than five times for the first i
{:av'; o; service. They represent the conservatism expected for the introduction of such a new, sophisticated :
. tachnology, ' :

S0EING ATRPLANE IRS CONFIGURATIONS ")

Figure 7 shows the 7577767 IRS configuration. The basic installation has three Inartial Reference Units

(I%U) and a single, common Inertial Reference Mode Pane) (IRMP) for initializing and displaying data from

any of the thres IRUs. The triple systea 18 required to support the fatl-operational auto-land system, a

basic feature in tha 757/767 airplanes. However, only dual systems are requived f5r sirplane dispatch. To
saintain the inertial reference during power interrupts and transients, the IRUs are connected to the

airplane Hot Battery bus, a non-interruptidle backup power source. This was possible because of the low

poser (100 watt) requirements of the IRU. Because of their large power requirements, INS in comsercial

service {e.g. 747) require their cwn independent battery. Additionally, tha IRS was specifically designed

Tor tostallation in a commercial jet transport in accordance with tha ARINC 704 airline standard spacification. -

(Ref. 3, &)
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Figote 7. 7571767 inertial Relereice Syslem
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Figure 8 shows the 737-300 IRS configuration which differs fros the 757/767 configuration because of the
“analog interfaces in the 737 derivative afrplane. A digital to analog adapter unit had to be designed to
handle the conversion requirements of the IRUs and Flight Management Compuler which are built to the 151/167
specifications, for these systems. A dua) IRU configuration i utilized on the 737 because the autoland
system requirements are less stringent than ths 757/767, being fail-passive as opposed to fail-operational,
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] COMPUTER
: DIGITAL

Figure 8 737-300 tnertiss Navigalian Systers

The 757/767 IRS fultilis a wide variety of aivplane systes requirements, 23 shown ia U Figure 3 wysien
interface diagram. From this diagram, one can see the dugree of intagration and systemg' gapendence cn -
trartially cerfved data to satisfy their respective Vunttional aumd perfirmance requivessnts, Yhe 737-300

. IRU integration {r significantly Yess becaesy of the sirplane interfacing systeme’ design ssturity,
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Yhe original gokl to elimfnate al) the séparate inertial sansore utitized i flight centrol systems has
~* been realized on the strapdown fnertial equipned afrpianes. It ts balieved that the 757/767 airplanes
représent the fivst oocurrences in aviatfon history-of this tone sewght oojective. The omly independent
inartial -sensor remfining 15 the normal accelerometer for the flight dats recorder which is required by
Federd] regulation to-be mounted in the vicinity of the airplane center of gravity.

The inputs the IRS requires arg tatitude and }ong_itudé for jn‘ftiaﬁz;ﬁon and air data altitude and true
atrspeed for the baro-inertial filter and wind vector calcuistions, respectively.

The airplane’s Flight Manzgement Computer (FMC) providss the guidance function; thevefore, the snly navigation -
data provided by the IRS are position, velocity, track and heading. The FRC has knowledge of wuypoint and

" route data requested by the fiight crew and computes guidance commands from thi: desired route data and

actual position data which varies froe radic (VOR-DME) updated inerdial information to pure inertial information.
Figure 10 shows an overview of the entire 757/767 navigation and guidance systes. .

Each IRU produces digital data according to the ARINC 429 serial digital data bus forsat on thrae identical
independent broadcast data buses to the airplane systems. The effect of a bus fault is {solated %o only .
one output bus, and therefore only one of the three classes of using equipment, critical, essential, non-essential,.
i gffected, Two bussas are dedfcated to Tight control and displays systems, and all- other less critical 1
systems are comnectad to the remaining bus.. _ o . S

The dats hus amh%iect.ui-e 1s shown in Figura 11. This bus distribution was designed to prevent any single
poin: failure Trol causing the loss of JRU data to any fiight critical systeas. : ’

Figure 12 shows tha location of the IRUs in either the 757, 767 or 737-300 in the basic electronics bay of
. the airplane. The units are hard mounted in a spacial altignment nounttn? tray designed to maintain the
redun fane systems' relative alignwent to each other. The mounting tray s hardecunted to the airplane .
floor for rigidity and {s aligned to the airplane refersnce axes during the factory byild process. All
aligneent tolerances, relative and abseluts (tray to airplane) are 12 minutes of arc.

The -1RY, shown §n Figure 13, ic packaged in a 10 QY size box, as required in ARINC 600, “Air Transport
Avionics Interface®, which includas the inertial sensors and various supporting electronic assemblfes. The
dimansions of the unit are 7.6 inches high X 12.7 inches wida ¥ 4.5 iaches long. Unit weight is approximately
44 pounds. . This installetion is {n accordance with that spec.ied in ARINC 704, The units are baing
instalied in any of four possible orfentations (fore, af¢, and athwirtchip) in Boeing airplanes. Instailation
~ wiring (pin logic) is used to specify each ovientation xad nw interaal modification to IRU hardware or - :

_ software ave required. S .

Forced air ¢ooling is provided in accordancy with ARING 600 Levei 2 and adequately supports the power
‘dissipation (approximately 100 watts) regquiresenis for each umit.. Ko activa control of internal therwal :
- state is requirad. Vhe IRV utilizes strategically mounted thermal transducers to genarate data for inartial

_ sensor corrections dus to variations in intarnal tempersture. T
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Figure 11. IRS Data Bus Distribution Diagram

Power is supplied from normal afrplane AC power svste.. with abnormal transient protection provided by the
airplane standby battery. Two IRUs are capable of being powered 5 minutes and the right IRU for a minimum
of 30 minutes Trum this battery. The power organization is shown in Figure 14. The airplane wain battery s
is protected from the fuil 3 IRU load during a total A-C power loss by Iimiting the L & C units to 5 winutes.

The vemaining unit is maintained to provide heading {aformation to the pilot displays for this flight T
condition, &s long as is necessary. ’

757/767/737 IRU DESIGN FEATURES

The functions in the specific strapdown IRU for Boeing afrplanes are divided between hardware and software R
as shown in Figure 15. Laser gyros and conventional pendulous forces vebalanced accelerometers provide the N
inertial data vequired for the attitude reference computaticn and the inertial navigation computation.

These inputs are conditioned and accumulated by the sensor input elcctronics. The digital computer performs

the software functions of sensor systematic error compensation of bias, scale factor, misalignment, and

temperature effects. The compensated gyro signals are used in a three-axis attitude algeritim to compute

sircraft attitude relative to the Yocal level navigation coordinates. The compensated acceleration signals :
ara transtowmea into the local-level coordiiate frame and are used to cumpute the velocity and position | i
navigatico aata. The software function of output calculation and parallel data formatting is followed by e
the hardware functions of parullel tu serial conversioii, data bus timing, and electrical signal iselation '

and transmigsion. Body rate and accelaration data are passed through anti-aliasing filters as showu, prior

to outputting these data on the data bus.

Two Teatures or functions are provided by the IRU which prior to the 757/767 application had never been
cert:fied on commercial alrcraft as sole source of these functions. These funciions ars vertical velocity »
and synthesized ragnetic heading. s
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Complementary Baro-Inertial Filter. The altitude input from the air data computer is used to stabilize the
vertical channel in a complementary filter with inertial vertical acceleration as shown in Figure 16. This
mechanization provides a wide bandwidth, inertially smoothed output of altitude and altitude rate. The
altitude rate, vertical speed, is used to drive the pilots' vertical speed indicator and is used by the
autopilot and flight management computer for various cortrol functions, as is inertial altitude.

INERTIAL
—» VERTICAL
SPEED
+ +
INERTIAL
1/8 1/8 —
VERTICAL 4% ALTITUDE
ACCEL -
CORIOLIS
CALC BG3
GRAVITY 8G1
+
HYSTERES!S -
BARO
- BG2
e FORCTION HERR ALTITUDE

Flgure 16. Complementary Baro-Inertial Filter

This implementation is designed to utilize the high frequency response characteristics of the accelerometers
to reduce the normal lag in air data parameters which occurs during altitude changes. The hysteresis loop
provides dampening of feedback loops to 1imit overshoots and minimize settling times with large step inputs
of altitude. Thess steps can occur during ADC source switching and during periods of no ADC data.

This feature has provided very low noise vertical speed data to the crew displays without any lags or
maneuver {nduced-errors and has been very well received by flight crews.

Synthesized Magnetic Heading. Magnetic heading output from the IRS {s derived from a lookup table of
magnetic variations stored in memory. This stored table forms a grid of points which is used in an
interpolation scheme based on known latitude and longitude. The table of grid points {s generated from a
twelfth order spherical harmonic equation using the most up-to-date world magnetic field mode) being used
for aeronautical charting and cartography. The current model avaflable is for 1980 (AWC80). To compute
magnetic heading, four ?rid points are chosen which surround the aircraft and a 1inear interpolation f{s
performed using the variations at these grid points. A descriptfon of this technique is shown in Figure
17. This interpolated variatton is then added to true heading to get magnetic heading. To minimize data
storage with this approach, the latitude data was limited to an operatfonal area onconguss1ng all the
magnetic north veferenced ground navigation aids, in the latitude range of N73° to S60° where large transport
sarvice is avatlable. This approach uses the same magnetic field model reference for the IRU as that used
for aeronautic facilities and charts, insuring compatibility. This {s shown pictorially by Figure 18.

There are two sub-modes to the Boeing specification for strapdown inertial that should be expliained. One
is new to commercial operations, and the other is similar to that mechanized in gimbal INS. These are
downmode align and attitude modes.

Downmode Align

A provision is made for re-entry of the align mode from a prior navigation mode condition without turning
the system off. When the mode switch is rotated from the NAV to the ALIGN position and ground speed is
less than 20 knots in this situation, the course alignment function is bypassed and the attitude veference
vertical data, available from the navigate mode calculations, is transfevred over as initial conditions for
the alignment mode operations. For this situstion, the ali?nnent filter 15 reconfigured to perform 1ts
computation optimally from the more accurate initial conditions derived from the navigate mode data to
achieve a more rapid alignment sequence.

This action should normally be performed on intermediate short stops when the IRS is left operating and
insufficient time is available to parform a complete 10 minute alignment to correct existing alignment
errors. The procedure can also be used to trim errors during extended waiting periods for takeoff or
during delays prior to departure.

The result of this action s to remove the valocity errors (set ?roundspeed to zerc) and to re-erect the
navigation reference coordinate frame to level (remove pitch/roil attitude errors). Ervors in position can
also be corrected if the option to re-enter ramp latitude and longitude is also exercised. This {is normally
done when the flight plan 1s loaded into the FNC.
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Flgure 17, Magnetic Variation Mode!
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Figure 18. Magnetic Variation Davelopment Process

The duration of the align downmode is 30 seconds following activation, or whenever the mode select switch
is rotated to the NAV position, whichever is greater.

If the IRU 1s allowed to remain in the align mode for a period greater than 30 seconds, the alignment
filter will begin to correct aircraft heading. However, the difference between this procedure and the
normal align is that NAV mode can be entered at any time and the normal 10 minute waiting pariod is not
required. In this gituation the degree of refinemsnt of the prior NAV siode heading will be a function of
the operating time in the align mods.

Attitude Mode

The attitude mode provides a backup reversfonary capability to allow restoration of IRU attitude operation
during flight for the potential condition of total power 10ss and then power restoration after a period of
time that exceuds the battery or inertial system energy storage capability.

The primary function of the attitude mode is to provide a minimal set of flight critical outputs sufficient
to support aircraft oparation.
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L. The basic attitude mode operating elements (Figure 19) consist of two integration functions (attitude and et T
B . velocity) driven by strapdown gyro and accelerometer sensor data and interconnected through appropriate R
S . feed-forward and feed-back elemenls to execute the attitude mode functions. Outputs of these elements when YR
e » appropriately operated upon, provide the signals required for IRU output. AR
4 )., . @
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Figure 10. IRS Altitude Mode s vty

R = The attitude function is identical to that parformed in the navigate mode, except for heading which is

L . space stabilized, but set to zero at attitude mode entry and not outg:t until inftialized with a reference

SR . heading, The IRU design ?rovides the capability of entering a "set heading" input, via either the FMC COU
or the inert{al mode panel to align IRU magnetic heading output to actual aircraft magnetic heading.

e @ = The velocity function is {mplemented in a manner diffarent from the navigate mode and 1s used to maintain

: eraction of the reference coordinate frame to the local ltevel attitude. The attitude output is affected,
in this mode, by hor{zontal components of acceleration due to aircraft turns and erection cutout logic is
implemented to minimize attitude errors resulting from this cause. This mode provides attitude and heading
analogous to a conventional vertical and directional gyro in current aircraft,

L e )

Inertia] Reference Mode Panel (IRMP) Configuration

B 3 The IRMP contains the manual input and display functions necessary to control and to initiate the three (or

C - two) IRUs contained i{n the IRS. To maintain the multi-channel redundancy concept, the mode contrel and

2 annunciation-and-warning functions are completely separate for each channel. The initialization and display
functions are common for all channels, with the exception of the IRU sfgnal interfaces that maintain complete
electrical signal isolation - so that a fault in the IRMP on one of the IRU interfaces will affect only one

1RU.

. NE The functions a*e partitioned between hardware and software as shown in Figure 20 for the 757/767 panel.
. S~ The mode select and data input are hardware functions that convert manual entries into electrical signals.
: ] The ARINC 429 serial digital data input and output data bus interfaces are also contained {n hardware, The
input data processing, the display format processing, and the output data process and format are provided
by the IRMP software. The 737 control panel is very similar with the primary difference of only handling 2

IRUs rather than 3,
The panel as viewed from the pilot is shown in Figure 21, again for the 757/767 unit.
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Figure 21. inertial Relerence Mode Pansl, 757/767 Alrplane

IRS Operation

The IRS provides all the strapdown, inertial reference outputs required for the avionics system in the
serial digital format defined by ARINC 429. These outputs are shown in Table 13,

The data 15 computed in a multi-rate structure in accordance with the software design and s interrupt .

driven at 50Hz. Attitude, accelavations, and most rate parameters are output at 50 samples/second. Velocity, *
heading, and related terms are output between 10 and 256 samples/second depending on user requirements.
Position data is output at 5 samples/second.
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Data Computation Description

Navigation

In the strapdown inertial system accelerometers and gyros are "fixed" to the airplane structure. The
angular rates and linear accelerations as measured by the body mounted sensors are sent to the digital
computer which continuously computes the airplane attitudes of roll, pitch and true heading and maintains
the navigation coordinate system (stable platform) from the information obtained by the angular rate sensors
(gyros). This data and computation flow is shown in Figure 22.

Table 13, IRS Output Data

Function Range Accuracy (2 Sigma)

Aftitude

Roll Unlimited 0.1°

Piich Unlimited 0.°

True Unlimited o4

Magnetic 73°N-60°8 2.0°
Body

Lineer accelerations 4.0g 0.01g

Lateral 4.0g 0.01g

Normal 409 0.01g

Longitudina! 409 0.01g
Body angular rales (P, Q, R) 128°/00c 0.1°/s8c
inertial velocity

Va 4006 kn 12kn

Vg 4008 kn 12kn

Va 4098 kn 120

Yz 32 000 ft/min 30 ft/min

-_i‘;::é;::;:!d.t. Unlimited 8° (low spaed)
Drift angle ®* 6° (low speed)
ﬂMﬂ“::::lﬂdh :ggmﬂ‘d gh;éknnnaoun
track acceleration 0.59 0019

Cross track aocelevation 059 0.01g

Verticsl atosieration 4.0g 0.01g

Track angie rale 32°/s00 0.25°/mc
Presant position (leViong) Uniimitad 2nevhe
inertial sititude 131,000 sR

The gyro data, taken into the IRU computer from the three orthogonal 1RU laser gyros, 15 used to compute

three orthogonal body inertial rotation rate signals. Compensations are included in the body rate calculatfons
to correct the input data for known fixed and temperature sensitive error effects. These temperature
compensations are calculated using measurements o' :ived from gyro-mounted temperature transducers.

The orthogonal body rate data is used in a three-axis integration algoritim to compute the attitude of the
IRU sensor axes (“body axes“a relative to a locally lavel navigation coordinate frame. The navigation
frame s the “wander azimuth” type whereby the z-axis is vertical and the orfentation of the nor{zonta) X,
Y axes about Z is fnertially stabilized. In order to maintain reference of the computed attitude to the
Tocally level navigaticn frame, angular rates are applied to the attitude 1nto?rqtion algorithm to account
for the inertial rotation rate of the navigation coordinate axes. The navigation frame {nertial angular
rates account for aircraft transport rate over the earth as well as earth's rotation rate (the latter being
& function of computed aircraft position).

The computed attitude data 15 used to transform a calculated set, of three-axis orthogonal body acceleration
data from body axes into navigation coordinate frame axes. The three-axis body accelerations are computed
from inputs from the three axis orthogonal acceleromcter data, Aporopriate compensations are applied to
the body acceleration signals to correct for known fixed and temperature sensitive errors. The temperature
compensations utilize measurements obtained from sensor-mounted tharmal transducevs.

The transformed body acceleration data are integrated to derive measurements of aircraft velocity components
in navigation coordinate axes. Prior to integration, corrections are first applied to the transformed
accelarations signals for Coriolis acceleration effects and to compensate for gravitational acceleration
along the vertical axis. The gravitational acceleration compensation is based on calculated aircraft
altitude and position. To prevant vertical channel divergence under sensor error conditions, Air Data
barometric altitude is mixed with inertiai velocity for the vertical channel computation slements through a
compiementary fiiter. Inertfal vertical speed and aircraft altitude are derived from this filter.
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Figure 22, IRU Software Functions

The computed atreraft velocity in navigation frame coordinates is cperated upon to calculate the {nstantaneous
horizontal angular rotation vate of the locally level navigation coordinate frame relative to earth fixed
coordinates. Thess rates are then integrated using direction cosines to compute aircraft position over the
sarth in the form of the orfentation of the navigation frame relative to earth fixed coordinates. The
navigation frame 2-axit angular orientation relative to earth fixed coordinates defines the aircraft position.
The X, Y navigation axes orientation data relative to the earth fixed coordinates (1.e, wandar angle)

defines the trus north refevence for navigation output data, The afrcraft orientation velative to earth
coordinates requires an additional transformation from body to navigation axes using the body axis direction
cosine matrix, derived from gyro data.

The IRV output functions during the navigation mode are derived from the body rate, body accelaration,

attitude, velocity, and position data developed during the above described naviaat‘un operations. Additionally,
the output function calculations incorporate a uagnctic variation computation for use in referencing output
data to magnetic north rather than true north, The magnetic variation data is a computed, as a function of
calculated ajrcraft position, based on a stored data table.

Alignment

The bastc equations utilized in the alignment initfalizatton process are similar to those for navigation,
In this case, the assumption that the vehicle carrying the inertial system {s stationary so that sensed
acceleration is dua to the effects of gravity inputs on the sensors (1.e. vehicle disturbances are transitory
and can be filtered out). Establishing the orientation of the systess with respect to vertical, therefors,
15 accomplished by measurement of tha divection of the sen.ed acceleration vector (gravity) relative to

axes. The initia) heading is established in a similar fashion by the assumption that the rate input
to the cystem 1s due to sarth rotation. Since the horizontal component of the earth rate vactor is directed
north, the componants of this measurad vector in the leveled reference coordinate frame are used to cospute
the system headiny relative o true north,

The fine alignment. {mplementation uses a seven state Kalman filter with & pre-set gain schedule to parfors
the alignment function. .

Attitude Mode

The basic equations implementad in the attitude mode are similar to those used for the attitude portion of
the navigation function. The major differances are that the earth rate and transport rate terms are deletad
(due to the absence of position and velocity data) and a special vertical erection loop 1s added. The
absence of earth rate cospensation causes the azimuth to ba space stabilized resulting in apparent low
magnitude heading drift due to earth rotation.

- oyt
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Erection of the attitude matrix with respsct to the apparent vertical is accomplished with a second order
ok control loop. Since erection is in the direction of the apparent vertical (i.e. in the direction of gravity
. minus vehicle acceleration), "down" for a coordinated turn is in the plane normal to the wings. Because of
.= this, the vertical reference will be offset during turns and erection cutout logic is employed when a

: heading rate threshold is excesded to limit this error {n the vertical.

. g Initial{zation of the attitude mode, prior to engagement of the closed-loop second order dynamics, is
e accomplished by proportional torquing.

;-} In addition to the attitude function, the complementary baro-inertial filter remains operative in the
‘ attitude mode to provide altitude and altitude rate outputs.
‘:fj:: IRS Selectable Modes

The IRS has four modes selectable from the IRMP as shown in Figure 21; OFF, ALIGN, NAV, and ATT. Primary
modes of operation are the ALIGN and NAV modes, with the ATT mode selected as a reversionary mode should a
- failure cause the NAV mode to be inoperable, or should a total loss of power cause the reference attitude
2 and position data to he lost.

®  QOFF Mode - The OFF mode removes pawer from the IRU and IRMP with the exception of the circuits
required to initiate the operating modes.

©  ALIGN Mode ~ The ALIGN mode provides teveling and heading determination required to initiate the
- NAV mods. This mode requires 10 seconds of initialization during which the initial BITE is
completed and ten minutes of alignment characterized by a Kalman filter. The filter gains are
s predetermined functions of align time developed for an optimum fina) alignment errvor that considers
the sensor noise characteristics and the aircraft disturbances that may occur during alignment,
such as wind gusts, refueling and passenger-loading.

"
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= = The mode requires initial latitude and longitude inputs from efther the IRMP or one of the two

. f1ight management computers (FMC). The IRS estimates latitude as well as heading; however, the
fnput values for both latitude and longitude are used as the navigation initial conditions because SR
the input position valuss are more accurately known, R

The IRS alignment concepts ailow the latitude input to be entered any time during the process AT
without compremising efthar alignment time ~r accuracy., For example, the convantional process PR
requires that latitude be entered befors the alignment process hegins because it is used to A
calculate the vertical component of earth rate during the process. he.aver, the IRS proceeds
with the alignment process and corrects the introduced error at the end f the alignment - after
the latitude has been inserted,

9 NAV Mode - The AV mode provides a woridwide, all-attitude, inertia) navigition mode. The mode
provides 41 navigation and body-referenced parameters to various avionics systens on the airplsae.

©  ATT Mode ~ The ATT mude 13 & back-up mode selected by the gnot.. It Lhe inertial refevence is
ever lost due to powsr interrupts, the pilot selacts the ATT mede, which provides attitude output,
with full performance in 20 seconds. Heading is initialized by the crew mesmber with a reference
heading input via the IRMP or FMC. Once initialized, the IRU prov.des valid heading as wall as

sttitude in this nods.

Selactable Mods Sequence

: ey \',:: The IRS oparation is else tontrolled by the mode selection sequence that provides additional capability.
CN) The mode sequances are controlled by tha pilot from the IRNP, with each of the IRUs controiled by thetr
' separate contral kuobs, :

°  QOFF to ALIGN ~ The IRU rematns in the ALIGN wode as long as the mode is selected and continues . .
the fine leveling an earth rate estimation. This allows the pilot to control whan the NAV mode oY
{s entered, with the potential of 1wrov!n¥ the mvi?:tion performance {f delays prolong the time S
at the gate, since navigation performance is a function of the time in the RAV mode.

©  OFF to NAV = The NAV mode may be selected immetfately. It resulte in an alighment time of 10 L.
minutes, after which the IRU automatfcally enters the NAV mode. This mode sequence requires the .9..,_,._?%.,‘!(

BRE 3 _ mininus of pilot interaction, mode selection, and Yatitude/longitude tnitfalization 1nput.

o © . OFF to ATYT = The attitude mode has priority over all selectable modes and is cntered immedately e
= upon selection. The ATT mode s deselected only by the OFF mode since operationa) entry of %he Sl e
NAV or ALIGN mode is not possibie because of tha loss of the navigation reference data in the ATT

v

©  NAV to ALIGN - After the NAV mode has besn entered, the ALIGN wods may be reantered §f the indicated e .9
?round spaed 1s less than 20 knots. This feature provides increased accuracy for a route that : S
- ncludes sevaral takeoff/landings, since the ALIGN mods may be entered while the aircraft is
R i stationary. The velocities are resat to zerc, and the alignment process {5 tritiated, which L
"3 5 rapidly determines the approximate lTeval and continues to refine the leveling and hesding detersinatic .
W o ' as long as the ALIGN mode is selected. Inputs of latitude or longitude or both may be entered N
- 3 but are not required. When inftia) data is entered, the information updates the present position
- and increases the position accuracy.
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©  NAV to ALIGN to NAV - When ALIGN mode is momentarily selected and the IRS returns to the NAV
mode, velocities are set to zero and within 30 seconds the level attitude is determined. The IRS
automatically remains in the ALIGN mode for the required 30 seconds, even though the made control
1s prematurely raturned to the NAV mode.

These selectable modes and sequences are summarized in table 14.

Tabie 14. IRS Selectable Modes

m. 10 minute self slignment, leveling and gyrocompess

NAV ~ Provides full sysiem parformance

Atiitude Backup, gravity erecied mechanism 10 provide attitude
and heading data — full pecformance in 20 seconds

Down Maode Sets resaldusl velocities 10 Zero and re-ievels the
Alignment “platiorm” in 30 seconds

Operation Menitoring

The IRS includes a comprehensive monitoring and fault isolation system provided by built-in test equipment
(BITE). The BITE provides Tault {solation to the IRS line replaceable unit (LRU) with a 95 percent success
rate through tests automatically performed when the IRS power is applied, through ALIGN mode completion
criteria, and through in-flight monitors and tasts. This detaction and isolation 15 achieved without » :
IRU-to~IRU communication, since IRU-to~IRU interfaces have the potential of compromising the system radundancy L. . .
integrity through single=point faults. Each IRU contains a nonvolatile fault-storage memory used for _ S
racording detatled fault status of IRU subassemblies that aid in fault isolation to tha LRU subassembly in e
the maintenance shop. In addition, upon comand by a remote switch or a switch on the IRU, the IAU establishes S
fixed valuas of the output parameters on the ARING 429 seria) digital output data bus for testing the
interface between the IRS and the recipient avienics equipment. This test scde doas not intarrupt the )
. interna) updating process and may be activated at any time during the A)IGK op NAV mdoss if the ground . ' oo
spaad 1s below 20 knots. o v , . ' Pomdiste

JBU Hardvare Features, - . ' } ' ' o

Laser Gyro = The laser gyro is an instant-on, large dynamic ringe, wida-bandwidth-rate sensor with extresely f e
stable parformunce parameters and input axis atfgnment. The Yaser gyro detects and messures angular rates S
by measuring the frequancy difference bstween two countar-rotating laser beaas enclosed in an optical path.
{See Figura 23). The two lasar baams coaxist in the same gm\ enclosed by three eivror surfaces. The
rasonant frequency of each beam is a function of the path length sean by the baam. AL rest, with no angular
vate fnput, tha clockwise and countar<clockwise apparant path Yengths are the same, Howaver, whan the gyro -
- 45 rotated about the input axis, defined to ba perpendicular to the plane as definad by the path of tha
Yaser besms, one beaw experfences an incrassed path Tength and the other, a decreased path length, which
resuits in two distinct resomant frequencies, wherein the frequency diffarential {s diractly proporticnad
to the angular rate. The frequency difference fs measured by optical means that rasults in s digital ‘
outp?t. Eghipm:o output represents & fixed angle of rotation with the pulee rate proportional to the
angular rete fnput, :

Accelorometer « The tnertia) grade, force rebalance accelevoseters used in the IRU arve heaterless analog . N
output devices. The analeg output siem\ 13 digitized by a precise slectronic circuit, the output of which S e e
reprasents & fixed increment of velocity. Accelerometers from thrae minuficturers were cortified both in a

aixed and natchad configuration as thay are interchangeable at tha IRU Vevel,

IRY Electronics - The IRU uses tw2 microprocessors structured in an intarnal parallel bus system, with
grim‘ny. serial digita) external interfaces in ARINC 429 format. (See Figure 24,) The Honeywsll Inc. HOP
301 main processor s & sixteen 'bit‘ four bit slice micro-processor based on tha 2301 intagrated circuit

[

{ncorporating double-pracisicn numerical processing-and-data handling wudes that provide thirty-two bit '___,,_,,_,g
cupabllity, whera necessary. A second eight-bit wicro-processor (Intel 8048) s used as an input data SRR
?rogc::or‘ The olectronics are functionally partitioned to sinimize tntarcard wiriag and to simpiify fault vl
solation, : o

TRV Packaging = YThe TRU packaging i5 &n optisum comdbination of Large Scale Integrated Circuits (LSIC), and
commarcially-standard Jntegrated circuits and discrete componunti. The IRU tncorporates flow-through

cooling and careful thermal design to eliminate hot spots, and to reduce avarage component junction temperature
thereby increasing the IRU reltability. This tharwal duion has been verified by thareal analysis and

thermal testing. (Ref. 3) , '

.y
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¢ 1280 watts used by INS during warsup and 400 watts continucus after warm-up cycle is complete. Tho IRU

429 NAREEAOA S

AIRPLANE SYSTEM REQUIREMENTS

The basic IRS data requirenents for the 737/757/767 airplanes are compared in Table 15 with current INS
systems in coomercial service. The basic performance of these two differing technologies are the same
because the application requirements are essentially tha same. The primary differences are the body axis
data availabflity in the strapdswn configuration. The alignment time of 10 minutes for the strapdown
system must be completed satisfactorily over the temparature vange of -15°C to +720°C for latitudes of £73°.
This is to be accomplished without heaters and the power to the IRU is limited to 125 watts compared to

used in the Boeing 757/767/737 airplanes dissipates under 100 watts and has besn qualified to give full

garformance over a 90 winute no cooling air environment to satisfy the regulatory agency of the United
Kingdom, the BCAA.

Tabie 15. IRS/INS Performance Specification Comparison

Function RS INS (747 Typa)
Align time 10 minutes 153 minuies
Atwusde | o 02* (snaiog)
Magnetic heading r Not provided
Trus heading o4 | Mot epucitind but siestar
Navigation 200vhe,wordwide | 2navie, world wide AR
et |, | s G
Vertical velocity : 0.5 fVeac Not provided : :QM“.
Body anguiar rétes ™ Not provided : A
Body sccelsratisng bty ) Not provided
-Fight path acosierations | - 0.0 | Mot provided
Trsckangle e & - ot specited, but sienier
Teatk angle ssagnatic L S Nol provided
Flight path anggle R-L ' Not provided
Yeackangiernls 0w Not providad
kvartd alilude sn ] Mot provised

The systen radundincy requitements for the 767/767 airplanes arve thrae separate, isclated inertis} data
channels to satisty the requiremente of the fail opsrational autopilot. For the 737-300 airplane, dual,
Andepandent channels of fnertfal data ave provided to setisfy the Sasfc airpline sttitude requirements in
- accordance with the alr regulations. This configuration also satisfies the fail-passive autopilot design

“of the 737f3¢_0 afrplanes.

CThe single {nertiai wode panel i3 dc‘sigmd 30 that no single failure can cause the Yoss of more thah one o
IRU. The displey furction of the mode panel §s common to all redundint. IRUs, but ¥s not requived for ».. e
tn-flight cperations. : oo ) . - o _ S

LASER SYRAPDOM IKERVIAL REFERENCE SVSTIM CERH'FICATIGN 1SSUES

After revieving the IRS design and app)ications to the 757/767 atrplane, the US Federal Aviation
Adeinfstration primary certification fssues were the following: -

*  Reliadility and Fallure Modes : - _ ' , '® R

*  Synthesized Hagretic Heading - : oy s
®  HNavigation Perforsance - . T R
¢ Software Verification and Validation

' Tho test programs and results described in the nast sections were designed to answar the FAA's (and Boaing's)
concerns and were successful in accomptishmant. - : '

IRS TEST PROGRAM DESCRIPTION AND WESULTS

The IRS test program at Boelng fo the 757/767 procram consisted of three phases. The first phase, called
“Blue Label", favolved the full englineering evaluction of an engineering model of the production system,
- This unit was completely packaged in a production configuration, but was built in engineering mcdel shops.
The second phase, called “Red Labal™, were pre-profuction units built by preduction shops but were the
systeas used and evaluated during the 757/767 airp ane ?11ght test program over a 1-% year period leading
to certification. The last phase called "Black Latel” or full production bullt and controlled units were .
evaluated only for any changes from the “Red Label* configuration used for type certification demonstration ® °
of the basic airpane. An overview of the test prograa uquiﬂd for certiffcation is shown in Figure 25 and - e

N
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Figure 28, 7527767 IRS Teat Progiam For Centification

Bocing Systew Laboratory Tests o , ' ’ ' :

"~ ATl laboratory configurations werae evalusted independantly at Boefng to validate She Bowing dtgign reguiresents o - °
and supplier changes to hia requiresents. Perforeanza, functional, caviromantal, and softuare testing * 9
werg performed at this leve). [Integration testing ws a key test with all interfacing equipsant to insuve
data bus and function compatiblity. : )

A serfes of leboratory tests were performed, using singlesaxts and 3-axis position/rate tables to evaltuate

the systom's attitude, heading, angular Fate, alignment, and navigation perforsance, Alignments and navigation
runs ware perforeed under a 1imiled range of thorkal and vibration savironments to evaiuate the therwal and :

vibration seasitivity and stadility of tho sensors. Havigation vunhs ranged frow 2 to 10 tours in lengih, , B
Interface tests were perforked to evaluate the ARINC 429 digita) dale bus electrical performsnce and functional o
compatidility with using airplane systeds. Additione! tests {nctuded ENI and power transiant and power :
varigtion tests, Vhe systews performed w2l within specifications, with only minor hartdare and software

anomaties. The laloratory test configuration it shown in Figure 26, Theve were no faflures of any IRUs

during the three year lab test program of al) theee sysiem configurations, (Blue, Red, Black). A summary

of the scope of the Yab test program §s given in Table 16. .

Two unfque sets of tests, at least for commercial fnertial systems, wore perforsed on the
‘ These were 3-axis @ate Table Tests and systes level software tests. -

IRls at Boeing.

'®
[

3+Axis Rate Table Tests

To evaluate the system’s attitude aigorittm, rate sensitivity, and total performance under dynamic {onditions, - o
an IRV was mounted in a 3-axnis rate table which allowed ¢imultanecus application of various pitch, roll, :
and yiw rates, both Vinear and oscillatory. For example, the saximum specified angular rates of 70%/second
ware applied about all three axes simultanesusly for periods of up to an hour. The appropriate output !
parameters were recoived and examined over this test period with no anosale.s behavicr indicated, which e
' - fully validated tha attitude/rate computations, under worst case test conditions, and demanstrated the
"% 1 all-attitude capability of the systew. This test 2licwed evaluation of attitude and rate accurivy by
: couparin? 1RU outputs with the table parameters. OF special interest were conditions vhich could have
singuler ty probless such as S0° pitch angles. These test series provided excellent confidiice in the
tude algorithes under a wide rangs of dycamic conditions.

:
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Figura 26. 757/787 IRS Laboratory Test Conliguration

Software Validation

The other unique test was softwara validation. This test was performed at the system Yevel with the software
being executed as desifned in the system except for the test input points, - The test consisted of “oupening
e gyrp and accelerometar inputs to the softwere and inserting simulated accelerometer
and gyre “pulse count® data, This would allow testing under controlled flight path conditions to evuluate
conditions difficult to achieve during T1ight tert. It also allows very repeatible tasiing to be parfornied,
a necessary condition for avaluating software. This test configuration is shown in Figure 27. The test
drive», resident In a Harris computer, consists of an 1ndependent1¥ derived strapdowr IPU model., This
mode) operates on data files which define the dynamic flight protile and generates outputs consisting of
body axis cosponents of fnertfally referenced rates and accelerations in ithe form of gyro and accelerometer
“counts®. The input data files are uscd to define f1ight profiles for specific test cases such as climbs,
turns, specific fl{ght paths, and combinations of each, This test driver {5 shown in Figure 20.

Tht IRS Test Driver (IRSTD) provides a machamise: for dynamic testing of the IRS computer and software by
application of simulated sensor inputs, These inputs are generated by the laboratory sisulation computer
(HARRIS) and transmitted (via R$-232) to the IRS test equipment. The [R5 test aquipaent decodes tihe Harris
inputs and relays the data to the IRS computer uti\izin? DMA to transmit the fnputs to ascigned buffers {n
the IRU cosputer memory. Special patchas ave utilized in tha IRU operationa) software to disable the
norma) sensor interface and replace thosy {nputs with the sisulatsd dsta, The IRU computer 4s “slaved" to
the Harris input, co that a single coxputer cycle s executed foliowing reseipt of each datu block {i.e.
set of simulated 1nputs) from the Harris computer,

In addition to the slmulated sensor nputs, the [RU also receivas simulated air data and f1ight managenent
computar {npute via an ARINC 429 bus froe tha Harris computer.

Tha Harvs cosputer system also provides an ARINC 429 receiver, which {5 used to read and record IRS digital
output parameters. TYest data {5 obtained from dynamic URT displays availoble at the simulation oparation
console and printout of specifiea ARINC lubels hy post-processing the recorded data tape,

A summary of these tests and resulting bennfits ara licted in Table 17.

Supplior Softwsre Verificstion

The software verification program required by Boeing resulted in a very exhaustive test process at the
supplier, Honeywell (Referance 5).

Prior to beginning tie veriffeation of the target cosputar software, the basic attitude and navigation
algorithas implementad wers requived to be vartficd.

The method used for varification provides a cowparison of IRU navigation and attitude response with results
obtained from known classicai solutions,
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Table 186. IRS Lab Test Description Summary

Test Description
Functional Yeuily functions are present and mechanized
per spectiication
Moding Verify all ossible mode sequences via
the operator are acceptable to system
operation
Alignment
Basic stability (day-tc-day) Perform repeated alignments under
Heading sensitivity various heading, attitude, and
Thermal sensitivity environmental conditions to svaluate
Attitude orientation sensitivity basic psrformance and sensitivities
Time sensitivity to these condlitions
Base motion sensitivity
EM{/power {variations and interrupts)
Navigation
Basloc stabliity (day-to-day) Perform repeated navigation drift
Heading sensitivity runs undei’ various unit orientations
Thermal sensitivity and environmentat conditions and time
Attitude orlentation senaltivity to evaluats hesic performancse ’
- Yime sensithvity : &and sa=yitivities
.Base motion sensitivity . -
EMLI/power (verigtions end Interruple)
interfaces e
Digital diate Lus electrical Evziuate bosio signal performancy
chanicteriviics and performance (rise time, thveshold® under varicus
load and extarnal fault conditicrs
Digiis} date Verity data format and rates
intarface alrplans systema Validate communicatinr: and respocisw is
acceplablc under varlous loads, modes,
and {ault conditions when connecled
ateriacing system -
Aiitude sigotithm
Senalivity to maximum ungular Validate atiitude dala performance
rates around sl J-axse e accepiab's under any attitud;
orisntation and rolatior- sequence
. Soltware Validation
Magnetic heading syntheshs Evaluate cyntheels program Hmits and
parformance on woridwide basle
Baro-inertial titler Evaluaie performance, response and loglc
with step snd dynamic alr date lnnuts
Align/attitude/navigation Evaluste sigorithma under simulated
alfplane fight protiien (e.g. align at
southem (atikudes and navigsle over
e pols)
Attiude mode Evaluate attitude mode performance
under vaiious sirplane dynamics
1) g Evaluate BIY response to simuiated taliures

The basic Navigation algorithm is verffied using a computer program (Global Simulator) which generates gyroe
and accelerosater pulte counts by nuaserica) integration of dynamic equations of a point moving on a great
The derived gyre and accelerometer pulse counts are in turn entered into
the IRS strapdown navigatfon equations and the resulting navigation solution is compared to that used to
define the inertia) orbit. The errdrs derived by comparison of the navigatfon equation intogral with the
inertia) orbit are the basic Schuler and Focault tnaccuracles of the stripdown navigation algorithas.
process utilized is shown {n Figure 29.

The IRS attitude algorithwm simulation (IRS C Matrix Spin Simulator) is a Fortran Computer Program which
generates a cinsed form analytic solution of the IRS attitude differential equations.
then compared to an fntegral of the IRS attitude integration algorithés for avaluation of truncation and

drift characteristics of the algorithus.
Once the algorittws themselves were correct and implesented with sufficient accuracy, the target software

¢ircle orbit fn inertial space.

verification process was started.

This solution s
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Table 17. Boeing S/W Validation Test Summary

* Test Coverage

Compututional accuracy — Correlate IRS outputs with known e
fiight path (e.g. great circle,
constant radius tum) . L4 R .

Spacial cases/singulirities — Run speclal cases (such as polar
crossings) where flight testing is
either difficult or impractical

Dynamiz range — Allows verification of IRU transfer
function through compiete range of inputs

Blie evalustion — Provides complete control of external — e
interface and computer operation for . @ {
evaluation of response to fault T
conditions

¢ Test Experience — Software was thoroughly verified by
vendor previously. As a result, few
problems were identified, and none
critical. Evaluation of various
flight conditions results in elimin-
ating alrplane flight test conditions
to verity systam performance which
resulted in large cost savings.

CLASSICAL .9 e
NAVIGATION RN
PROBLEM

‘ lﬁENSOR DATA 1

CLASSICAL ORBIT SIMULATION IRS STRAPDOWN

NAVIGATION | == POLAR ORBIT OVER EQUATIONS x ALGORITHM

EQUATIONS ROTATING EARTH FORTRAN IV 6060

NIRRT

VERIFY ALGORITHM e e
BY COMPARIBON e
TO ORBITAL SRR
8IMULATION
ERROR AS A e °
FUNCYION OF TIME -2

Figure 29. Algorithm Verification — Navigation

9
Fundamental to a good verification program is a straightforward, structured, modular design which lends T
{tse1f to complete and visible testing. This was established by Boeing and Honeywell early in the program,

with the Software Dusign Standards used by Boeing for all suppliers.

The suppiier established an indepandent test team from the software design group and both the design and

verification test procedures were reviewsd and approved by the fnertial szste-s engineering personnel who
had established the design requirements. 1In addition to the testing, walk through reviews were held for

the design, test procedures, and test cases used.

Boeing added another check to this process by performing an independent review and approval of the test
procedures. This process was alsc used for any retesting required due to changes $n the code.

A very tightly controlled change process was used to fnsure al) changes were {mplemented and tested properly. g
For consistency and accuracy, the change protess was aiso applied o software documentation from requirements o
to test procedures.
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The tests included indfvidual module verification tests, module integration tests, hardware/software integration,
and end-to-end tests of total software/ hardware elements. As an example of the latter testing, a trajectory
generator was used to "drive" the system align/navigation/attitude solutions and logic under various initial
conditions and flight paths, These solutions were compared to the "standard" high level language simulation

on a host computer for acceptance.

The results of this total software development, test and change tracking process were very successful when
considering the complexity of the problem being solved by the IRU. Only 38 software problem reports were
issued at Boeing as a result of Boeing tests over 1-1/2 years of lab and flight testing. (f these, 12 were
found as a result of flight test and only 3 of these were viewed as significant to certification. Even
more interesting is the fact that only 15 of the 38 were true software design or code errors. The majority
of the errors were incorrect design requirements provded by the systems engineers to the software designers.
The distrubtion of S/W ervors over the test program life is shown in Figure 30.

NUMBER OF PROBLEM REPORTS

8
ALY 1 FTO1 FT03 ' Fros FTH1  CERTIFIED
VERSION
BEGIN 767 BEGIN 757
FLIGNT TEST FLIGHT TEST
Las PR PR

Figure 30, IRU Soltware Probism Reports During 757/767 Test Progiam at 8osing

IRU FLIGHT YEST PROGRAM DESCRIPYIONS AND RESULTS
752/167 F1ight Test Performance Results.
Extensive flight testing by Boeing was performad to validate and certify the IRS functions,

The “Blue Label" oy engineor1ng system was inftially flight tested on 747 and 737 test afvplanes to verify
the system would oparate satisfactorily in the afrplane dynamfc and electrical environment. This test was
very successful with excellent navigation performance exhibited and no problems experienced in the airplane

environment.

Flight testing of the IRUs during the 767/767 test program accumulated over 94,000 unit operating hours on
nine afrcraft using a total of 51 fRUs,

The data sumsarizod §n Tables 18, 19, and 20 are the IRS navigation performante resulting from 767/767
flight test activity. These data were obtained from a total of nine atrcraft (five 757's and four 767's)
conpr1sing the Boaing flight test flest. The scurce of data is the IRS operation log which was completed
for each tlight after landing and included final Rosition and velocity data with time in nav and flight.
The dats base consists of 2800 757 system flight hours and 5100 767 system flight test hours.

These data chow that the IRS navigation performance demonstrated in the 757 and 767 airplanes {s in compliance
with the rcg:irt-nnts of FAR 121 ndix G and AC 25-4 and therefore is satisfactory as sole source of
navigation data for long range navigation routes.

B T a— .

!4. e ,,.,.,‘.....‘,.. —

LT NN -




4-36 SRR
°

Tabie 18. IRS Navigation Performance Summary Combined 757/767 Alrplane Tests

Radial Error
Flight Number IRU IRU's Rate (95%)
Data Category Hours Flights Used (nmi/hr) o
Al flight test data 781 2240 )] 1.85 ' ..
Al ﬂ&twm— 3
o flights where
ground time >50% of 7490 2014 )] 1.69
fliight time
L e
Gse NAV tne Intesd -
use NA' ns
of fght time to 9331 2240 1 1.58
compiite RPE rate
IRU's — exciude fights b et o
' ground time 3584 M “ 147 I PY
>50% of fight time S
Tabie 19. IRS Navigation Performance Summary 757 Alrplana Tests o
. ] ®
Radisl Ervor .
Flight Number IRU IRUY Rale (95%) Coo
Data Category Hours Flights Used (vmi/hr) Lo
= g g o ‘ -\
All fiight teet data 27194 " 683 1.84 :
Al flight ::‘ :ﬂl -
exciude whare
ground me >50% of 1004 o ® 14
Might me
N
e
compuw rate
" e
AL xeiude !l:n'hm
0 o 8K e
whate ground ime 1913 L] 40 1.44 _ o
SE0% of Bight e ’
L S,
Tabie 20. IRS Navigation Perormance Summary 287 Alrplane Teus
. ;—\“':W-'*" b,
Aadiudl £ vor
Flight Number (RU AU Rate (B5%)
Dale cam Houre Fiigits Used {nml/tw) .
A% tighi dout chate sow Vare " 1.0 L.
A% ot b dals — ' B
exciude s whate . *
Wrie S&% of 4508 1247 [ 34 .1 S
Right ima
AN Fight test dela . .9
vas RAV time instead
of igh! tme 1o 6004 1374 o 158
compute RPE e
Corttiicalion configusiion
1RU's - exclude Mights 107 "o P 151
where ground time
>50% of light kme o K
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The overall 95% radial error rate for all flights (2240 system flights) is shown to be 1,85 nm/hr, which is
within the 2.0 ne/hr specification. This is a very conservative estimate of the IRS performance because
flight time and not time in NAY mode was used to compute the radial error rate. The radial position error
is determined by computing the distance between the indicated position displayed on each IRU and the known
true position of the parked aircraft at the completion of flight. The 95% radial position error rate is
gstablished by utilizing the following equation to process the ensemble of radial ervors:

- 12 T
2 (RPEH/T )2 P
i=1 ] L

Rgg = 2.45 A

2n )
— w—— &

Where n = nusher of dats samples _;.::"l:_';".-
RPE, =  padial position error, {0 data sample ".”"“'*“’. -
T4 = flight time, it data sample Lo

These three tables provide a summary of IRS navigation performance in each airplane and for the combined
data sets. Data {s also provided for comparison to show the differences in performance due to the relatively
substantiul operating time on the ground in the flight test environment. One category excludes all flights
where the operating time in navigate mode prior to flight is excessive (exceeds 50X of flight time). The ;
result of segregating thesa flights is to reduce the measured radial error vatio by 9% (1.85 to 1.69 na/hr). ® .

The date was further evaluated to show the relationship of radial position error rate as a function of oo
flight time. The Figure 31 plot was obtained by successively removing data below a specified minimum SO e
flight duration threshold. The intent of this plot is to show the relative improvement of radia) error ceaxe S
rate as a function of increasing flight duration. For example, an improvement of approximately 45X is RN
evident 1n Figure 31 if the computed radia) error rate for all flights is compared to the subset which

includes only thase flights in excess of 6 hours flight duration. This was done to show the regulatory

agencies that vadial ervor rate for short flight periods is aisleading as an indicator for over all navigation

performance. ,
2
g o
g 1+ . .8
: i
& B
® )
wmapim ALL FLIGHTS
sesdorse EXCLUDES FLIGHTS WITH : ~
EXCESSIVE GROUND NAV _ L e e
VIME (Touy/Truant s 1a) : ,
0 N nicd | . . i ' 3 .
) ' 2 3 [ s s 7
MINIMUM FLIGHT DURATION (HAS)
L)

L o e

Figure 31. RPE Rale va. Minimum Fligmt Ouration

An evaluation of the f1ight test data was also performed to detarmine the velocity performance heing cemonstrated.

A total of 2320 IRU fights (3 IRUs/f1ight) represented the population for this analysis. Only termical

(after landing) data were available, but bacause of the large population which covered a wide range of . -
f1ight times, profiles, ind units, the estimate was felt to ba valid. The flight data analysis showed the e ®
velocity (ground speed) performance to bae less than 8 kn, 95% basts. =T
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Flight Test Events, Operations and Problems of Interest

Performance Problems ol

As previously inferred and as shown with the navigation test data, very few problems were encountered : .
during flight test. Those that did can be categorized as BITE, Baro-inertial/Vertical acceleration laop, N
anti-aifasing filtering, and Schuler “pumping". ] Y

The BITE problems resulted from tolerances set too tight or the test turned out to be impractical. One

such test was cross-track velocity which was designed in an attempt to automatically detect unacceptable

navigation performance at the end of the flight by calculating what the ¢ross-track velocity (velocity

error) was when the airpane was in rollout on the runway (i.e. when actual cross-track velocity was zero).

Early in the program, large velocity errors were being induced hy a gyro connector problem (unknown at the .
time) and when the airplane was turning during taxi on or off the runway, this error would often be in a MRS
direction to add to the actual cross-track velocity created by the lever arm action on the IRU which can be ) e
100 to 150 feet from the turn center depending on nosewheel angle. This event is depicted in the kinematic S
diagram of Figure 32 and the parametric analysis shown in Figure 33. This figure indicates the BITE test

sensitivity to the turn maneuver during taxi operations when a 10 knot error exists in the cross track

direction. The result was the cross-track velocity error threshold was exceeded and the IRU would fault.

The frequency of this event became unacceptable and the test was removed. The gyro connector problem

causing the larger than normal velocity error was eliminated also, but the test was not reinstated. The

decision was made to let the crew determine the cut-of-tolerance navigation or velocity performance, as 1s ot e s
done with the gimbal INS in commercial service. b8

The baro-inertial/vertical acceleration problems stemmed from interface incompatibilities with the autepilot
and were due to output filter instability under smal) altitude changes from the air data input, and undesiresble
response to afr data failure conditions. These were not difficult to resolve, but it took the 1-% years

flight period to discover them all.

Based on the anti-aliasing filter analyses perfovmed in support of the system specification, the body rate e e
and acceleration data were specified to have an BHz bandwidth. Because of design constraints and compromises . ¥
made during the development of the digital autopilot and autothrottle systems, 1t was discovered duyring the S
flight test that this "wide" bandwidth was causing some instability in the control laops. These automatic

control systems were undersampling (20Hz) the data (50Hz) and the high level of vibration noise in the

5-8Hz region at the inertia) system lacation was getting folded over or “aliased" ints the control system

bandwidth (1-2Hz) by virtue of their low sample rate processing. Changing the second ordar Butterworth

filter bandwidth froa BHz to 3.2Hz resolved the probies.

The Tast category, “Schuler pumping”, s not unique to strapdown systams, but bocause of the strapdown P .0

mechanfzation this phenomencn occurs eore easily and one must be aware of 'this system sensitivity for
strapdown applications.
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XTK VELOCITY BITE LIMIT = 15 KNOTS
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Figure 33. induced XTK Velocily lncrement va. Turs Conditions {Taxi}

The steapdown operating characteristic 15 such that the align solution compensates for any acceleposeter _
blas by providing an attitude error or ti1t with respect to the level plane which resuits in exact cancellation,
For an ideal system, with no heading change, the groundspeed would resain constant (zerv),

- Yha ¢ffect of & 160° huading change at align complation (1210 minutes) would result in a step input to the
- TR0 of twice the scteleroieter bias (~2% dias) (i.e. accel bias vector veverses direction). TYhis would
.. cause the siausoidal response shown in Figure 34,

It another 1H0° heating c':hﬁigi {s attempled at, for example 40 minutes, tha effect would be to fntroduce an
suditional step fnput of «2 X bias. The response to this input would be a siousoid of opposite sign, as
shosin in Figure 34, The net IAU response would then be repiesentad by the Vinear sum of the response to
the initia) rotation and the response to the 40 winute rotatioch, as shown in Figure 34.
lnsgm:tion.ef Figure 34 intlicates thal subsequent heading changes can either increase or decrease the
arplitude of the IRV Schuler osciliution, gepanding on the heading angle change and the phasing of the
existing Schuler osciliation at the time that the heading change 15 wade.
_ Thiz cause of c¢ccasfonal high ground sgeeds wis verified by examining flight test profiles which had a
- lapge ground speed at the and of the f1ight, and correiating the velocity errors with heading changes. A
C vivid exeapla is shown in Figure 35. The systems exhibiting these large “Sthulers” had sccelerometers from
© Cone vender exhibiting relatively targe blas errors (since fixed) which magnified the “pusping® action of
Uhe FlIght profile. A varificatinn of this error source was performed by simulating a large acceleromiter
. biag arror and comparing the error analysis results which was run using the same heading ¢ e profile as
-t attual flight, against the actual f1ight test data. Good correlation is shown in Figure 36.

-Iniz strapdown sensitivity was not expected to be excited durfng the relativaly benign comsercial flight
Profiles and this seems to be a correct assumption, based on Vimited velocity data taken durirg {n-service
cheervations and the lack of reasvals or custoser cosplaints on ground speed performance. In addition, the
oar}g‘r_, accelercaeter parformanceé probles has been resoived so that any "pumping” action would result {n much
saller prrors. :
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’ o
£/W VELOCITY COMPARISON '
WITH FLIGHT NA00Z, 03-04. )
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Figure 8. Comparisan of Simuiated *Schuler Pumping® Errar With Actusl g
Operational Problen .
when specifying the design of the magnetic field model 7or the inertia) reference system, consideration was . ;“3
given to the effect of long term earth msgnetic field “drift" on maintsnance or updates to the stored model LI

over the 1ife of the system.

A great deal of study and analysis of historical magnetic fietd behavior was parformed by Boeing. 1*f was
concluded that the sagnetic field mode) could be safely “pushed” 10 years into the futurt such that as time
passed, the nagnatic variation data in the IRU became more accurate until the 10 year point was reachad.
~ Aftar that the data was expected to degrade sssuming the earth's magnatic field continued to exhibit it's s
Mwastvard drift®, as it genarally has over tha last 60 years of observation. v 'y

Qur tlevar scheme, then, was to use & 1990 model based on the 1580 (latest available) mcdal which has the
st tioe darivative intluded. _

Buring fiight testing, the pilots cosplained they ware seeing 2-3° ervors at takeoft at certain ajrports, T A
and found this to be unacceptable. An investigation revealed that the magnatic reference data used for -
afrfields and KAV atds (VORS) by the FAA were a5 such as 15-20 years out-of-date. This fact when coupled - o

with the 1530 mode) in the IRU produced errors which appeared worse than thay really wera by the high _ l e
rasolution CRY heading displays. TYhis “error sagnification® s shown in Figure 37. The nuseric data in -

the heading window also contributed to this magnification, L

The pilot unacceptadility come as a surprise and wae disappointing, because we had to go back to the 198D
- magnetic field model to develop display data compatible with the old” faciVities reference laforsation,

It s doudbtful the FAA wil) update thete refersnce inforwation, except increwantully, as cperatfons shov a

nead, eum?m facitity veference data did not show s “aging® problem and appears to be relatively
-qurrent (< 10 yesrs 0ld). Howsver, even with this change in approach, the field sode! sppears compatible ) P
with & 20 year systen 1ife, ' : , L

I#0 Airplane Instrusentation Utilety

SR < S

One interesting aspect of the flight test program that was not & problen, occurred because of the IRS

attributes, Enough confidence fo this system fiad besn generated Shrough the “fly-oft® compstition and the

enpineering mode) {Dlue Tabel) testing on & 737 aid 747 that tha IRU was dasignated to be used as basic _
sirplane instrusentation during the 757/767 flight test program for other testing such as aero, brakes, i ‘®
anti-skid, stability and control, etc, The quality and veliability of the rate, accelevation, attitude, e S
heading, snd velocity dats satisfied €11 of the instrusentation requiréeents for these parameters. Thus, K

0o further instrumentation system needed to be installed to provide thess data seasureents, a great savings

10 the teit program. : :

Long Range Navigation Oata Flight Yest

1n addition to the Boeing-conducted f1ight tests, a Yong range certification exercise wis conducted oh an
Astrican Afriines 747 frafghter tn revenue service to collect reldability and performance demonstration
Yeading to ) range navigation certification. This test sccumulated over 1200 hours on four SRUs. A
triple 1RU pallet wus installed as shown $n Figure 38 and flown on the routes shown In Figure 39, Oaly
Vight paths which had f14ght times greater than three hours were counted as data Plights.

e
!
H
H

A sumary of the overall test pingram s given in Table 21, with a navigation perforsance for the data
flights by city~patre shown in Table 22.

A serfes of comparative snalyses of the test data were made to establish any covrelation of RU perforgante -
with fiight path. Inspection of the results shown in Table 22 shows that no Tlight path dependency or
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Figure 39. IRS Long Range Navigation Data Flights
Table 21, IRS Long Range Navigation Flight Test Results
Total Operating Time 1238 hours
Total Flight Time 1077 hours
Total System Flights as
Total System Data Flights 168
Number of {RU's 4
Navigation Performance (Data Flights) 1.88 amv/hr (95%)
Navigation Performance (AN Fiights) 1.63 n/he (85%)
Terminal Along Track Error Rate 0.76 nmv/hr (93%)
o, Terminai Cross-Track Error Rate .80 nm/hr (98%)
% IRU Flights Within Specification 90.64%
Fallures 1 (false) S
| =
Table 22. Long Range Navigation Data Flight Route Summary ; )
R | gl‘l‘o“"\:' of Approximate Ganoral Average Average c
- o Great Circle Direction Flight RPER
: . Route AP System Distance (nml) of Travel Time (hr) {ne/hr)
1. JFK-DFW 2| e 1200 W 342 0.5 '
- 2. DRW-JFK -1 3 1200 NE 3.03 0.61 ' '
3. DFW-LAX 5 18 1070 w 18 047 '. ™
4, S¥C-ORD 8 7 1600 E 397 .07 e e
6, JFK-8JU - 5 13 1390 8E s 1.10 - R
8. SJU-JFK 5 18 1390 NE e o
7. JEK-LAX: 5 15 2140 swW 649 0.3
- 8, SFOJFK - 4 12 2240 E 8.59 0.08
9. LAX-ORD 4 12 1810 NE .88 0.30
10, DFW-§FO 4 12 1210 w 388 0.5¢ .
11. LAX~JFK 5 135 2140 NE 839 0.79 -
12. ORD-LAX e 18 1510 sw 420 0.83 ® Y
13. JEX-CRD 1 3 840 NE 3.60 0.48 et
418 o
Total 2] | 165 (average)
JFK = Kennody (New York City) SFO = San Francisco
DFW = Daliaw/Fort Worth ORD = Q’Hare (Chicago) R
LAX = Los Angeles 8JU = 8an Juan ‘e .
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The method used for computing the 95X Radial Position Error rate irvolves ordering'the data by error magnitude,
then establishing the error 1imit which includes 95% of the data samples.

The cross-track and a long-track error rates were obtained by resolving the terminal position error into
along-approach heading and cross-approach heading components, based on an assumed great circle flight path
between departure and destination airports, then dividing the result by block time for each flight. The
method to establish the 95% 1imits is the same as that used for radial error rate.

As a result of thc data presented in the above summary, the appiicable FAA requirements are satisfied. The
Egdiglzpo:}tion error rate, 1.65 nm/hr, is significantly less than the FAA requirement (FAR 121, Appendix
o na/hr,

North Atlantic Navigation Performance Analysis

Analyses were performed on the data obtained in the American Airlines 747 flight test program to show that
the IRS performance meets the specification parameters in AC120-33 as well as meeting the requirements of
FAR 121 Appendix G, the basic FAA requirement for long range navigation using inertial systems. AC 120-33,
North Atlantic Minimum Navigation Performacne Specification, is an FAA requirement for navigation systems
used in the North Atlantic track system.

The cross track errors were computed for each data flight and successively added and plotted against the
criteria in ACI20-33. It is shown in Figure 40 that approximately 30 independent obsevvations were required
before reaching the "pass® region in the AC120-33 test requirements. For the remainder of the data flights,
the cross track errors remained fn the "pass® regfon. It is conciuded the Honeywell IRS has shown acceptable
performance for operation in the North Atlantic track system.

1200

g

SUM OF LATERAL ERRORS (ABSOLUTE VALUES — NAUTICAL MILES)

g8 § .

X AXia

0 20 & ) 0w @0 140 0 W 200
NUMBER OF INDEPENDENT OBSERVATIONS

Figure 40. North Atiartic MNPS Analysis Resulls Using Long Range Nav Data

High Latitude F1ight Yest

In addition to the flight tests described a special flight was made to Deadhorse, Alasks to desonstiats
high latitude alignwant performance for certification. This test demonstrated a successful ali*nnent at
N70.2° Vatitude and tha subsequent flight to Minneapolis indicated no significant effect on navigation
performance, being less than Y an/he after the & hr. flight.
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Design Sirags Test

,.;hrae month period.

The objective of tﬁe Reliability Demonstration Test was to obtain a numerical assessment of the MTBF at the
" outputs, The Tollowing summzrizes individual test conditions:

" This reliability damonstration test was designed to simulate the normal airplane environment and the failure
-expsrience 1s very similar to that experienced on the flight test fleet. (3200 hrs. va, 4250 hrs. NTBF) of

g;:geng;fhd fatlure wodas {n the field were exposed and corrected before preduction units were delivered.

445

RELIABILITY ASSURANCE PROGRAM
General

Reliability of the laser strapdown inertial system for commercial airplane appiication was a key certification
issue. To reduce this risk, a series of test programs were instituted by Boeing and Honeywell to augment

the experience gained in the laboratory and flight test fleet, The Boeing required tests were a 1000 hr.
design stress test and reliability demonstration tests. In addition, Honeywell estabiished their own

in~house reliability development testing which augmented the Boeing test requirement.

The 1000 hour (minimuk) design stress test, in accordance with Boeing specified procedures, was performed

to uncover any veliability weaknesses and to accelerate maturity of the design. This test operates the
equipment under electrical and thermal cyciing, and vibration envivonments which approacn but do not exceed
the design margin leveis. The intent is to exercise the system under extreme environmental conditions, but
within 15 design stress limits. The test environment is much more severe than the normal airplane environment
in order to accelerate design maturity. The test was pertormed on a single red label unit over an approximate

Reliability Remanstration
time of certdfication with respect ¢ <he certification requirements on IRS _att.itude/heading refersnce

a. Temperature Cgcli ng/Enviranmant. « Onu cycle per day, of which 20 hours §s conducted at a chamber
~ temperature which simulates "Normal Flight Operation" and four hours at a temperature which
stuutates "Low Oparating Temperature" per Boeing Specification.

b. Powercycnnq - Power is cycled on during "Normal F1ight Operation” and cycled off at “Low Operating
Temperature", ‘

c. Once every two weeks, an é.ccgpta_nce tes_t..is performed on each IRY and IRMP.

The first test hardware consisted of three IRU's with the inftis) flight test Red Label configuration. An -
additional six units, with the certification configurstion were tater included. The total accumulated test
time was 2700 hours on the griginal test unfts and 10,000 hours on the six certification units. The §
certification units exhibited only 3 relevant failures over the test period.

the certification configuration,

Relisbility Davelopment Testing

There teats wers established by the suppifer to accelerate any reliability weaknasses in th: systes and
were simflar to the Bowtng 1000 hr design stress test, but wae extended to 10,000 hours to insure that a
probiem did not exist that tock longer to occur thst would effect warranty claims over the long term,
Elghtaan (18) systexs were used for these tests which consisted primarily of wide thermal cycles {+65C to
~409C) high tewperature speration, vandom vibration and power cyclet st the extrewe tewperature conditions.
The results of these tests provided excetlant corvelation with early failures 1n the flight test progras
and Yed to the determinatien of the cause &nd dewign corvections. In sddivion, several praviously

Prodyction Burn-lo Tests

A production bura test is required on awery untt by Boedag and the curient test 15 158 hours long, which

roquires several tharsal cycles betwen +65°C and ~40°C with power cycling at thase extremss. Oparationa)

vibration levels are 31so vun sevéral times during this test sequence. Lo addition, sensor burn-in Sests .

are utilized for screaning prior to {nstaliation In the IRU. These Sedts Include 230 houvs of therwal o
cycting for each gyro and 24 to: 72 hours, depanding ¢n vendor, Yor auielvrometers. (Ref, 6) , P [

Boaing Flight Yest Reltshitity Expariance

Experience trom the 757/767 f1ight test proprasn wis provided by 9 test aircraft and 91 different IRUs. A
suries of failures occurred fn the first several months of the Y67 fiight test program dus to improper BITE
design snd thresholds, sud one major hardwmre daficieigy. After these probless were identified and corrected,

. tha systen provided excellent relisbility and perforeance. - A sumsary of S$hy reliability perforsance is

given in Tadle 23, The significanca of tha eaily problews 1% %o b notad with & 3 to 1 improvesent of WiBF
afuap _comctm sction was taken. , , S S

157/187 188 In-Sevvice Reliabiiity Exverience

As of Uecesber, 1903 & totd] of 15 airfines ware flying 99 757 and 767 &irplanes in vevanue service. A

total of 515,000 IRU flight hours and 772,500 unit operating hours budl been acuunulated with an overall

WIRF averzpge of B200 YVight hours and 12,000 op-hrs Deing experfanted with 174 removals. This excellent O
parformance coupares to & matury (15 years) {nertial technology of glmballed systems with about °®
2500-2000 firs MYBF, in comsurcia! service. The threa zonth rurning averages in Deceabar, 1983 were 9600 R
flight hours, and 14,000 op hours, MTBF. The NTBF 3-santh running average history is shown in Figure 41. :
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Table 23. IRS Rellability Experience During Flight Test of 757/767

Before Corrective Action
Total removals %
in-flight faliures 4
Unit operation hours 60 000
Unit tiight hours 4300
MTBF operation hours 1360
MTBF tlight hours 1150
After Corrective Actions
Tolal removais 8
In-{tight fellures 1
Unit operation hours 34 000
Unit flight hours 3400
MTBF operation hours 4250
MTBF fiight hours 3 400 (1 fatiure)
12 00U
10000 §=
‘l
\
\
wrer, v
FLIGHY 8000 b
HOURS -
6000 p-
4000 L A < ) I ) A o i . ) 1 2 A i
-0 4 (] M A (] J J A ] 0 N D J F M
1903 1084

" Figure 41. IRU Alrline Fles: MTEF — 3 idonth Moving Average

' The distedbutfon of the 63 confirmed teilures from the removals during this porfod are the following:

«  electronfes . - W

accel e £

_ o - -
. estimate of gyro reliadbility 100,000 op-hrs
: : accel relfabiMty - 425,000 op-hrs

Navigation performance data hac not besn available except through failure reports of unacceotabie NAV
performance. Limited data has baen taken on one afrline for a month {n the susmer of 1933 snd showed
Qurfomnco sinilar to that exhibited durfng f1ight test with the veiocity data being significantly better.
The Tatter was expacted hecaute airling f1{ght profiles do nrot have heading chi.ges to “pump tha Schuler
as occured in Boeing flight test,

This in-service experience is five times better than the vendar or Boaing ever expected, for the first year
of use, and certainly demonstrates the “payotf" predicied for strapdown fnertial and digital technology.
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CONCLUSIONS

The recent successful introduction of the Jaser gyro strapdown inertial system into commercial airplane
service with the Boeing 757 and 767 airplanes has proven that this technolugy is a very viable product,

The reifability demonstrated has been five times the predicted value at this point in service and is three
times better than the mature gimbal inertial technology. This has been achieved without any sacrifice in
performance which has been more than adequate for commerciai operations. For the first time ever, a system
is now available to completely determine the airplane state and at a very reasonable cost. I 1s bhelieved
that this complete inertial data system has contributed significantly to the success of the 757/767 airplane
operation and systems acceptance. Inertial technology is no longer economical only on long range airplanes,
but is now avaiigble at a cost acceptable for short to medium range aircraft, sspecially those that take
advantage of the inertial data available to enhance the airplanc's operstional capacity. A summary of the
primary achievements of the Boeing/Honeywell laser gyro strapdown application is given in Table 24,

Table 24. Honeywall Laser Gyro IRS/Boaing 737/757/787 Industry “Firsts"

« “First” application of inertial system tachnology to short to medium
range sirplanes as basic equipment for atiitude and heading-navigation
considered to bis a secondary function

* “First” application of production lassr gyro bused strapdown inertial systerm
* “Flrst" application of all digital inertisl systhem to commercial airplanes
* “First” appiication of a strapdown lnertial system 1o meet all

vehicle inertial data requirements for navigation, guidance, and

control — eliminated all body mounied rate gyros and accaleromeiers

* “First" commarcial alrplane to use “synthesiz d" magnetic
heading as primary alrplane heading

o “First” commaercial alrplane to use inertial vertical velocity for
primary vertical speed indication

REFERENCES

1) 06-47029, Boeing Dacument, “AGCS Strapdown Sensor Working Specification”, J. Gilbert/M. McIntyre/G.
0lbrechts/J. C. Shaw

2) J. C. H, Shaw, "Benefits of Strapdown Over Gimbal Inertial Systems for Alrcraft Application”, Boeing
Commercial Airplane Coapany, Naecon Conference, May, 1976, Dayton, Ohio, USA.

3) P. J. Fenner and C. R. McClary, *The 757/767 Inartfal Refevence System (IRS)", Fourteenth Joint Service
Data Exchange for Inertial Systems, 18-20 Nov. 1980, Clearwatar, Florida, USA.

4) P. J. Fenner, “Application of Laser Inertfai Technology to Commercial Airplanes”, AIAA/IEEE Digital
Electronics Conference, Nov. 1983, Seattle, Washfngton, USA.

§) T. M. Friddel1, “Software Verification - A Case Study of The 757/767 Inertial Reference System",
ATAAZIEEE Oigital €lectronics Conference, November, 1983, Seattle, Washington, USA.

6) R. R. Shuquist, “The ARINC 704 Ring Laser Gyro Inertial Reference System” National Technical Meeting
of the Institute of Navigation (ION), January 17-19, 1384, San Diego, Calltornia.

L
.

! .»-
.

R ]




6-1

SYSTEMES INERTIELS LIES A GYROMETRES BALOURDES
POUR MISSILES TACTIQUES

par

J.LMichelin
Responsable des Etudes “Systdmes Inertiels Li¢s”
Société de Fabrication d’Instruments de Mesure (SFIM)
13 Avenue Marcel Ramolfo Garnier
91301 Massy, France

et

P.Masson
Ingénieur d’Essais Composants Inertiels
Laboratoire de Recherches Balistiques et Aérodynamiques (LRBA)
27207 Vernon, France

0 - RESUME

Depuis 1974, SFIM a lancé des &tudes sur les syst2mes inevtiels liés 3 base de gyros secs ; aprés les
premidres &tudes de falsabilit& (74) - Voir AGARD LS n° 95 - SFIM développe depuis 1979 des matériels pour
un grand nombre d'applications parmi lesquelles les applications missile tactique sont les plus importantes.

Tous les développements actuels sont basés sur quelques concepts - gyros balourd&s ~ numérisation
complate de 1'&lectronique - qui conduisent 2 une famille de syst2mes - SIL | - ou les contraintes de volume
et de colt sont les plus importantes. L'expos& qui suit décrit ces concepts de base, quelques exemples
d'utilisation et les résultats d'essai obtenus par SFIM et surtout par le LRBA sur quelques matériels
maquettes et prototypes.

PREMIERE PARTIE : SFIM

I - HISTORIQUE

Depuis 1972, SFIM fabrique des gyroscopes accordés miniatures - GAM - pour des applications diverses -
gyromdtres ; stabilisation optique. En 1974, SFIM a &t& retenue par les services officlels frangais (STET)
pout les premidres Btudes de faisabilit& sur les systdmes inertiels 1ids ; 1'&tude portait sur 1'application
missile tactique, au moment oil peu de wissiliers n'imaginaiont encore le besoin,

Cette dtude de faisabilité, suivi d'sutres concernant les applications hé&licoptdres, torpille,s'est
conclue avec livraison aux centres d'esaal officiels, de plusieurs matérisls ; SFIM présentait en 1978, une
conférence dans le cadre AGARD (L§ 95), ol on décrivait un matériel prototype - SIL J - qui a depuis Eté
testd par le Centre d'Essais en Vol (CEV) de Brétigny, et le LRBA, avec des résultats trds encourageants :

- stabilité O.S‘Ih 1€ sur une gapme de 100°/sec et sur ! an.
= cBP < 100 mdtres sur un vol de 2 minutea,

A partir de 1979, le développement de matériels prototypes associfs 3 des programmes & débuté, pour des
applications diverses, avec une forte demande sur les missiles tactiques : alr-air -~ mer—mer - air-sol ~
sol-air, ot autres. SPIM s'est alors attach# & développer une famille cohérente de ré&féronces inertielles
libes de 2 types :

% Sik 2 ¢ 3 base de 2 gyromidtres
2 axes GAM et 3 accéléromdtres

x SIL | 1 d base de 3 gyromdtres
GAM balourdés

Ces référonces inertielles llfea, peuvent dtre onsulte {ntdgrées, come module, dans des systdmes iner~
tiels plus cowplets (applications hGlicoptire et torpille par exemple).

la familie SIL 1, utliisdie sur la presqua totalis8 des watéricle en développement ou en &tude, cst
1'objet de cet exposé,
2 - BESOINS NISSILES TACTIQUES

Les applicat{ons sur missiles tdctiquos ont mis en Evidence des besoius particulicrs 1

- Rgféronce fnertielle muleirdle

Lo» objectifs de volume ot de colt au niveau missile out conduit los mbesiliers B d&fiulr la référence
inertielle pour réallser souvent 3 fonctions différentes :

~ fuldage inertiel

La tifbrence Lnertielle doit fournir au calculateur misslle des informations de déplacemout angulalre
ot lindaive précises pour assurer un bou préguldage inertiel avant accrochage sutodirecteur.

- Pilutage

Les capteuve 1ids de la R.I. sont utilisés eu gyvomdires et acclléromderes do pilotage (onsemble
gyroaccél Sromdtrique 3 axes).

- Stabilisation

Ds plus en plus, les inforwmations RY sont utilisfes pour la stadilisation autodivectour (mfcanique
ou $lectronique).

Lo presier besoln demande de la précis on woyenne, alors que les deux autres font appel 3 une bonne
pa_ton ana_do aona £ de plveay Jd& bruit. Il s'agit clasmiquement de performances difficiles

4 wn,._@ﬂ,.,,,‘.
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On peut citer les valeurs suivantes, recouvrant 1'ensemble des applications missiles tactiques.
-12100%°%h (10)

- 1,104 21,1025 (1 ¢ )

- 1.1074 2 1.10~3 err. fact. ech. (1 €)

- bande passante > 100 Hz

~ bruit < 0,17 gamme

Les concepts mis en place & la SFIM répondent 3 ces besoins particuliers :

- Dynamique Elevée

La dynamique du missile augmente en fonction de 1a diminution des inerties, de 1'efficacité des gou-
vernes et du pilotage, en fonction surtout des capacités opératiomnelles désirées,

On cite couramment, comme valeurs maximales possibles :

. 50.000°/s2
. 2000°/s
. 100 g

Cette demande de “haute dynamique” se combine bien entendu difficilement avec le besoin de performances
en guidage.

- Volume et cofit

11 s'agit d'un objectif prioritaire. Ls diminution du volume et du colt missile entraine une contrainte
€quivalente au niveau réffrence inertielle ; encore faut-il Evaluer le colt RI dans son aspect multifonction
(2 comparer avec le cofit d'une solution classique capteurs de guidage + capteurs de pilotage + capteurs pour
la stabilisation auto-directeur).

La solution SPIM SIL 1 est résolument orientée vers ces objectifs de volume et de cot, on peut citer :

~ volume 1,5 litres
- prix 150 K¢ (1982 HT)

3 ~ CONCEPTS PARTICULIERS

Tous les syst2mes inertiels 1iés SFIM sont basés sur la famille de gyroscopzs GAM 1G ; les caractéris-
tiques générales en sont les suivautes

- encombrement typique : @ 3! x 35 om

- cardan 2 lames croisées

- moteur d'entrainement aynchrone,

- moteur couple 3 aimant samarium cobalt (mono/bicouronus suivant les applications).
Voir figure |,

Ce gyrosocope est utilis€ en gyromdtre associé 3 une boucle d'asservissement, st une commande ternaire
modulfe en largeur, qui est apparue le meilleur compromis simplicité-performances (statique et dynamique).

Ce gyromdtre est utilisBe avec des accllérombtres Qflex dans le systdme SIL 2,

Dans los systimes type SIL 1, il est intégréd dans une structure faisant appels A (uelques concepts
particuliers développls 3 la SFIN depuls plusieurs annfes.

3,1, Gyrocdtre balourdé
Les premidres Gtudes sur le gyro balourdS et ses spplications ont débuté 3 fa SFIM en 1977,

84 le centre de gravité du volant - G - n'est plus confondu avec le centre de suspensions - § =
(balourdage), le gyro devient semsible 3 des accéldrations hovizoutales (volr figure 2).

Un moddle sinplifié du fonctionnement owt

Hx s wy=-8, Yy
My == Wx+8.¥x

Jx, Wy 1 vitesse angulaire boltier (deg/mec)
. ¥x, Yy 1 accélération linéalre boltier (y)

« Mx , Hy i couples appliquds par les moteurs (deg/sec) ; wesures cffectufes par le capteur
. B 1 baloued, proportionnel 2 la masee du volant ot 3 la distance G5 (deg/soc/g).

Un moddle plus complet fait epparaitre l'exprossion des couples en fonction des vesures Sx, Sy
(facteurs d'échelle directs et crolsés K), 1'erreur de positionnement moyeune du spin ¥x, %y, les
dérives Dx, Dy, les termos de non lindaritds, les gutves termos du moddle en accélération, le terme
4'anisoivertie, et les termpes dynsmiques (inertie, oscillations moteur, débattemont,...) puls 3 vitesse

W ., _mstante dx, Oy, avec un résidu Rx, Ry.

Kax . ~ ¢+ Kxy . Sy # NL (9%, Sy) +Dx + Bx. ¥y ¢ P . ¥x
C Wy +4x W e Cal Wy . Wr e IxsRx

Kyx . S ¢ Kyy . 5y ¢+ KL (Sx, Sy) ~Dx =By, Y n e P , ¥y
“-wxeyy We-Cil . Wx . Wz Jy+Ry

Lo gyromdtre mesure done une combinalson de viteases angulaires et d'accSlérations ; avec deux
wesures psr gyro, il suffirs de 3 gyromidtres pour obtenitr 6 mosures, d'od on tireta les 6 informations
utiles 1 WK, WM, WZH ot ¥ xM, YyM, ¥zN (axes missile). Pour celld, L1 faut faire un choix conve-
nsble pour les balourds et le positionnemant des axes captours ; ce chofx dépend do 1'application, il
spparaft cepondant que 1a meilleure méparation (W, ¥ e'obtient en positionnant les 3 spins gyros

sufvant un triddre, et en savimisant les &écarts de balourds | B2 - 83| , |83 -981|, |8} ~B2 | o e qul

condult & 1'organisation typique sulvante :
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= gyro | non balourdé, spin suivant Xm,
- gyro 2 balourdé 3> 0, spin suivant ¥Ym,
- gyro 3 balourdé < 0, spin suivant Zm.

avec {B2| = |B3|
Voir figure 3,

On trouve (méme notation que précédemment) :
Mx2 = Wz

Myl = - Wy

Mx2 =Wx -8B, ¥ x
My2s-Mz+B. Yz
Mx3 =Wy +B. Yy

My =-(wx-B.Yx

Ce qui dounre :

W x =3 (4x2 - Ny3)
Wy =- Myl

Wz = Mxl

Y x = - 5 (x2 + My3)
Yy = (Mx3 + Myl) / B
¥z~ (Mg2 + Mxl) / B

On peut faire un certain nombre de remarques :

~ Il n'y a qu'un seul type de capteur ; le balourdage d'un gyro correapond 2 un réglage poasible de
i'écrou de balourd ; 1'obtention d'un balourd iunverse s'obtiemt en faisant tourner le gyro en seus
nverse,

~ La capacité de mesure accélérométrique n'est pas limit€e par elle méme ; on choisit la valeur de
balourd utilis€ B en fonction des trajectolres de vol ; valeur typique de 1*/a/g 2 10%/s/3.

- lLa mesure accéléromdtrique bénéficle des performances gyro 3

par oxemple, biais accéléro = D/B
ou D est la dérive gyro.

(5°/h (1) et 5%/a/g —~»3.107% g (10 ))
- la solution & gyro balourdé entrafne un effet secondaire :

seneibilité des mesures accéléromidtriques en fonction des vitessea angulaires, ) travers les erreurs
de facteur d'Gchelle essentlellemant,

Un noddle d'oxreur simplifié du SIL | a la forme watricielle suivante

dw D
T [sus] B
o, §W est 1'crreur de mesure de W
- f}w X, Swy, Sw sJ!'

+ §¥eot 1'erreur de mosure de
D@ (Dx. Dy, Dz ] ' décrives systime
.be [bs. by, be ] ' blale systime.

Los coefficlents Sij sont des tormes de sensibilitée jon fait apparaltre des tevumes croleds

Sw o g, w
ol 5 contlant des terwes de la forme
5w Eu/p
ol k ost l'errour de facteur d'dchelle gyro, B la balourd.

Al
PR )
X

L'effat do co terme de couplage doit Stre examiné en fonction de 1'application ; dans lo cas des
wiseliles tactiques, 1'accélération mesurfe (facteur de charge) est largowent orthogonale 3 la vitesse
anguldive, ce qui tend 3 annuler 1'effet de couplage.

Dans e cas de 1'applicazion wiseile, 41 restes 1'accélération lanitiale souvent descciée & un wou-
vesent en youlis (wlesile non pllotéd)

Valeurs typiques ¢ ~ 360° an roulis
~ Ek:5.10-4
« 8«5, dogleec/y

—p arrour de vitesse de 0,4 m/sec on fin de phase initiale, due 3 )'offet do couplage.
Voir figure 4.

Una analyse Fiue de cet sffet de counlage est falte pour chaque application, sur un ensesblo de
tiajoctoives type {anulyse avec motrice de covariance) ; i1 appareit que dans la plupart des cas, ce
tetme ne grdve pus nettement lo budget d'erreur.

La figure 5 présente lew perforsances comparfos de systiwes SIL | et SIL 2 typiques sur une trajec-

tolre typique d'une application aissile tactique courte portée ; les spluokfications des compossnts sont
sexblables,
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SIL 1 SIL 2 : -
Dérive 18°/h (1C) 18°/m (1 T ) N
Balourd 5°/s/g / F;.Ai‘-f-
§B 9°/m/g (1T) 9°/n/g (10) o
§xg 11073 (1 6) i.10°3 () : [
§ka / 1,103 (1) Lo
§ba / 1.10-3% (aq)

3.2, Numbrisation de 1'éElectronique
Les systimes inertiels li&s n'ont pu &tre d&veloppés qu'avec 1'apparition des microcalculateurs, i~,=1:»
une partie importante des fonctions spécifiques d'une plateforme 3 cardans (stabilisation) &tant faite P
par logiciel. ] .
Compte tenu de 1'évolution technc gique rapide de la microinformatique, SPIM a orienté dés 1977
ses 8tudes dans deux directions complémentaires

effectuer le plus grand nombre de tdches systime par logiciel,
numérisation la plus compldte de 1'Electronique, utilisant la technologie actuelle.

Ce sont des moyens pour atteindre 3 terme les objectifs principaux @ i

- diminution du volume et du prix,
- souplesae de conception et d'&volution du wmatériel,
- augmentation dus performances.

On examine successivement les aspects logiciel et matériel.

3.2.1. Logiciel
L'option logiciel choisie par SFIM va au dela de ce qui est couramment pratiqué : ) ‘i"

- Tous les signaux sont numérisés le plus prds possible des capteurs : angles d'dcart, sondes de
températures, commandes moteurs-~couple,....

- Un seul microprocesseur 16 bits se charge de toutes les fonctious systdwe, pour las 3 gyros
(multiplexage) @ '

acquisition des informations (analogiques, discrets....), .
bouclage (3 gyros),

sorties intorues ou systdme (commandes motauys~couple, discrots....),
traitement dynamique (volr § 3.3.2.),

aéparation des informations & /¥

sortie sur bus numSrique externs, -

« & o o ®» e 2 @« o

compensations .
aytotests, )
séquencement , .

Comme on le voit, 1a fonction bouclage eat icl r8alisée par logieiol. L

Les angles d'écart sont codés (12 bics) et envoyéis au microprocesseur 16 bits, aprie un ’!$fmmk*$!~:

traitoment prélininaire (mise 3 1'édchelle, ddcalage, réjection de bruit = voir § 3,3.3). On , .
exfcute par logiciel les foncelons classiques - action proportionrelle et {ntégrals, avance de L
phase, correcteur sp8cifique - ce qul fournit une valeur de précession sur 16 bite, qui est S
onsuite quantifife on 8 ou 12 bies (sulvant les applications} pour la transfovmation numbrique -
wodulation effectude par havdware (codeur N/A spécifique) ; voir flguve 6,

Los axes gyvos sont traitds ensemble (multiplexage).

[ J

La wolution Ingloiella otfre un grand nowbre d'avauntsges, sand aucun inconvénient i ../
= &liwlngtion du matdriel correspoudant 3 la fonction bouclage,
~ grande soupicese de conception et d'@volution du mardriel,
~ y8allsation de fonctions lepossibles 3 faire au nivesn matériel,
- le wicroprocesseur possdde par principe, toutes lec informations ndcessalres pour la mesure, ot
des traitements sophistiqués (voir § 3.3.).
Bien entendy, pour rdaliser toutes cos fonctions dans | seul wmicroprocesseur, i1 est .
nécessaire d'Gerive un logiciel avec un grand soin, divectoment en assceblour, le probldwe prin- LN

clpal étaut de miunimiser 1'ucoupance sans nuire d la modularité du logiclel.

Ieplantd sur un microprocesseur 16 bits pulveant (INTEL B086/186/286 ou MOTOROLA 68000),
o obtient, avec une organisation aynchrone du logiciel, 3 sniveaux d'interruptions aycliques, une . .
occupaico ds 80 2 90X3 une répartitfon typiqua des tdches est préscutée dams ce docusent. N

3.2.2. Natériel o
Les contraintes de volume ndcessitent l'utilisation de tochnologles 8loctronmiques trds 9. .9
int6gries, on peut citer : .
« hybridation des fonctions analogiques (préeisior, pulssanie), et de quelques fonctions numériquos,
- développement de fonctions numlriques spécifiques avec composants pré&diifusés ou préearactbrisds
(bipolaives su CNOS), :

- sontage "chip carrier" diroctesent sur cireuit,
- clrcuice multicoucne flex. viglde wonobloc (pour 6liminor les connecteurs).
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Le gain de volume total de 1'&lectronique est dans un rapport 5 & 10, par rapport 2 ume
&lectronique équivalente en composants discrets.

Le gain en prix est sensible (50%) sur les fonctions numériques et analogiques bas niveau ;
1'hybridation des fonctions analogiques de puissance ou de précision reste chare.

La figure 7 montre une carte flex.rigide avec des fonctions analogiques =t puissance
hybridées.
3.3, Performances dynamiques

Les applications missiles tactiques, en particulier les petits missiles (air-air, sol-air....)
demandent des performances dynamiques spécifiques, parmi lesquelles :

- tenue en accélétation angulaire &levée
( > 50.000%/s2),

- gortie vitesse angulaire 3 haute cadence ( > 1 KHz), rotard faible (< | m sec), bande passante o ®
&levée (> 150 Hz), S

- niveau de bruit faible
{ £ 0,1% &tendue de mesure).

Les possibilités offertes par la numérisation complidte des signaux et la microinformatique per—
wettent de résoudre la rotalité de ces probl2mes, sans matériel supplémentaire, et souvent sans soluticn Lo ST
de remplacement matérielle convenable pour une fonction &quivalente. e v - imes

3.3.1, Tenue en accélération angulaire

Un des problémes A prendre en compte pour la tenue en accflération angulaire councerme le e
woteur d'entrainemenz synchrome (3 hystérésis ou 2 aimants permanents). BE

I1 est connu qu'un toteur synchrong @

= peut décrocher gous forte accélération ausulaite le long de son axe de rotation (effet d'inertie o
de 1'ensemble tournant), N ® .
= oscille naturellement sous l'effet de couples parasites, de perturbations dynamiques. L O

Une &lectronique d2 commande numérique de champ tournant, gérée par microprocesseur
permet de répondre ay probldme, elle rdalise 1l'asservissement de phase du champ tourmant, S
ramenant un amortissement &lectronique.

On utilise une informetion de position toupie (1 top par tour) ; cet asservissement, fait S e
par logiciel, commande le champ tournant (2 travers corrscteur, filtrage) an prenant en compte RIS
les informations d'accélérations angulaives mesurfes par les autres capteurs (voir figure 8), ," o
d'od une avance de phase physique amEliorant largemont lc tenue en accéldration angulalre, P Q

Asgocié 2 une comsande diecrdte de surtension (sérée aussi par logiclel), on attelnt S Ty
100,000°/s2 avant décrochage, pour une consommatisn statique sutour de IW ; voir exsample de S T
répotse dynamique figure 9. .','r’,_'.- e,

3.3.2. Bande passanta 8levée

Le mlcroprocesssur 16 hits effectue par logiciel le bouclage des 3 gyromdtres, il possdde ". - . .
done pour chaque gyro, les informations utiles pour reccnstituer 1'entrée gyro (vitesse angulaira L AN, S
boitier) : comuandes soteve-couple, angles 4'8caret, variables interues. N R
SPIN a mls ay point un algorlchw d'observation (lssu de la théorie des observateurs, en St

autosatiquo avaince), qui reconntiiue l'entrde e » [wen, Wey ] ' en o avec une fouction AR
de transfert &) e /{)e proche d'un zetard pur } voir £ gure 10, .

11 apparalu en effet qua le vecteur d'état repridsentant )'ensesble du gyroscopa et de sa . :
boucle est masurable (soit directement, solt par observation d¢'état), " ° '

L'ousemble bouclege + algorithme d'obecrvation d'estimation eat optimisé ~.ur donner un
sigorithma laplantable sur lo slcroprocesssur.

On montre que la reconstitution et utilisable pour toute fréquonce, hors d'une zoue
outourant la fréquence do nutation (fu 2 10%) ; voir figuve 11.

On découple ainsi complitemant :

» 1a fonction de transfort du bowelage propresent dit, qui demne la limbtation en dynamique et ) ° °
Joud sur los perforsances. B -

~ La fonctiou de tranafert de la sortie numbrique, qui ost le rSsultat d'un algorithwe d'obser-
vation {(tvaitemitt numérique par le logiciel),

Pratiquewent, {1 est possible d'abaisser la viteswo de rotation de la toupie, afin d'obtenir }::‘ -;V.
unie forte capicitd du pricession saus pour autant limiter la boucle passente do 1'information e
nundrique fournie,

11 ost &vident qu'un tel coacept ne pout &tre mis en ocuvre qu'avac un bouclage gyro ) 9 N )
entidrenent r8alisé par loglelel. T
3.3.3. Hivesu de bruie

L'algorithme d'obseyvation a 1'inconvénient d'augmenter le niveamu de bruit ; do nosbreuses
précautions sont done prises au viveau logiciel st matéricl pour atteindre 1'objectif de 0,1% do R
1'Stendue de wasure : CEE

« résolution 12 bits sur 1'entrée (angles d'fcart) et la sortie (commande moteur couple), 9. KN




- précautions nombreuses sur les erreurs de quantificationm,
- réjection des bruits No + harmoniques, caractéristiques du gyro sec, type GAM 1G,

Ce dernier point utilise :
~ la nature déterministe du signal (modélisation temporelle),
=~ 1'information de position toupie, d&jd utilis&e pour 1'asservissement du moteur d'entrainement.

A
11 apparait que le bruit résiduel sur la sortie numbrique ) , ast approximativement une
dérivée de bruit blanc numérique filtré, de la forme.

bwn-,\'bwn_l'r(l-)).b'wn

t - -
bl , =bb, = bb
bb bruit blanc.

4 - SYNTHESE

Comme annoncé dang 1'introduction, la totalitd des syst3mes inertiels SFIM sont organisés autour des
2 types de références inertielles :

- 8IL 2 : 2 gyromitres GAM | G non balourdés et 3 accéléromdtres Qflex.
- SIL | : 3 gyromdtres GAM | G balourdés en mettant en oeuvre les concepts décrits précédemment.

La référence inertielle SIL 1 est utilisfe dans 80X Jes applications en &tudes ou en développement
chez SFIM.

On peut gfcrire trds généralement une référence inertielle SIL I typique, pour missile air-air, en
effectuant une synthdse des &tudes et développement en cours (confidentiels) @

~ classe 10°/L ; 1.10°3g. (1 ¢),
- 500%/aec (X} ; 150°/e (¥, 2) ; 40 g XVZ ; 50.000°/s2 (X),
- volume < 1,51, "

- sorties numérigues sur bus MIL 1553 B (cadence >500 Hz) covmunes pour les 3 fonctions : guidage,
pilotage, stabilisation,

Voir fig. 1 1'ensenble simplifil des caractérisiiques.
Voir figures 13 et 14 les encombrements,

Catte véférence contient :
= 3 gyrowdtres GAM | G (descziption plus haut), montés sur un support nmécanique,
= yn aicroprocesseur nbn&pucc"80l86 aveq § K PROM, 2 X EEPROM et 2 K RAM,
= 8 hybrides (4 différants) pour les fonctions analogiques de puissance ou de précision,

= quelquos prddiffusés ou pricaractérizés pour les fonctions numbriques splcifiques (horloges) et qualques
fonctions standard, sontés an “chip carrier" directoment sur le circuit,

= les circuits liakson B/5 type MIL 1553 B,

= les circuits de r&chlut!ngq.'

- uue o)imentation, & partir d'une tension 27V uon régulée,
- un boftier ofcanique contensnt i’ensesbls.

La figure 15 donvs le poalticnnesent des axes gyros. La figure 16 doune le synoptiqua de priunclpe,
svec ies diveraes informations. ’

La figure 17 pedcisc l'organisation “teups réel” du logiclel.
Renarques o

~ on visuslise sur la flgurs 1'asservissessit gyro par wicroprocessaur, siosi que 14 comsande mundrique des
aoteurs d'untraincment, . .

~ la comsangy des moteurs couples est ternaive modulée en largaur,

« le positionnesent & 45% dad wxes capteurs permst uws dynxaique sgrandle sur 1'axe de roulis, toujours
particulier s un missile,

~ la réparcitios des tickes loglciel (avec 1'Schancillonnage des angles d'dcart présenté) est vptimiste
pour le bouclage gyro, et un® sortie nuabrique avec faidble vetard.

Lo volume de cette véférence inertielle typu cst d¢ 1,5 litres, avéc la décoaposition suivaute
. captaurs ¢ support ¢ 0,3 licrus

. 8lectronique + 8,5 litees

. alimentation 1 0,5 lltres:

.+ sdcanique : 0,2 litres
5 « CONCLUSION

La référence inertielle BIL | présentSe est le cocur de 1z plupart des syatimes inerticls 1ils en
6tade oy en développement A la SFIN ; de 1977 2 19B), SFIM »'est attachbe avant tcut 3 la diminution des
volumes et des colits, i1 apparsfe qué dds 2 présent, 1a réalisation d'une réfErence (nertielle de classe
10°/h, 1.10°3g, 500°/sec, dans une valeur de 1,5 litres est obtenur sans difficultds ; cotte référence
inertielle, complidtemsnt nusSrisée, a une capacité sultifouctioca.
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L'extension 3 des systémes plus complets est immédiate :

- syst2me de guidage/pilotage autonome (atcitude, vitesse, position) : pas d'augmentation de volume
(fonctions logiciel).

- systdme de navigation hybride pour hélicoptdre (avec doppler, baro, référence magnétique) : systéme
STIRS, en cours de développement,

- systB3me de guidage/pilotage pour torpille. ] e

La SFIM a &té retenue en 1981 pour le développement de tout e syst@me de guidage/pilotage/gestion de
la nouvelle torpille développée en FRANCE : syst2me CAPITOLE ; la r&férence inertielle retenue utilise des
gyros balourd8s et une &iectronique enti2rement numérique.

La figvre !8 donne les principaux matériels, 2 base de SIL, en cours d'8tude ou de développement 3 la
SFIM, on msat en &vidence la décroissance de volume obtenue en quelques années.

I1 apparait que le gyroscope sec type GAM est une voie 3 poursuivre plus que jamais ; sa sensibilité e e
aux accélérations, bien utilisée, est en fait un avantage &vident. ’

Cet avantage apparait aussi loraqu’on recherche une redondance, le gyro balourdé permettant de l'obte-
nir indifféremment pour les informations gyrométriques et accéléromdtriques.

Les progrds damns cette technologie se feront par une diminution de 1'inertie des parties tournantes,
ce qui entraine une diminution des puiassances consommées ; un gain tr2s important sur l'alimentation et
les &lectroniques de puissance est alors attendu, ainsi qu'une numérisation encore plus ponssée.

SFIM développe de nouveaux capteurs mettant en oeuvre ces quelques idées générales ; affaire 3 sulvre... ] ® o

SECONDE PARTIE : LRBA

| = INTRODUCTION

Dans le cadre des &tudes géndrales de guidage des missiles futurs, le LRBA : §té conduit A &valuer la
premidre maquette de réffrence inertielle 3 gyromdtras balourdés &tudife pour (e pri-guidage imertiel, le
pilotage et la stabilisation de 1'aute-directeur du missile.

-
]

Le systiéme proposé représente une solution nouvelle au probldme posé en ce sens qu'il fournit simulta-
nément les informations ndcessaires au guldage, pilotage ot stabilisation et qu'il urilise pour ce faire
une véférence A composants imertiels liés (R.I.) dans laquelle la fonction sccéléromdtrique est obtenue
par balourdage axzial de la toupie de 2 ou I gyromdtres 3 suepension dynamique accordée comstituant le
bloc capteur,

Le concept du gyromdtre devait normalement consuire 3} ré-examiner les différuntes méthodes et moddles
utilisée pour 1'Gvaluation des matGrials. De plus, le domaine de variation dea entrées ayant tendance i
s'dlargir vers les hautes vitesses et accdlérations angulaives ot lingaires, le problime de 1'adaptation
des woyens existants s'est posd et reste en partie non résclu.

Co probldme de 1'dvaluation est abovdé lei sous le simple aspect de raractdrisation statique du cap=~
teur ot de la référence inerticlle, ¢'est-d~dire celul de ia modélisation et de 1'eatimation des coefficients
des moddles pour des entrdes en vitesae angulaire et accéldvation lindaire constantoa. Da plus, cette
carvactérination 8'applique 3 dos matériels prélininairves n'intdprant pas 1'ensemble des rédeultats des
¢tudes passdes et en cours. L accent est als naturellewont sur’fec aspacts de 1 expirlmentation 1188 au ' :
principe du gyromdtre balourdé. { ,um.!! .

T

@
i
4

2 - NATERIELS EVALUES

Les esnale ont été condults tout d'abord aur un yyroedtre balourdé 3 suspension accordde SFIN GAM 163
roprdsentatif sur le plan gyroscope soul de ce que pourralt Stre lo pyromdtre prototype et donc 3 1'exelu-
sion du bouclage gyromdteique et autres dispositifs wpdeifiques 1ide A sa mlve en veuvre ddns la R.l., tels
que chautfags ot allwentations, alnai que de 1'intorface sdcanique ot environnement thevelqua.

Q’
.

L'asservisiscment du gyromdtre est assurd par une boucle de laboratoire 3 commande continue en courant.

Ceu essals unt &td poursulviv sur upe maquetlte de véférence inertielle SPIM SIL IN-KDZ sensde Stre
reprdsentative du nlveau des performances visdus 3 'exclusion dos points wuivants

encombresent (seul le bloc capteur est veprésentatif du protocype),

tenue an tompbrature (limitation 3 20°C & 2%¢),

tenue en vibration,

cortaines conditions d'ewplof,

intevfaces &lectriques et micaniques, !,. . ’!
performances dynsdiques @ fonction de transfert ot bruit sur les sorzies.

| S S A 2

La waguette utilise un préchauffage de durde cinlowm 12 s qui est maintenu pendant los easils,

Toutes les mosures sont rlaiisdes en mode "dégradd" ou "opérativannel" (au plus tdt 10s ap s la mise
sous tansion) sur les sorties fonctionnelles vitesavs angulalives et accélérations lindairves fournies en
nundrigue dane up triddre de rdflrence 118 au boftier de 13 R.1. par 1'iqteraédfaire d'une wortie BUS.

Le niveau dé performance atteint par un systdme A cosmposants liés dépend pour une large part e la ' ®
conpaissance dow woddles d'¢rrour et dos compensations d'erreurs réalisdes. o e

La stabilité des tovmes du woddle d'erreur refldte done li performance ultime du matériel, performance
qui ne pourra cependant @tre atteinte qu'aprds Gtudes et calibratlons plua vu moins complexes. 11 importe
doue de prdciser la natuve des cowpensations véalises, qui sont pour cotte waguette les sulvantes @

- compennation d'etreur dea facteurs d'Echelles des moteurs-couples,
- conpousation des wmésalignesonts moteuvs-couples at axe de spin,
- compensation de dérive d'aniso~ivertie, ‘ ®




- compensation thermique statique des facteurs d'8chelles moteurs-couples

~ compensation des termes de dérives : couples indSpendants de g et proportionnels 2 g et 2 g2,

- compensations thermiques statiques du couple ind&pendant de g et du balourd axial des gyromitres
balourdés,

- compensation d'erreur de lingarité des moteurs=couples.

Ces compensations sont réalis@es 3 la fréqueuce maximum de 93 Hz uniquement pour la fonction naviga-
tion nécessaire au guidage.

3 - MOYENS UTILISES

Les conditions restrictives d'emploi de la maquette &valufe ont limité& les essais 2 ceux réalisables
en laboratoire en ambiance régulée (20°C * 1°C) sur un simulateur 2 axes type GOERZ 52 M2 piloté& par um
calculateur du commerce assurant les fonctioms acquisition d'attitude du simulateur et des sorties des
matériels, commande des axes et traitement.

Les sorties analogiques des boucles gyrométriques du gyromdtre sont converties 3 1'aide de convertis-
seurs temsion/fréquence en impulsions comptées par le calculateur.

Les sorties numériques incrémentales de la R,I. sont lues par le calculateur 3 la fréquence typique de
1 o=l
365

Les paragraphes suivants donpent les mod2les représeatatifs des matériels, avec les symbolea suivants :
scalaire

t vecteur
matrice

=l B

——
—
€7 oo

: matrice transposde de X ¢

o1t vecteur vitesses appliquée -80):. wy, wz)

A t vecteur acc€lération appliquée = (ax, ay, sz)t

£t vecteur vitesse estimfe

1" 1 vecteur accélération estinfe A
A0 1 vecteur erreur vitesse estimfe w JL- 1
AA : vecteyr erreur accélération estimfe =4 - A

i errveur résiduelle de cospensation du terme d'erreur X, axe i (i = x, y ou 2), gyro j (§ = 15)2

ov

Y

§51j + erreur résiduells de calibration du facteur d'&chclle
woteur couple axe 1 (i « x,y ou 2)
var (X)  variance du paramdtve X
var (X) t oatrice de covariance du vecteur X
1 moment cinétique

51%}15 : terme d'aniso-inaveie noté égalecent J
B balourd axial toupie
R balourds trauverses
g, aniso &lasticled

couple fixe
sdeelignensnt dev lignes d'action moteur-couple
pasalignesent de spin.

3wt Bc <

4 ~ NOUELE D'ERREUR DETEMMINISTE

4,1, Hoddle neatique du gyromdtre dalouvds

L'équatiun ci-dassous enprime les couples des woreurs-couples en fouction des vitosses et accélé~
vations appliquées au gyrocidtre dans les asaw ¥, ¥y, ¢ du gyroodtrs @

TEL sl Ssmdwren a0 e EA wr o wa- Ky, (e s b an)
o Ix({Wwy o+ By ty
X
T

(L e §8p).(twy ¢ Buay) o -c%éswy.wz eXn, (Waetd, a)

“ 3y (wx s Ban) « x
Eq. &.1,

équation dans laguelle les couples " sont fonctions de 1'accélération appliquie ¢

(" F T Ve, az » P.an = (D.ay - E.ax).a2 ; ’ a2
Py« Moy o Va, sx o Poay = (Doax ¢ B.a,) .02 By 9.

{les terces atille€s soat définis dans la liste des eywboies).

La particularité du gyrosdtre balourdé appsvalt dans les ternes d'evveur suivants ¢
2 $ox. B.ax, $5y. 8.a5 ¢ evceurs dues aux facteurs d'Schelle des moteurs-couples.
2 Tu. Booy, Ty. Bam et Xy, Boag, 0{x.B.az t erreurs dues aux wisalignements.

Aprde sospensation, les #quations prdcédentes sont sodifies de fagon 3 traduire loa erreurs vési-
duelles de comprasation. Le sysbole § Jdésigne les crreure résidusiles de compensstion des teroes
d'erreurs ou da calibration des facteurs d'échelle

_“}9/” W x *B-G.x
Mu| = |wy+Ba

.
,m*
) e
l“ °

. S
® L ]
8 .. .0




§Sx &3¥x _de Wx ST of |wx.wa
§3, $Sy Sxx ||¥Y]| * sTl lwy.we
Fy y 1w o §3 7
$3x.B+ 88 SPy SEX.B SVy_ Sa(),. B. Ax
Tl_5p-85,.8 $5.R 458 -5Vt Su.B ::
SD SE ax.a¢ ST'h)
+ ' t o
'—SE S| [Ay-a? $Mhx

ol B est la valeur nowinale du balourd touple.
=My/h Max
Mu/H Moy
1'&quation 4.3. devient

posant ¥ =

mx|  |Wx +Bax| $x
My uy + B.ay Sy
MoaneBa v A EQ. 4.4,

M : sorties du gyrométye

-

1 6t A : entries
B : balourd nominal
A i vecteur erreur

l.'equar.xon 4.4, ost celle du gyromdtre balourdé aprds compensation d'erveur. L'evreur véalduelle
A contient 1'évolution des coefficients par rapport 3 leurs valeurs de calibration, évoiution fouction
du tesps et dea conditions ue wize en oeuvre, d'utilisation et ¢'envivonnement.

la principale erreur liée 3 1'environnenent est celle due 3 la température amdlante T et 3 aon
influsnce sur les termes {1, B et §5 1@

' Sf‘f - r"Y (53]
S OB =Bt (D)
851 = 857 (D)

s , Bp et 57 &cant les seuibnuh en tewpdrature rédultes on prealérce ewtcmudou 3 des fonc:kam
linfaires do T,

Aprds compensation thermique, }'evreur résiduslle en tempdrature st en priucipe axmom et ost
focluse dans lee torwes S{°, S8 ex $8.

L' équation du gyroedtre nou balourdd aprée coapersation d'erreur est obtesus en snsulsnt le terme’
8 dans 1'&uerion 4.4 ¢

”_ “.'ﬁ'.g_ eﬁs 16

4,2. Hodele seetique deo lu réféczence lnectielle 3 gycumdtres balouvds

La disposition dew ) gyromdtres dans la véfdrance fnertialle (R.1.) 2et définie figurely. fow
rotations en tangdge et lacet sont eesurdes por un gytomdtre nob balourdd d'awe de wpin paralidle A
1'a5c do vrouliv. Les & autrew porasdtres (le votation en roulls et les 3 sccélérations) sent mesurde
par 2 gyroadtres balourdés d'ases do spin crientds en tanpage ot lacet.

L3 efiparation des lntonutiotm est chtenue par r@soluting du systre d'égquatiom ci-dessous odte-
aus par epplication de 1'&quation 4.4 aux ) gﬂuﬂttn fndicée 1, 2 &t ) vespeetivement en roulis,. lacet
ot Rangage @ <

M!.‘g..ﬁ [wyetws)+ §xy

Mgy e -v* (wyswe) + 5

.w.“_.y_a (a;.-‘ v) ¢ Y B funeayfe S
Wy s-iﬁi au-}ﬁ‘uy) \f' 8. (Gud) v dy
Wiy = -ﬁ (w.-w;},ﬂ_ B, (as-a3) + Sx,
- Wyy = . (tux'o-‘-'é)- E 5. (a.nrdt)#- Sys 7

¥q. &7

Seta s . Bl =0 ;32--&)-8'>o
< Xk, Y8, 2L or telddre Li6 au gyrowdtre § = 1 2 )
« X ¥, 21 triddre (& 3 12 k.1,

La solution vaique du systise 4.7 pervet de dé#finir les orveurs (/1L et & A) sur les sorties par
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[(sxl-sm_(sx;-sya)]
- $Ye - $Xi]

Swy - _‘2_-.[8\/1~SX1J‘

L(Sx;.-éy:.)—f(SXa»S‘/;)]

L(Sxi-réyi »(Sk’z-t—&\/z_)J

L(S}’i- $X1) - {$X3+ $Y3)]

Eq. 4.8

L'&quatiou 4.8 montre que les erreurs en vitesse et en accElération sont homogines. La figure
20 fournit 1'expression des vecteurs erreur Al et 4 A en fonction des erreurs résiduelles de compen-
sation des termes de chaque gyromdtre définies par 1T"&quation 4.3,

s
)
o‘;
~

h”!

AN -} Say =

~
o [F

an
o
o
[}
<
IM

Z

®

axpressxon générale de ces vecteurs erreur est la suivante

8.0 = Do +]Kle 2 + [T} 2 + (Bl A 4 [E.[A].A

AA = Ao HG[.2 ¢ HLWY . 2 & M[. A +INLJAJ. A ey
Eq. 4.9 coanit
expression dans lagquelle : . oL
- lo wz o o az © S
(4] =l o (wx ; Al =lo o ax
jwy o © ay @ o

la forme générale des matrices
‘L‘l [Jl ’ B' s ‘El H |G' s 1Bl \Ml , ‘N,
est donnée figure 20 et 1'origine des teimes de ces matrices est la suivante :

Nij

:+ bials proportionnal 2 a2

D tanisolaaticitd

: Modtle d'erzreur de ia B.I. (Eq.4.9) : Erreur de compensation gyro (Eq. 4.4) !l
§ Kii : facteur d'8chelle en vitesse ! x Ssvi + §5Xi : facteur d'&chelle des xm:»f:eut'sz-t:am:xlesl " :
| ! (variation de 1'induction magn8tique de la couronne ! "
" : d'aimants de la toupie) :
1 1 x Sﬁyi - 85xi : octhogonalité des lignes d'action deg
{ { moteurs-couples f
; Mii : facteur d'échelle en acc&lération i i % idem Kii plus : 4; "
w $BL - §Bj : erreur de compensation des balourds . S
i i toupie. h J’ o
{ Kij : facteur d’ &chelle transverse { x&5Y1 ~ g 9Ki : erreur d'anisotrople des facteurs 1
! ’ ' t d'échelles des moteurs—couples (principalement lide 2t ‘
1 1i#j en vitesse 1 1'8lectronique) |
! ! x$5vi +J§xi + meaalignement du gyro autour de 1'axe | N
! ! de spin ! S
i : % Jolt mésalignement de 1'axe de spin ; *.;_____ o
I"Mij t facteur d'Gchelle transverse ! % idem Kij (1 % j) plus : ! '
by ¥ j en azcélération b gp B SV/B termes P et V réduits !
! ! s !
! T } - -+
! B 1, Couplage statique { * % 88 i facteurs d'6cheile des moteurs couples !
TEL , § .. ! ) t
| § =1 Vitesse x/accéléralion p X %6 S : mdsaiignemeat des lignes d'action des moteurs! [ ®
1 ! couples | T T
: : * B 8 : mésalignement de 1'axe do spin :
! t % oB, §p, §v, §E, D : termes dvs 2 gyros balourdésl
! + ro—t
’Bi"j 1 t *831 OSPl SVLQSELpébg {
1 E{, ] Courlage statique ! termos du gyro non balourds !
: i = 2 et 3 vitesse y et 2/ acc8lération : : ..‘WT.,.NW.'«...
1 Gi] t covplage statique 1 % 48 a3 i 1
! ' A w L I ! :
: Hij & accélération/vitesse : t%{ . anisoinertie : '
1 Jij t dérive proportiounelle 3 (yu & I % §J : anipolnertie i .
! ! | '
: Dol et Aol : dérive et biais constants 1! x $Tht couples fixes : ..__-,!
13 % %

r
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Cette vépartition des erreurs montre que par repport @ un bloc capteur gyromdtrique classique, la
sortie vitesse cowporte des termes supplémentaires de couplage statique (sur 1'axe uniquement), ce qui ne
constitue pas une modification de structure du modale,

5 - MODELE D’ xRREUR STATLSTIQUE

S Une fois les pcramdtres du mod2le statique détermi~s par des essais appropriés décrits au chapitre
s suivant, il est d&duit :
' - le résidu de modélisation dans chaqu: essai,
~ les variations de. paramdtres du moddle.

A partir du modéle de 1'&quation 4.9 et de sa couwposition donnée figure 20, il ressort que :
Var (Swa) o o
arida)=| 0 varlsey)  ov(suysws)
0 cov ($wi, Sty hr[&w)gm
avec en particulie. pour £ et A constants :
aw (Kex) + @yt var (Kiy) & Wi var (Ky2)
vae (Swy) Wyt Var (Kix) + v var U)*’ v d
axt Yar (B x) ¢ Ay var (Biy) + a2« var (B #)
Cue.wx.VM-(lfd‘ys t Dx.lby - Var(Jgr)
ay.adzsVar (Bix) + Az.ax. var (Egy) Eq. 5.2
Ax +ay . Vav (Er3) + Var ('D.")
1'expression de la varisncg en accElération est, per contre, générale
var ( Sax) cov( §ax, day)

3.1

+ A+

T LR WL

Cov (Sax,&a%)

Tyt variance induite par la mise en température au démarrage
"¢ bruit de mesure (xésidu de wod&lisation).

» La variance totale, toutes conditions de fonciionncment inclues, est la somme :
N ] 1 % v FAY
) T G T e Ty « T + T e Ty Eq. 5.4
" ce qui wignifie 1'indSpondance dea errours ainei définies. La liste des variances &lémentaires n'est .
pas limitative.
. 6 = IDENTIFICATION LU MODELE

: 6.1, Type d'essais
i Deux types d'esssis sont utilisd«

« des essals 2 l'arrdt ; essais de mise en templrature ot essals wultipositions. Ces essals sen~
sibilisent les termes constants et les termes fonction de 1'accélération.

- des eusais en rotation pour sansibiliser los termes fonction do la vitesmse.

Les essais en laboratoire limit6ée A * ig no permettent pas d'identifier lo moddle en accélération
avec suffisammont de précision.

x D'autrers cesais sont alors nécessaires pour valider les résultats obtenus sous | g

- essals sur centrifugouse
- cesals sur Cable sinusoidale
= essals on vibratioun,

6.2, Essais 2 l'arrdt

6.2.1. Bssais de mlse cn tewpbrature (MET)

Cet cssal consiste 3 moguror les sorties lors du réglwe on fouctionnemout transitofre (R.T,)
obtenu par la wise un routo du matériel. Pour 1'agplication mliuaile Alr-Alr, cotte phase trawi-
toire est la phase de fonctionnement opbrationnel. Compte tonu du caractdre non stationunsire de
cette phase, L1 n'est pus poamible du conduire 1'ensemdblo des ecssals ndccasalres & 1'identifica-
tion pundant ggtte phase. Aussl est-il uniquement wosurf 1'Gvolution des sortios M {(mx ot uwy) du

-3 gyrométre ou Jlet ffde la v&férence inertiolla pour des outréey constautes daus les 3 positiows
E o flxes suivauces

POBLTION

. X vertical = Zenith
. X wvertical - Nadiv
¢ wvertical ~ Zenith

S var|Ad ) = | cov (Say, Sox)  var( Say) cov (Say,dat) | g, 5.3
E ‘ Cw(fSutl Sax) cov(S'a;.'&c.7) var (Saw)
,_::}:,:-;? La variance de chaque paramdtre est composée des variuuces fonction du temps et de la température
-, selon les variances &ifmentaires suivants :
o i?t W}kz variance en forctionnement continu en fonction du temps.
By ¢ T,-: variance caractdvisant la répStabilitd 2 court terme entve arrdt-démarrage.
Raatd :é q?t’ variance 3 long terme.
EE T,-: variance fonction de la température ambiante T,
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. 8 Ces positions sensibilisent :

- les termas constants
. - les termes preportionnels & 1'accélération
. = pour une trds faible part, les termes proportionnels 2 JL( &= Lterre)

- et ne sensibilisent pas les termes d'anisoflasticité et 1'aniso~inertie.,

‘:',_f,‘ Tt Paralldlement aux mesures gyrométriques mx et my, la température interne du gyromdtre est
IR - enregistrée,

2 Lo On présente figure 21, un exemple de dérive cbtenue (MOl, Z vertical).

R a) Ayromdtre
. ;"',{ - les &volutions 2 la mise en route sont relativement importantes sur ce type de gyromdtre
~=g (jusqu'd 60°/h) mais en aucun cas agraves par la présence d'un balourd axial toupie.

- = les évolutions ne sont pas efficacement compensées par une correction thermique statique ce

g . i qui confirment la nécessité d'une compensation dynamique. Les ph&nomines sont 3 titre d'exem

- e ple de la forme :

3 Posx vertical -bfty ORI
. Swx = 45/he . (4- e Tx = 440 A R
Swy » 607hw (i-c'bfc)'} By = 210 A i

S ~ le régime transitoire dépend de 1'interface mécanique du gyromdtre. Deux types de montage
) mécanique ont &t& utilisés.
L b) R.I.

Les performances en régime permanent (R.F.) obtenues sur une période d'assai intervemant 6 mois
aprds la calibration de la K.I. sont les suivantes

. i : Performances en R.P. (1 ) f Unités 5 Erreurs &lémentaires. i
. . | , o/h : To~4 g ' )
.' : Dérive aléatoire en fonction- ; : : :
K . | Tnement continu sur 1 heure | 0I5 " 1,3 " Ta {
) aprda stabilisation ! | 1 )
f t { ! 1
Répétabilité & court terme . 4
N ; : entre arrét-ddmarrage ; 4 { 8 : Uﬂ- Y. q-TL ) /e : ~
% 3 i (dérive atabiliséde) | ) ' ) :
- ! T ] ] ! :
y ] Répétabilitd 3 long terme AN . vy
L (6 wole) Lo» Loz b (T T 4 G ) !
) V.js Le régime trangitoire (R.T.) sur les sorties de la R,I. est caractérisé par : 1 ' .
- it
- : Performances en R.1, : Unitds 2 Brreurs &lémentaives : .'_l ._‘-',..
B olh BRI , RN
) { ! | 1 1 SO
: Varistlon enire la laze : j! ]! i ] :
y ®asure et aprds 30 mn | 60 ) 90 ' Sww ) Sow i :
y (Valeur cridte) 1 \ 1 ) 9 ...,
- Ly - y . . 4 . - .
: RépGeabilicé A court tevme : ]l : . ' : :
y sur la ldre mesure " S | 12 ) T v T v Tt Y )
{ (& =108 3¢t =10« 360) | ' N e vl ¥, "
1 a4 i ! 1 {
b Un exemple de mise en température sur les 6 sortles vt présentd flg. 22 A. N ”,_N
) - 6.2.2, tssals = Mulciposition
- Cos eseals ont pout but de ddterminer lov valours des coafficients du woddle 4'erraur f' RPN
composd des tormes suivants U
~ terwes inddpendants de g L
- termcs proportionnels A g ot 3 p2 I
e = 1a gonslbilitd therwique de cen toefficionts d8finis dans los Equations 4.6 ot 4.9 respoctive- ® )
// Y went pour lo pyromdtre ot la K.l T—
"/’ﬁ "" La sonsfbilied thermizue des coefficients n'a pu 3tre Gvalufe sur leo gyrowdtre soul, c'est- o
roY d=dive sur des coofficientas non componiéa on towpbrature. R v
1 La procddure comaiste 3 mesurer les sevties (M ou AL ot AA) daus 20 positions en rdgime
. { permancnt, estimev los valours des coefficlents des ooddlos ot lours incertitudes par la oithode
i B deu woindros carrda ginSrvaliads @
8= favl.x € ®

e __9
. Eq. 6.1 : T e
od 4 « vectour vereur a) gyrowdtre (ilg. 4.6) 1 A =N - 42 - :

b) RI. (Bq. 4.9) 1 A = ARt aA




> - 6-13 PRI
$ o
la.ijl = matrice des acc&lérations O

. [ X = vecteur inconnu
: N g€  =bruit
X La solution de 1'&quation 6.1 &tant : . t

! ot el -
: X= [l )] oyl 4
. L NLATYRL N
N Yoy (x} = W - [\Qt‘l . \‘\t‘ }] Ve
~ ou “est la variance du bruit de mesure estimée & partir du résidu de modé&lisation
a) Gyrométre
X = [pbx’ oy, 852848, 85,848 Py 5:.8 P 5,.5, R
Vy-oy.8, ~Vx+ dx. B €, 0 ] Eq. 6.4 ’ .
. » La sensibilité en température eat cbtenue par la détermination de X (Eq. 6.4) 2 20, 40 IS
3 et 60°C de température ambiante, o
e Les termes & x, o{y, $ %, §7, &x, §Sy Btant déterninds par les essais en rotation,
B 5 1'équation 6.4 peut se réduire 2 :
4 t
x= [Ty, Moy, B, P ViV ED] Eq. 6.7
_ e ) ;ﬁ b) R.It

X vitease :

_}S - [DXU,B’U, 3"7/ Bx&, El\x,Exy/ Ex!‘, Dyo/ El" 877/

: Bys, Eyy, Eye, Dio, Bex ] Eq. &.5
. - 2 accélération s
g K X -[Axo,l"\xx,("\xy, Mrv, Naw, Nxy Nxa, Ayo, Myx, My, p i ik
3 Myb’N)!y’ My;, Aao/Hix,M?y,MP?,/Vi?Jt Eq. 6.5 ;' .
) résultats ¢ e
- a) Gyromdtre 1

-~ fe .
> : Coefficient i Valeur moyenne 1‘ Incertitude : Senaibilité en température (20 - 60°C) :

- - R R T 2,250 m% :
. ' " by p =39 | 0,7°/h - L45m/% ' A
~ | P g < Amig 1 1,0%/m/g y  0.05°/h/gl%c "
" " B ,  5038°/n/g y  1.0ln/g | 0,09*/h/g/*C X R
3 ;o Vx -y, B |- 13°/h/g X 0,9%/h/g i 0,05°/m/g/*c ! R
; Vy ~ &y.B - 27°/n/g 0,9°/h/g 0,05%/h/g/*C SR
. ! ! o8, 1 o8 ' .

- ) E | - 0.2./h/sz 1 2;1./h/$2 { ; 0,01°/h/82/.c 1 N I

$ p 0 L L ! I
§ Coafficient } Répétabllicé 3 court terms (T = 20°C * 1°C : .

' G | 8*/h ! e
i " B | 1,7°/h/g errours 8lémentaives ¢ i o
- P 0,4%/h/g ®
- Lot ! v ! \ 3'/'1/ H !~ R A
! g ! o'z°;n/§2 % cvrour statistique ¢+ Ty ! -
+ .
: b : 0,2"/h/g2 % orveur détorminiate 1 influence da la towpératuve :
v ' | " T (non compensée) ) .
Lea vermes ', P, B, ot V sont déterminés avec suffisamment de précinion pour que les
. - znloun obtenuss solent significatives ot constituent une validation du woddle dans le domalne )
[ . " Iy - l ﬂ . SESPERTIS.. AA

. Les termas B ot D ne sont pas estimbs avec une précision suffisantes. Des cesais en vibra- o
y : tion sout habitusllement utilisds pour estimor ces paramdtres avec plus da précieion.

. La rdpétabilicd 3 court terwe fnclut les variations des coofficients ducs & la tompérature

asbiante par 1'interaédiaire :
= de 1a sunsiblilivd des torves eux-mimes 3 la tempdrature ! rbx.Pby ot dans une asoindre ]

pare B.
i ~ de 1la sensibilitd du fuciour d'6chelle des moteurs-couples 3 la température (4,1074/°C) @ LN

ervour d'estimation du torme B (cf § 6.).).

b) Réfdrveuce inertielle
. Los r&sultats d'identification du moddle en vitense (Equation 6.5) ot en accélérstion
. (§ruation 6.6) sont fllustrds par 1'excuple dound figure 23 ol figurent sous forme watelciells o
’ - le moddle ! !
o < low valours estindes dos coefficlents du moddle LT e
> « l'incertitude dos coefficlents ainsl que le rfuidu de modSlivation “Sigma".
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Les termes en vitesse sont exprimés en °/h , °/h/g et °/h/gZ.
Les termes en accélération en 10"43, 1074 g/g et 1074 g/g2,

NOTA : Le symbole % masquant les paramdtres Ex2 et Nzz signifiz que ces paramdtres n’ont pas &té
sengibilisés par les 20 positions choisies, Ult&rieurement 24 positions seront utilisées.

[ -

tCoefficiencs : Répétabilité 2 | Répétabilité 2 : Urités :
1 ) codrt terme 1 long terme (6 mois) 1 )
: Doi i 0,9 : 34 ; ° :
1 Bij { 0,9 1 10 t °h/g 1
; Eij ;L3 ' 1,8 " °/h/g? '
i Aoi t 1,9 1 32 1 10~4g 1
y M g b3 1 28 ' 10~4g/g !
l Nij 1 2,3 1 3,3 ) 10-4g/g2 "

N
!Erreurs ; Y * 4/,_‘; LIS WA ;— 1
téléunant:ai.r:es 1@1 + & ) ' (‘Tt- + T+ Te " !

Performances en essais multipositiond * 1 g

| Coefficients | RepStabilits 2 | Repétabilits 2 ! Unités :
' | court terme i long terme (Smois) 1 )
b Sw : 1,2 ! 35 : °/h :
" Sa " 2,3 " 40 i 1074 g "
+ 4 } 4 +
{ LB t
! !

Erreurs o L YA 1
élémentaires :@_& t Ws’r) (ﬁr +T5e +Wn)/ "

6,3. Essais en rotation

6.3.1, But des essais
Ces essals ont pour but de déterminer
a) sur le gyromdtre
- les facteurs d‘&chene des moteyrs-couples Kx et Ky

~ les qéuugnemntc Py S Axet Xy
= le tyrme d'anisovinertie ¢t ¢C =~ A) / H

Les précessions électrtquel daﬁnieo dans 1'Equation 4.4 s'expriment par :

HKI'H" K\t . 13
MyfM =Ry . Ty B 6.
b) ‘sur 1a R,1 ; T

- los erraur- de hesaun d‘echallo  matrice | K|
~ las termes de couplage statique accéléxation/vitesse : matrice { G|
= 1les terces d'aniso-inertie : matrice (I et \H|
© §.3.2, Hodble d'dirrour du facteur d'Gchelle
' " Les Esstaurs ¢’ échelh Ba 4 Ky sont fonctions do la vitesse appliquée au gyromdtre

" et du temph € 1 :
| EICOR Keor [ 44 Unfu ) v ma(wt)]

) R KWE}::K NI wb)s ¥ UIE
équatimy dans !lqmﬂli :' < r: c )'( ! ) 7( }.]

" = ¥¥» et KYo mont les valeurs des facteurs d'Echelle noninales, owsurbes pour des conditions
T initialen nulles, sux vitesios 2 WYo er T Wio,

Eqb 602

»'u (W t) cot une fonction paire-dew 1
v (W) «ko ¢ ki, sigw Wy « k2wl * ... Eq. 6.3

- V (), t) oot une fonction lepajve dew @
'A'V (w) - h.-w * ti.wa ligtw (@  4ve Bq. 6-6

Voir ddfinition pracique des taroes Sigure 4.

Le wodidle d' arreur: corvespondans dans la R.I, 3 S 8% ot 3by est fourni par les volatious
uuiwuun 1

- ] V SS] - .._ SK,@/K, - S'Jr - SVY
Str - -SKx,,/XA - éU; ~ be
6.3.3, Procddure appliquie

les cosais réaliske sont Mateds 3 1'application de vitesse angulaires sur les axes
canon.iques X , Y, 2 duy gyrowdtre oy de la R.J. {les terwes d'aniso~inertie n'étant excités
. que pour‘den run..icun appuqulu autour d'sces nou canoniques, ue seront pas Svaluks par
cat cusal).

qu 6.5

La gaste dee vitesiew (W o,.2 w:ux appliquées ¢n régive permancnt (R.P.) est ¢
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! o W max
—t
gyromdtre ! 10%/s 200°/s
R.I. { 10°%/s 100°/s

Le cycle des vitesses appliquées est du type :
+Wo, ~Wo, ..., +Wi, ~Wi, ... + max, - Ymax,

Pour chaque vitesse appliquée, les mesures sont réalisfes sur des E&volutions complétes
de 1'axe de la table pour moyenner les dérives proportionnelles 2 g et pendant un temps de 360s.

L'évolution en fonction du temps est mesurée pout(u> 40°/s A intervalle de 9s (40
mesures successives sont r8alis&es pendant 360s pour chaque vitesse, chacune de ces 40 mesures
étant intégrées sur 9s).

Apr2s chaque vitesse appliquée, le systdme est maintenu 3 1'arrét pendant 9mn pour réta-
blir les conditions thermiques initiales.
6.3,4. Résultats

a) Gyromdtre
Le moddle identifié est le suivant :
ux(u k) = RIE), wy*
Uylwt]= kikj. wx* ) Eq. 6.6
Vx{wt) =0 ; V;(w, Ej= o Eq. 6.7
Ce résultat est illustré figure 25 représentant
par le symbole © : V (W, t) pour t = 9s

par les symbolese—: u (W, t) pour t = 90s
] - u t = 180s

— Wl " « t = 2708

L 4 ¥ “ u t = 3608

dans la ganme * 10°/s ; 2 200°/s .
L'axe des abscisses reprfsente la fonctionlU (W, t = 9s).

La fonetion u (w, t) traduit 1'&chauffement par effet JOULE de la couronne d'aimant
des moteurs—couples.

Pour W £ixé, u (t) est solution de ;
U(:)+a'.-:)—o‘—'-(—h) « U (o») Eq. 6.7
Les valeurs typiques ob::;enuu sont ¢
k (eo) w=2,6 1074 / (rd/e)?
T =150

La forme générale du moddla de 1'&quation 6.6 pour des entrées en vitesse simultanées
sur les 2 axes x et y 28t done 3

Ux (W, t) = Uy (W, t) =k () . (wx+wyd)

sodt U (r) wk () . (& x?ewyd) Bq. 6.8
A k() g, %ﬁ{u .k (00) Eq. 6.9

Ces dquations pourraient 8tre utilisbes comme woddle de compensation d'Echauffesent
des wmotsurs-couples.

La soneibilité tharmique du coefficient Kxo est évalude B = 1 10°/s dans la gamse
de températurc ambiante T = 20 3 60°C ¢
K,
—e w4, 10°07%C
Koo
b) R, R

L'estimation des coefficients des watrices | K| at) G | est conduite do la wime
fagon sur la R.I,

Une illustration des résultats est donabe sur les terses(Vy ot ay 3

Wy = Kyx, n* Xyy. iy ¢ Kya. (U
ay = Gyn.lux ¢+ Gyy.(wy * Cyps QU2

Les tevmes Kyx, Ky ou Gy Gy sont les termes de couplage thermigue {uflifeurs 3
2.1073 (o/h) / (*/h) ou (IO"‘s) (*/h) et {ndépendants de tu et du temps t.

La foriction Kyy (@, t) est veprésentéo figure 26 dans la gexme X 10, % 100°/s
pour t « 36 2 360s,

Le rvésultat obteny est cohérent avec le moddle d'échsuffement identifié sur 1le gyro-
ﬂtﬂh

L'ecreur de linéarité est inférieure dema ces conditions ¥ 4.107% :

Kyy (W, t) = Kyyo . JIOU(W t)
0 (w8 & &0~ =)

Kyo : déterming par (W = * 10*/s

S oty s et S
h ?
'. . v ¢ Kl
' A [ e
Yao e,
. " B
RSN e
o R
e e e
» C & R
+ K
‘

h

- s o e A .
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7 -~ CONCLUSION

Les premiers essais- des matBriels mettant en oeuvre le concept de gyrométre balourdé réalisés dans
les conditions d'emploi de laboratoire (* 1g, * 100°/s, 20°C * 2°C) et pour des entrfes en vitesscs
et accélirations constantes moutrent que ce principe est applicable au systiéme de guidage visant les
ordres de grandeurs suivantes :

Derive < 100°/h ou 1072 g
erreur de facteur d'&chelle <10-3
I1 apparait en particulier : !

- Que le mod2le du gyromdtre balourdé n'est pas différent du gyro non balourdt et qu'aucune caractéris-
tique statique n'est affectée par le balourdage axial de la toupie.

= Que les erreurs en accélération se déduisent sensiblement des erreurs en vitesse 2 partir du rapport
défini par la valeur du balourd axial (ici 1°/h = 1, 1, 1074g).

= Que les performances actuelles sont améliorables par une modélisation dynamique des effets thermlques
(transitoire 2 la mise sous tension et &chauffements internes des moteurs-couples).

Les &tudes poursuivent actuellement sur des prototypes de R.I. qui seront &valués au L.R.B.A.
en 1984, Le modélé'bien connu du gyromdtre 2 suspension accordé va servir de base 3 1'&laboration des
egsais futurs. Ces essais permettront une Evaluation des performances et des erreurs dynamiques ainsi
que la validation des moddles dans les domaines de vitesses et accélérations linaires et angulaires
plus élevés.

Des &tudes sont conduites dans ce sens sur des moyens spécifiques du L.R.B.A tels que la table
sinusoidale 20 g et la centrifugeuse 80 g.
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STRAPDOWN INERTIAL SYSTEMS FOR TACTICAL MISSILES
USING MASS UNBALANCED TWO-AXIS RATE GYROS
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( - SUMMARY

Irr 1979, SFIM began work on strapdown inertial f_)i_aj_ems using twu
first feasibility developments {24-39-=—uweorEYErénce AGA

is dry tuned gyros (DTG). Since the
SFIM has worked on a large number

of dpplicatiaons, the most important being for tactical missiles. : - - ) . -

. All our current developments ara based on the same concepts - mass unbalanced gyrog/(M.U.G.) - fully P
digitized electronics - leading to a systems family «ﬁi—tﬁ&&zamwg’»ﬁ in which the cost -t e
and volume requirements are the essential points. r. L B

The following paper describes the basic ideas, some examples of utilization and the test results TSR
obtained on gome functional models and prototypes by SFIM and essentially by LRBA, L

FIRST PART S.F,.1.M.

1 - BACKGRQUND

SFIN has produced GAN ("Gyroscopes Accordds Miniaturas") dry tuned gyros since 1972 for various applica-
tions & rate gyros, optical stabilization, ... In 1974, SFIM has contracted by the French Goverpmental
Uepartment (STET, “Service Technique des Engins Tactiques®) for the firat feasibilit studies on strapdown
inertial systems. This development was based on tactical miasaile applicetiona, at a time when very few
wmissile designers could imagine this requirement.

This feasibility development, together with others covering helicopter and torpedo applications, was
completed by the delivery of some systeme to government ground teat or flight teast laboratories. In 1978,
SFIN gave a lecture (AGARD n* 95) and described the SIL 3 prototype, which has since been tested in French
Flight Test Cunter (Bretigny) and by LRBA, with very encouraging rosulta :

- atability < 0.5°/hr (1 ¢ ) (1 year) over a range of 100°/sec.
- CBP £ 100 meters for & 2-minute flight.
These tests are continuing, with an improved version, on a drone (C 22 SNIAS ; 1884).

Since 1979, prototype developrents have been cuarried out for various programs and application, N
with a strong demand for tactical misailes : air-to-air | sea-to-seh | air<to-ground ; ground-to-air [ ] [ ]
und others. SFIM devoted their afforts to dovelop a coheront Strapdown lnsrticl Refeprences family, with e
two standards .

* 51L 2 : based on 2 two-axis GAM rate gyros and 3 dccelerometery,
¢ SIL 1 t based on 3 two-oxis OAN mase unbalanced rate gyros.

These strapdown inertial reference system (INU) cun then be integrated, us a module, into wore complex o :
inertial uystems (for mimanile, helicopter or torpedo applications). 4 ® 9

The SIL ) faaily, which is used in slmout all the systems under development, is the main topic of
this lecture.

2 « TACTICAL MISSILE REQUIREMENTS

Tactical missile applications ¢tress speclial requirements
- Nultifunction inertiol reference

The cost aiid volume objectives led aissile aanufacturors to define inertial reference (I.R.) for '.‘M"._
3 different purpoues !
- inertial guidance

Inertial reforence must provide pracise angular and lincar rate data to the miysile computer in order
to aghisve quality inertial guidwice before autopilot target homing.




- missile contrcl

The strapdown inertial sensors are used as flight control accelerometers and rate gyros (3-axis gyro .
and accelerometer package). :

~ gtabilization

Frequently, the I.R. are used for stabilization of homing heads (mechanical or electronic stabili- - ‘
zation). to

The first function requires average accuracy, with the other two need high quality transfer functions o
and low noise levels. These parameters are often not easily obtainable at the same time on a single AT

sensor.,

The following values, covering all tactical missile applications, can be noted : .' B

- 1 to 100 °/hr drift (1 T ) AR

-1.10™ t0 1,107 bias (1 T ) L.

- 1,107 %o 1.10™ scale factor error (1 T) L

- > 100 Hz bandwith

- < 0,1 % range noise.

- High dynamics ‘..-.'.,J;;'.._..' -
Missile dynamics increase in inverse proportion to inertia, the efficacity of control surfaces and ' . '

flight control systems, and above all the new operational requirements.
The following maximum values are usualiy quoted :

. 50,000 °/sec’

« 2000 °/sec L
. 100 g —— s

It is difficult to combine this high dynamics requirement with accurate guidance.

- Volume and cost
This is a high priority objective, The decrease of missile volume and cost induces a similar constraint
for the inertial reference. It is of course necessary tc evaluate I.R. cost in relation to the
multifunction aspect, to compare with a standard solution : guidance system + control sensors +
aerial stabilization sensors . i ®
The SFIM solution = SIL 1 - is resolutely directed toward cost and volume objeoctives, which can now .
be quoted as ! . o
+ volune < 1.5 liters
. coat < 150 KF (1983 HT).

3 - SPECIFIC_CONCEPTS .
All the strapdown lnertial syatema at SFIN are based on & gyroscope family - GAM 1 G ~ which has the 2,“,“’,,\__
following general characteriatios Do '
- typical sige : @ 31 x 35 mm, S
- gimbal using croseed blodes flexure, T e
- synchronous drive motor, L
- gamarium cobalt magnet torquers (1 or 2 ringa according to application) ; see figure 1. L
This gyroecope is used as a rate gyro with an electronic servo loop and & ternary pulse widthmodulated )
torquer control, which hau proved be the best simplicity/performonce (static and dynamic) ratio. ! . A
‘This rate gyre is implemented togother with Qflex accelerometers in 31L 2 systens.

In BIL 1 systems, the GAR 1 G la integratod in a noew deeign calling for gpecial conception developed at
SFIN over s last fow years.
3.1, Hass unbalunced pyros (N.U.G.)
The first work on muss unbalanced gyros and applications began at SFIN in 1977,
If the center of gravity of the gpin whael {G) 8 not identical with the suspenuion center {§) - -’*« !
unbalancing ~ the gyro becomes sensitive to accelerations in the torquers plane (9see figure 2).
A simplified operating model s :
Mx sy -0, ¥y
Mx » ~Wx + B.Y x
. Wy, W y : case angular rate (Jdeg/sec) Y
. Y x. Y v 1 accelerotion {g) = orme
. MNx, Ry t torque applied by gyro torquers (deg/uec) | measurements provided by sensor.
« D : maws unbalance, proportional to wheel mass and the GS distance (deg/uwec/g).
In o more cotplex model, the torques Hx, My can be expressed with reupect tc real meassurcments Sx,
Sy (lrect and croamed scale factors K) ; spin position mean valve 1/;, 7y 1 deeift Dx, Dy? no
linearity terma, thou other model torms in acceleration, anisoinertia term, and dynamic terms 3:,3, PY °
{inertia, epin motor hunting, dynaaic spin offwot, ...) zerced with a constant angular rate (& x, - -

W y, with residue Rx, Ry.
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Kxx . Sx + Kxy . Sy + NL (Sx, Sy) + Dx + Bx .Xy+P.Xx
Wwy+ 7x.Wz+Cai LWy LWz %x;rﬁx

]

Kyx . Sx +Kyy . Sy+ NL (Sx, Sy) - Dx - By ¥x+ P, Yy
== Wx + '77 JWz-Ci . Wx Wi+ qu-Ry

The rate gyro therefore measures a combination of angular rates and accelerations ; with two
measurements for one gyro, 3 sensors will provide 6 values, from which the 6 required parameters
will be calculated : & XM, W YM, & ZM and XM, ¥yM, ¥ M (mimssile axis). Of course, it is
necessary to choose mass unbalance and sensor axis positioning correctly ; the optimal choice
depends on application ; but it seems that the @ / ¥ seperation is obtained by placing the gyro
axis along the trihedral axis, and by maximizing mass unbalance differencea{ B2 - 33‘ R 133 - Bll R
lBl - B2{ , leading to the typical following implementation :

- gyro 1 : non-mass unbalanced ; spin Xm,

~ gyro 2 : unbalanced >» 0 ; spin Ym,

- gyro 3 : unbalanced £ 0 ; spin Zm,
with|B2 | = |B3|; see figure 3.

Hence (same notations as above) :

Mxl =Wz
Nyl =-Wy

Mx2 = Wx - B, Xx
My2 = - (Uz +B. Y3z

M3 Wy+B. ¥y
My3 = - (Wx~B. ¥x

These equations yield :

(Mx2 - Ny3)/2

- Kyl

Mxl

- (Mx2 + Ny3)/2.B
(Mx3 + Nyl)/B

¥z = (Ny2 + Wx1)/B

! Several notea can be made

LA 4
L ]

< x
An

- thers is only one kind of sensor 1 the unbalancing of a gyro corresponds to possible adjustment
of an unbalance sorew ; the dpposite unbslance is cbtained by rotating the spin motor in the
opposite direction.

~ the sgcelercmeter range capability is not limited by itseif : the unbalance value B is chooaen
in relation to the Tlight trajectories ; typical value from 1 deg/seu/g to 10 deg/sec/g.

o - the acoslsrometric measurement benefits from gyro acouracy : for exumple, the induced accelaro-
" metor bias is D/B whore D is the gyro drift. -
{5 deg/hr {1 € ) and 5 deg/eec/g -—oa.zo“‘ (0§ )}

~ the mass unbalanced gyro induces s secondary effect ¢
acoelerometiic measuremants senaitivity versus angulor rates, through gyro scale factors errors

. essentially.
." A 51b 1 siaplified error wadel has the following matrix forn
: &1 @ D
, . A¥ - LMJ] iy b
where

. 8w is the measurement error of
= [S(Ux, Swy, $w :c_] '

- . &Y iu the neasurement orrov of X
3 + D u[Dx, Dy,De] ¢ eystem orift

« b -E:x. by, bz] ' aysten accelerometric bias. L
Coefficients SiJ ere ucnsitivity terms. The following crussed torss appear ! Sw = S.w L
- where S has the form '
A s« Exm
» with €k the scale factor error, and D the untalanve. 7!~w-~—,.‘..=.
. ' The coupling term effect must be exauained in relation to the application ; in the case of tactical . B

misuiles, the resulting accelerution (load factor) im clearly arthogonsl to the angular rete,
tending to cancel the coupling effect.

For missile applications, the initial acceleration, often associated with a rolling turn (non~
controlled migsile) remaine @

o t¥pical values : - 360" roll turn 9

3 et e g e

-0 0 € Ex
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- 5 deg/sec/g B

~— coupling induced velocity error 2 0,4 m/sec at the end of initial phase ; see figure 4.

For each application the coupling effect is analysed accurately with a typical set of trajecto- R
ries (matrix covariance analysis). In most of cases it appears that this coupling term does not T
degrades the system error by much. , L

Figure 5 compares typical SIL 1 and SIL 2 system performances, with a typical short range tacti-
tical missile trajectory (matrix covariance analysis) ; the accuracies of components are similar :

SIL 1 SIL 2
Drift 18 deg/hr [ 47) 18 deg/nr (1 7)
Unbalance S deg/sec/g -
§B 9 deg/hr/g ( 4 7T) 9 deg/hr/g (17 )
kg 1,207 (17) 11073 (1 7)
§Ka - 1,072 (1 7)
$ba - 1,107 (1 €)

3.2, Digitization of electronics

Strapdown inertial systems could only be developed when microcomputers appeared on the market as
a large part of gimballed platform specific tasks (stabilization) are performed by software.

Given the fast technological evolution of microelectronics, SFIM began to orient development in
two complementary direction as from 1977 :

- to perform the maximum number of system tasks by software,
- to digitize electronics as far as possible using state of the art technology.

-
These methods tend to achleve the following main objectives : l . . |

- reductions in volume and cost,
- flexible system design and evolution,
- improvement in performances.

Both software and hardware aspecte are oxamined successively.
3.2.1. - Software

The software option chosen by SFIN reaches beyond standard concepte :
=~ all the deta are digitized as closely as pogssible to the sensors : gyro offseis,

temperatures, torquer inpute, ... T UT

- a single 16-bit mioroprocessor organizes all the syatem functiocns, for all 3 gyros ot T

(multiplexing) @ SRR

data acquisition {analog, disorete, ...} i .
all 3 gyro servo loops | A

internal system outpute

dynamio bhehaviour software {eee § 3.3.2.) ] )
_separation of measuremente G/ ¥ o
digital bus external output ’ S

«- » » ® & e =

eomnponsations
build-in-tosts
« monitoring, .. - R
Av quoted above, the gyro servo leop is produced by softwars. -.!.«.‘\.m_.‘!;%..

The gyro angular offsets are coded (12 bite) wnd fed inte the 168-bit microprocessor

after preliminary processing (scaling, bias, noise filtering, see § 3,3.3.) standord

servo funotions ara perfortad - integral ant propoirtional action, phase lead, specifie ) .
compengator - ylelding a 1é-bit precession value to be quantisined (8 or 12 bits aceor- AR
ding to application) before havdware digital/ternary wodulation decoding | see figure 6. -

The gyro axes are processad at the same time (multiplexing). -.
the software solutlon offers o lot a advantages, without any tangible draw-back : Emmm———
« alimination of gyro gervo loop hardware '
~ high adaptability of design and evolution
= clpability of functions that is imposeible using hardware technology
=« the sicroprocesior 18 designed to process all the data used for seasuresents and
sophisticated processing (see § 3.3.).
Of course, in order to implement nll these functions in only one microprocessor, deulgners ) N
zust write the softwure with great care, directly in ansenbler language. The most cruvial AN
probles is to minimize cccupancy without cancelling good goftware aodularity (for
reliability and software quality).
Typioul task distributionh i presented {n figure. The software is implemented on o powerful
16-bit microprocesor (INTEL 8086/1686/286 or MOTOROLA 68000) with synchronous ofganization
{3 cyclle interrupt levels} and 80 - 80 ¥ ocecupancy.

3.2.2, =~ liardware ® °

Voluse constreints desande utilization of highly integrated clectronics technology inclu-
ding :
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- Hybridization of analog electronics (precision, power) and source digital functions,

- development of specific digital functions with gate array circuits (bipolar or CMOS),

- 'chip carrier' mounting directly on board,
- multi-layer flex-rigid-'one piece' - boards (no connectors).

The total electronics volume is about 5 to 10 times less than the same functions with
diascrete components.

The cost gain is noticeable (50 %) for low-level digital or analog circuits
tion of ahalog electronics for precision or power remains expensive.

s hybridiza-

The figure 7 shows a flex-rigid board with hybrid analog and power circuits.

3.3, Dynamic performances

Tactical missile applications (especially short range : air-to-air ; ground-to-air, ...) require
specific dynamic performances :

- high angular acceleration (> 50.000°/62),

=high frequency angular rate output (> 1 KHz) ; small lag (<1 msec)

; high bandwith (150 Hz).

- low noise level ( < 0.1 % range).

The capabilities offered by total digitization of data, and by computerization of the system, solve

these problems without eny supplementary hardware and often without solution suitable for an
equivalent function).

3.3.1.

Sustained angular acceleration

One problem to be taken into account concerns the synchronous spin motor (hysteresis or
permanent maquet). It s well known that a synchronous motor :

- can loge running apeed under the effect of strong aasguler scceleration along the rotation
axis (inertial effet of the rotating mass),

- oscillate naturally under the effact of unwanted torques or dynamic perturbations.

Digital control electronics for the ratating magnetic €ield, which sre monitored by the
mjcroprocessor, garvo the phage of the rotating field, thus providing electronic danping.

4 wheel anguler poastion signal is used (1 pulme per cycle, togethepr with angular accelera-

tion data from the other gyros, providing a phyeical phase lead which strongly improves the

- angular acceleration capability.

3.3.2.

This systen, auaoclgted with a discrete overvoltage control (alse managed by softvare),
achisves 100.000°/5° before rumning spead losa, for auuc gon- uption of approximatively
1 W { see dynamic response oxwle firure 9,

High bandwith

The 16-bit mioroprocessor loops all 3 gyros by moftware ; it therefore hes availabile all
the data required to estimate anguler rate input to each gyro : torguer cutputs, gyro
offset, intornal states.

_ SFIN has completed an obaervation Mgm‘mm (Pesulting froa the obeervyy theory in advauced

- funetion

3.3.3.

mtmtic%:_ which restores thie input A0 e u(wex.twy, Wwe:] ' wv fue, vith o trassfer
e/ e, cloke to » pure delay ; sea figure 10.

Indeed, At uppesrs etwt.tm wtate vector reprasantig both fyequency, oue of an area around
nutation fregquency (fw - 10 %) ; see figure 1, .

The loop togather with the restoration algoritha s cunatud to give an algoritiv usable
by a microprocwosor,

In this way the following two functions are completely distonneeted :

~ the giho lovp tranafer fupnction, which gives dynamic limttations and affects acturacy, '
- the digital cutput Sranwfer function, resulting fios a woftware restoration algoritha,

From a practical point of view, it la passible to lower the spin motor speed, in order T
snu;am 4 higher pnn.eutm rate capability at the aume tiu limiting the output data
bandwith,

It is obvious that such & voncept can only be achicved with a ngttum gyto loop.

Nolae lavel

One drawback of observation algoritim is the increase '£n nolde level : much care is theve-
fore taken at hardware and softwire levels to ackieve the 0.1 % range objective :

« 12 bits resclution on input (gyrro wigle offged) and oh cutput (torgquera),

‘= mmily precautions on software quentizstion errors,

-1 N « hammonics nolse rejecticn (typical noise of DTG, as GaM L G).
The lawt point uses :

- = the determinigtic nature of this noise {leading Lo a tine modellzation),

~ the wheel position pulse, already used for the phase loop for the spin sotor mughetic
field,

= It appears that the residusl noise oh the digital cutput wa ts approsiwated by the
derivative of filtered white noice, ox :

s
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4 -

-

-

bwn A'bwn-l*(l-)‘)’b'wn
‘ = - -
bOJ n bbn bbn 1
bb = digital white noise.
RESULTS

As announced in the introduction, all SFIM strapdown inertial systems are designed around 2 inertial
reference models :

- 3IL 2 : 2 non-unbalanced GAM 1 gyros and 3 Qflex accelerometers.
- SIL 1 : 3 non-unbalanced GAM 1 G, utilizing the general conceépts described above.

The SIL 1 strapdown -inertial reference system is used in 80 % of applications currently being
researched or developed at SFIM.

A typical SIL 1 inertial referencas system for air-to-air tactical missiles can be described by
synthesizing current research and development :

- 10°/hr class ; 1.1073 g (1 @),
- 500°/sec éx) : 150°/gec (YZ),
50,000°/8 (X) ; 40 g (X¥2),

- volume <1.5 liters,

digital outputs on MIL 1553 B bus
{ 5> 500 Hz output frequency), common to all 3 functions : guidance, control, stabilization.

See figure 12 (simplified technical data sheet). and figures 13 an 14(dimenstons).
This systenm contains :

=~ 3 GAK 1 G rate gyros (see description above), mounted on a mechanical block.

- a singla -chip 80186 microprocessor, with 8X PROM, 2K EEPRON and 2K RANM.

- gome 'gate arrays' circuits for specific digital functions (such as clocks) and sowe standard functions
mounted with chip carriers, directly on the board.

- I/0 HMIL 1553 B bus cirocuits,

hoating circuits,

power supply, uging a twn-mguhud a7 v DC aupply.
« a mechanical cage.

Figure 15 shows the poutluamg of the gyro axie,
Figure 16 {s o schessatic disgras showing the various data.
Figure 17 shows the real time org,amutlou of sofum taska.

Hotas o

O frgure 16, the ulcmomewer»mlup axed gyro loop, together with the dmm apiﬂ rotor eahtrol,

¢an be sesn, .

the torqusr contivl is cernary pulse width wodulatien,

the 45 Qegroes gyro axis positioning provides iwproved dwmlca aloﬂg the roll aﬂa which 13 alveys
distinotive on a3 miusile,

seul«tine goftvare organization {with gaepling of the presented gyro offuet sngled). is ootinud tar
the gyro locps and € reduce the delay on the d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>