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PREFACE

The topic of this Agardograph has already been the subject of three symposia of the
Guidance and Control Panel, two meetings in 1968 and the third meeting in 1972. To
update their activities, the Guidance and Control Panel decided to cover the state of the art
in an AGARDograph.

The period between 1972 and today can be characterized by three major developments:
the dry tuned gyro, the laser gyro and the strapdown technology. And for all developments
two important goals had to be considered, to reduce the costs and at the same time to increase
the reliability. The papers of this AGARDograph are reports on recent developments and
thus contribute 1o show the state of the art.

I have to express my sincere thanks to all the authors as well as to the people of AGARD-
Headquarters in Paris.

HELMUT W.SORG
Editor
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Tuned Gyro Cost Reduction Through
a Novel Hinge Design
by
Dr. Ridiger Haberland
and
Hartmut Karnick

ANSCHUTZ & CO GMBH
Postfach 6040 2300 Kiel 14
Germany

Summary

A fundamental study on cost reduction of dynamically tuned gyros funded by the German

Ministry for Research and Technology yielded a novel type of gyro suspension which is,

besides advantages in gyro design and operation, suited to generate remarkable direct

and indirect cost reductions. The paper surveys the relations between the characteris-
tics of a dtg suspensior and the gyro production effort. The novel hinge is descriosed,

the direct cost advantages due to its design principle and technology are discussed.
Indiract cost-saving consequences of using the novel hinge or such one of comparable
goodness and the limits of their utilization are considered with respect to a2 homolo-

gcus series of strapdown gyroscopes.

The vesearch work dealt with in this paper has been sponsared by the German Minister fer
Research and Technology under contract no. 13 N 1015. The contents, however, underly the

sole responsibility of the authors.

Sytmbols
a acTeicration, esp. by shock m roROY mMass
a radial - By gimbal mass
) rotoy momanty of {nartia about N spin speed
8 axes at right angles to spin PF torquing pover
< rotor moment of inertia about
spin axis R rotor xadius
- axlal separationh of suspenzion
1y -
Ag+By.Cy applying to gimbal axes [rom cach other
4 angulary spring rate of suzpension s, radial oxcilialing o1 Ltude
- axial separstion of gisha: i .
K2 2388 centre from suspension temperature
centre ’t detuning senslitivity
g sodulus of elastlcity Sa2n I-% angular sansitiviey
¥ suspension load 8,oan I-K radial sensitivity
- 3 tor¢uar J-factorx v drift due to daetuning
ss suspengion Q-factor wg ~-= 2-% angular osciliatiiun’
{a rotor Q~factor “ar ~-= 3-8 radfal -
QGH rotar-suspenslon Q-factor “p torguing rate
Em Craig's €igure of serit Gy nutation fregquency
H angulatr conentuxz of spinning rotor e ad=ixsible utress in spring
J = Y/2 (Aﬁ ¢ Bg - Cn) 2 rotor offset with .espect ta case
kc rotar inertia factor -3 shaft or case anglo with respeoct
te the inertial framse about an
Kz rotor aass factor axls perpandicular to spin
L axial bearing distance

Subscript “07: Nominal design vaiusag

Subsczipt *h™: values of btas state
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1. Introduction

Fig. 1 Relation network betwden suspension charactevistics and dtg production «ffort

The elastic suspension p.ays a key role in a dynamically tuned gyro, not only for ita
operation and performance but not less for its total productional effort. Keeping this
in mind, a well-aimed suspension development became orie central objective of a funda-
mental study on cost reduction of dtg's for commercial use funded by the German
Ministry for Research and Development in 1974 to 1979, It resulted in a unique novel
hinge design described in the second section.

To better understand the aspects of the development, some discussion might be useful
on the major relations between the characteristics of a dtg suspension and the effort
to produce a gyro using that suspension. They are schematically shown in the diagram
fig. 1. The interrelations of tae geometric design and the applied technology and
their direct effect on the effort needed for machining and ass.mbling the suspension
are evident, The tasks of tuning and gimbal balancing are conventionally ascribed to .
the common gyro test and calibration procedure; in a more detailed sense, however, !
they can be considered to be a matter of the suspension - as particularly will appear ]
in the later discussion., These items including the necessary tests can occupy a con-
siderable share of the suspension production effort; the best means to reduce their
aeffort is to omit or to significantly simplifiy them. This is favoured by good inherent
machining quality of the chosen technology and good performance characteristics of the
suspension type.

The effect of the suspension's perfcxmance capability on the gyro production effort
needed to meet given specifications, may equal or exceed that one o. the direct manu-
facturing and integration effort of the suspension. Fig. 2 shows the primary mecha-
nisms. Keeping all s2nsitivities low - detuning, 2-N angular, anisoelasticity, 2-N
radial - facilitates the gquality requirements noted on the bottom of the diagram and
thereby cheapens a gyro. Low sensitivities result from high values of the character-
istic magnitudes in the second line of the diagram: load capability, rotatory com-
pliance, translatory stiffness, and the typical hinge features mentioned (although
these are no performance characteristics in a severe sense).

An exceptiun has to be made regarding the relation of load capability and anisu-
elasticity sensitivity. wWhile utiiizing high load capability by ucing large rotor
mass decreases all other sensitivities due to the increase of the angular momentum,
this measure generally tends to slightly increase the sensitivity with respect to

a isoelasticity which ls proportional to the square of the rotor mass. Linear growth
of a rotor increases the angular momentum according to the fifth, the square of the ;
rotor mass according to the sixth power. Other important limiting factors for chong- ]
ing the rotor mass are the requlired torquing power - which is proportional te the
square of the angular momentum -~ and resonance frequency considerations.

The manifold relations between the characteristics of a gyro suspan iou and the total
manufacturing cost of the gyro shortlv discussed above formed a guideline for the
development of the novel hinge which will »e described now.

suspension
characteristics

guomatric production tnheroat periormance
Sezign tochnology ' machining characteristics
quality
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¥ tuning shaft bearing iscetlastisation glmbal axial
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1% spin speed
}’ aciuracy
- plekott
3 stadbiiity
;f Fig. 2 Relation network between suspension performance and needed guality of gyro
parts/calibrations/operation parameters. {The dotted lines affiliate indirectly
X performance-effective parameters)

2. The Novel Hinge and its Technology

Principle

The conventicnal cross-flexure-hinge is using separated flexure leaves.

The nove)! hinge design is leaving this principle by connecting the flexure leaves to
= each other at the deflection axis, thus creating new and unexpected properties most
5 of which contribute to gyro quality. Clearer =han explenations the figures ) and 4
show the new hinge - named UKF® - {n principle and as deflected.
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Flg. 3 UKF = unseparated crose flexure Flg. 4 Deflected UKY, the axis remains
hinge stationary despite deflaction

The conplete 2-axis dig suspensicn thus consists of four bhinges.

s

T T

3 : it is obviocus _hat this UKXKFP-hinge has a sooacwhat higher deflection stiffnecs than a
3 conventicnal cross flexure hinge of the sane fleoxure dimensions, but can also aces-

te moce than doudle the huckling forve. Hence its opimization lavs differ signi-
{icantly from thcse of a conveational cross flexure hinge.

ir 2 single-ginbal, dry tuned gyre (dtg) tvo of these hinges form one suspension axis.
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Important differences

Important differences between the UKP and the conventional cross flexure hinge in a
dtg suspension are:

- The UK? leaves - due to their mutually traversing arrangement - occupy less than
half the radial space of the flexures orf a convantional hinge, resulting in an
unequalled small suspension diameter.

- The tolorable (no load) deflection angle of the UKP is approximately half the value
of the conventional hinge.

- The linear compliances equal those of a conventional hinge as the translational
deformation of the flexures is not significantly affected by their central con-
nection.

- The bucxling strength is doubled in comparison to a conventicnal cross flexure
hinge due to the central connection and further increased due to a considerable
decrease of sensitivity to flexure shape tolerances.

- The delinition of the anqular deflection axis is significantly more precise than
in a -~onventional cross flexure hinge. The axis location is unaffected by deflec-
tion.

- Load~dependent (twist) torques of a UKF are extremely low on account of its wall-
defined axis position.

- Load-dependent torques due to elastic deformation of the solid suspension portions
are significantly lower with a UKF due to its compactness and symmetry.

- The compact UKF design renders smaller gimbal inertias than the conventional design,
thus dlowing higher tuning speed at equal angular spring rates and reducing gimbai
balancing requirements.

- The principal geometry and compactness of the UKF design allow the manufacturing of
monolithic suspensions by vire erosion with a minimum of steps and time and a maxi-
mum of accuracy.

- I: -line machining of all flexure surfaces of ome axis in one workplece setting mini-
mizes unwvanted incxease in deflection stiffnercs from misalignment of the two hinges
of one axis and from misalignment of the two flexure leaves of one hinge.

Commons with other cross flexure hinges

Besides the mentioned differences ther= are some features which are not -or only
slightly -~ different with thye UKF and the cowventional cross flexure hinge:

~ Linear campliances can be calculated by the sane equatione.

~ Isoelasticity can be achieved by using flexure crossing angies greater than 90
degrees.

An optinmal UKF design nakes use of soma features which are found also in other hinges
of highest gqualiity:

- Flexures are profiled preferably with a slender circular curved contour, giving a
tarked increase fa the vatlo of load to angular gpring rate.

= The coamplete Aty suspension i{e monolithic in crder to avold internal stress, o avoid
icad stress accusulations {n the flexure end sactions, and (¢ obtain the best os-
sible gualirty of geoketry.

Techaclogy

A spacially adapted wire erosion technique proved to be hest suited for manufacturing
the URF hinges and suspansions under the asgects of accuricy, evanoey and flexihility.
wornal EDOM will do also, but owns characteristic problems in naking the electrodes and
aligning the hinges to each other.

The UKF layout suited for single-gimbal I7Gs to be cut on s wire IDM machine is showm
tn FAg. 5. All cuts for one axis are sade in one position without any need of re-posi-
tioning, adjusting, and handiing, the two hinges of one axia beint cut sizsultanedusly.
iftor coxpletion of the axis the workpiece is turned by 90 degrees and 31l cuts of the
other ax{s are nade. The benefits are evident: simultancous cutting randers the bast
possible flexure orfentation and mirimum machining time. The compact design with a
minlzus of surfaces to be machined and the economical utilization of 3ll ercoded sur-
fsces for suspension functions exhibit an optisum sclution with respect to needed
volume and production cost.

These positive aspects are not limited to single-gimbal DTUs, since by ussemdling pre-
fabricatesd parts in a stige bafore cutting the flexures a psaudo-nonolithic structure
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can be achieved and the principal advantages in axis definition can be maintained. Ina
trorough experimenta) researcih the limits of this technique have been investigated
and machining has been developed to a safe reproducible stardard beyond the czpability
of any machine on the market. A pilot production of more than 40 suspensions yielded
completely satisfying results considering
| machining time and quality. The achieved
tolerances, bet.ter than necessary, qualify
these suspensions for use in inartial grade
I gyros.

3. Direct Cost Benefits of the Novel Hinge

Most of the earlier stated differences
betweer. the UKP hinge and conventional
designs have a more or less significant
influence on the production cost of a
gyro.

The direct cost savings through the use
of the UKF hinge, i. e. that ones related
to production and integration of the sus-
pension according to f£ig. 1, can be sum-
marized as follows:

- mininliration of needed material volume -
lesg taan half of a conventional sus-
pension - results in less material and
proca2ssing cost

- minimization of machined surfaces and
Fig. 5 re-setting steps, simultaneous cuttiang

. of the hirges of one complete axis, and
UKP-Suspension for single gimbal DTG abandcning leaf-sesparating operations
render significantly less machining cost

- irherent axls position accuracy of the tachnology and smallness of the gimbal mass
abolish the sffort of gimbzl balancing in nearly all cases

- decreased sensitivity of buckling strength to flexure shape and dimension allows
goreater flexure tolerances, resulting in higher cutting spead and less mgasuring
effore.

Indirect Cost Savings by Using the Novel Hiay< ia a Gyro Design

Some possibilities of indirect cost reducticn by using the cptimized traversing-lesaf

{UXF) suspension say novw be discussed, referring to the three predominant suspension-
dependent sensitivity t;.es of fig. 2. They can for this objective and for a single-

gimbhal gyro be described by these sim lified eguations:

Detuning sensitivity

n d
b ‘o
S et i'w i
(-]
2-% angular sensitivity
5 ! 4
Yazs) .2 Ca
faan T T, "3 7 t
2-x radtal sensitivity
r .
Trum
Seaw * A on * W “'z ¢ nﬁe?:) (3

Herein the suspansion characteristics appear as d /K - the ratlo of rotatery stiff-
ness and cnguisr momentum, which latier is related to the suspensicn's load capshili~-
ty -. a2 the axial separstica s, of both giabal axes, and the giadbal pendulssity By@y o

Dateraialing their effect in urantity requives to Gquantify thelr magnitudes for resl
gyroe of varving size ani related pecformance, L. e. the use of suited dimensioning
-Rd growth 1avs of tuned G Tos. The neeled relstions and nugaitudes vill be suzsarized
‘o the foliowing sectioa.
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Design magnitudes of dynamically tuned gyros
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Fig. 6
Rotor-Suspension-Sets for Strapdown Use

e 2

3 a: 4-Magnet Torquer, b: 2-Magnet Torquer

%i The main performance characteristics of a homologous series can be expressed by almost
& fully size-independent coetficients and quality factors which are determined by ratics
% of dimensions and by material parameters. The coefficients vary by less than 2 % over
¥4

the consldered range of rotor radii of 12 to 23 mm; just the suspension Q-factor, how-
ever, may significantly decrease from its thus calculated value at radii falling under

16 mm due to technological thickness limits of the suspension leaves. Such decrease is
recognized in the later calculations and diagraas.

.‘ &

Wac?
P -

The design coefficlients of the chosen exemplary gyro configuration are listed in table .

by
o
v The rotor-suspeasion Q-favtor fGa might deserve some fnterest in comparison with Craig's
X figure of merit
.
N C
b 'a " F 3 f}

v
e

as another widely used performance parameter. Both coefficients in a particular manner

repcresent the ratio C/d which determines the detuning and 2-¥ angular seasitivity
according to equationg (%) ard {2).

4 13 independent on size and gpin speed, bLut recognizas the admissible shock azce-
1%%::15&. and therefore is a universal and very suitable measure for the perforemance
capability of a mechanical rotcr-torguer-suspension dexign. Yo describe the detuning
and 2-§ angular sensitivities of a3 specific grrn reqQuifes additional data on spin

spead, rotor glze, and dalssible ghotk soceleratioa.

H

it o measure for the detuning and I-% angulay sensitivities ef a specific g¢yro if
afcoapanind by ioforzation on the ¢pin speed. TO compare the afflciency of different
gyTo designs roguires sdditional data on rotor stze and sdmissible shock acceleration.

Table 1
Depian voefiicients of oplimized deg's with d-stagnetl Jmiln lorquer,
nutation freguency m? = 1,77 X, and travereing-iegf vuspennion for
rotor radii between T2 and 21 nx vesp. Yo and 23 wm (V).
Coefficient Pefinition -fr Sypical Valve g
rctor mDass factor E_*E, 7600 it !
® & n :
ro20r inertia factor kc d g; 410C ;ﬁ
, 2] "
suspension C-factor fe i-‘;- 1.0 - 16° % ()
- Xy
rotor Q-tactnr £, . =% 5.25 - 1073 j§-
L 19
- £ £ b=t
rotsr-suspension (-factar Ecﬂ’ .cfa 635 s [R))]
=y
e S J2
8 VFE oy
K Sxe?
torquer Q-factor | et “?RE_ io1se FRs
: - — " - N
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Using the design coefficients of table ° for the following discussion requires to
determine some further exemplary data which are chosen as:

spin speed N s 2rn- 100 8

shock aczeleration (> 3 ms) a = 1000 m/s?

It should be noted that table 1 is valid for a relative nutation frequency of 1.77
this magnitude, however, beiny cf moderate influence.

For y,/ros thus specified characteristic data can be plotted versus the rocor radivs
as shown in fig., 7:

W

- the angular momentum H,

- the specific torquing power P_/w_! which in the -
gyro design has determining igflgence on the choice ;
of the rotor radius,

- the characteristic ratio of angular momentum to sprinc
rate H/d which determines the detuning and z~N aagular
sensitivity,

For reference purposes a plot of Craig's f_ is added although incorpors-sd in the H/d
value. Two examples may be noted as typicaT data sets:

1. A 22 mn radius gyso needs a speclific torquing power
of 3 W/(100°/s)? and yields H/d ~ 2 s and £, =~ 600.

2. a2 15 mm radius gyro needs a specific torquing power
of .44 W/{100°/s)? and yields H/d= 1.5 s and £ = 450.

The data plotted in fig. 7 represent the model gyro series for the following discus-
sions on the effort aspects of the equations (1} to (3).

.xH
P Nms 10
Hig
s
E»’-It-_"2 ,5
fleg Ll
WO sl
3
2
%
s
¢ l
3L
it 'i
! ;
f ;
% N I 7 4 DU ;
S-S AN- SRR l}
.\:«-v“ = . ‘
=¥ ;
g9 i :
3
2
Fig. ¥ ;

Porformance Mats of Rotor-Suspensicn-Sets for
Strapdown Use According te Fig. 6a. --- ndicates
theoretical dats regiecting ltechnoiogical thickness
1imitaticons of acsolithic eprings.

Detunine Brifr

For the foliowing i. is vseful to exprems the detunxing drift appesrisg in eguation (1}
ae a function of the difforences of the input magritudes from their nominal Zesign
values which satisfy the tuning comdition.
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produces the drift rate

(6)
Introducing J = J_ + AJ, N =N_+ ANand d = d_ + Ad with Jo' No' do as the nominal

design values andousing the tuging condition ©
= 2
do Jo No (7)
renders the resulting spring rate as
AN | AJ _ Ad
d, =d (222 + &2 4+ 29 { 8)
t (4] No Jo do

The effect of detuning requires attention in double respect:

The bias
= 5
Wy = dtb i (9
where the subscript b marks the magnitudes effective in the bias state, and its
instability
0 8
Amt = dtb A (ﬁ;) + ﬁ; Adtb (10)

Introducing the differences of actual from nominal values in the bias state, AN = Nb-
N o, AT = Jy = T ARd = db ~ d_, and the time-dependent variations with respeclt to
tBe b?as gtate, 86, i8

Now, regarding the aim of simplification and cost reduction, the question followed so .
far shall he inverted: L

N etc., yi#lds the detuning bias ;
“’tbgf'!_/%_(zfibi+¥+:ﬁ (n f

o (o] o o ;

and the instability ;
A8 AN AJ 8 AN AJ Ad p

Ay, v @ (5 = 35— - =) + (2 5= + =— + ) (12) E

t tb [} No Jo H7do No Jo do i

We will no longer primarily ask for the drift which comes as a result of detuning,
but for the reed and acuity of tuning to meet given drift specifications. Hereto we
first look at the gyro which has not undergone any tuning procedures whatsoever in
order to find out the limits within of which tuning - other than by design - will be
needed at all.

gl e e

Then we examine the gyro with tuning treatment in order to get knowledge on the re-
quired acuity of tuning and to reflect upon a cost-saving procedure.

The Tuning Error of an Untuned Gyro

"Unwuned" stands for lacking any tuning treatment after machining the gyro piece-
parts.

In the machining prndecure the gimbal inertia J can be produced to match the nominal
valu:@ within less than 1 * without any particulayr effort, maintainiig the nominal spin
speed in the gyro operation to even much less is no problem either. The spring rate of
the suspersion, however, determined by the third power of the leaf thickness, due-to
the small absolute thickness dinensions constitutes the highly predominant share of
the original tuning erxexr. Thua equation (11) can be reduced for the untuned initial
st te with fully sufficieat approximation to
0 2 (13)
W, © -—
to 87d° do

wi.orela A, now stands for the difference of the spring rate from its nominal value.
Ie thir il essential traced back to the mean thickness error of the spring leaves of
onu suspension, the maximum spring rate arror 4, d/d_ and the resulting bias drift
vate at a rotor offset of 6 = 1" come out as plgttea in €ig. 8,
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Untuned Gyro, Spring Kate Brror due to

Machining Tolerances and Resulting Gyro Bilas

Thus stands in sufficient approrimation

A d A0

b 6
A, =~ IS + . —
t 30 8730 H)ao d,

ATd

19

~he diagram ghows that the detuning
due to spring tolerances can amount
up tc 33 ¢ with small rotors, de-
creasing to 20 % in the upper region
of rotor sizes. This always refers to
goiffness, an equivalent detuning of
epin speed would amount to about half
these values,

Despite the large relative spring
rate error the resulting bias valuss
of less than .7°/h are so small. due
to the low absolute stiffness of the
hinges, that with regard to bias for
itself any tuning procedurs could
completely be renounced even if the
rotor offset attained a multiple of
the assumed value.

Now looking at the drift instability
described by equaticn (12), the intro-
duction of reasonable exemplary values
shows that the only ensential variati-
ong come with the rotor offset 6 and
the temperature depeudency of the
suspension springs, the latter being
effective as long as it is not reduced
by compensation or choice of material.

(14)

where ¢ d marks the stiffness variation due to temperatuve, Any tuning operations can

be abanaoned completely inasmuch as the instability of the detuning drift, Aw

, does

not exceed the valus specified for this drift component in the gyro's error bﬁdget.

In what regions of performance tihis is the case, may be estimated from the diagram of
fig. 9. It shows the instability of the detuning drift versus the rotor radius as only
due to the rotor offgset ~ for instance in case of caompensation of the temperature
effect on elasiicity - as with additional regard to the temperature effect. The rotor
offset instability is therein considered to amount to half the absolute offset.
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Pig. 9

Untuned Gyro, Instability of Detuaing Drift due to

Machining Tolerances

Bon-Regarding Yomperature Effect

-===== Including Tamperature Effect,

Tenperature Coefficlent of Elastic Koduius

300 ppa/K, AT = 70 X

Result:

The diagram shows that, due to the
suspension's little elastic spring
rate, gyros for applications outside
the inertial domain can in most cases
be used without any particular tuning
procedure in caege the rotor coffset
stability ranges around 0.5 to 1 se~
conds of arc. The temperature effect
or elasticity plays just a minor rcle.
Thus in this range of applications
the denomination *tuned gyro* has to
suffer a vide-hearted interpretation.

The Required Acuity Using Tuning
Treatmant

The result obtained for the non-tuning
case enhcourages to axamine evan higher-
graded gyro classes for their potential
of significant reduction cf affort by
using tuning treatiment of limited,

but sufficlent accurscy. There s,
indeed, again a distinct treshoid.

It marks that range within of which

the suapension can be satisfacorily
tunad already An its manufacturing
process, before being mounted in the
gyto, and inpartimlar as long as it

is clanped in its machining fixture.

An exasple of doing this is: Imsme~
diataly after the electro-erosive
cutting of the suspension its natural
frequancies when oscillating about
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the two gimbal axes are meagsured. As the contributing inertias of the gimbal and the
rotor-sided mounting ring match their nominal values to better than 0.5 % due to the
manufacturing process used, the natural frequencies establish a wsll-suited measure
for the actual angular stiffness of the gimbal axes. Electro-erosive machining the
gimbal based on calculated data obtained from the naturai frequencies, possibly in the
suspension's original satting, allows to tune the suspension to considerably better
than A, d/d =+ 0,01. Thus it is delivered to the gyro assembly line readily tuned.
Measur?ng 8na adjusting the tuning frequency in the assembly and calibration process
cease as well as design precautions like threads and tuning screws with their securing
problews. The simplicity of the suspension takes its full effect.

In scanningy the limits of utility the bias aspect can be neglected. The instability
equation (12) can be reduced to
A Jd A d A d A4
8 b b T A6 T
Dw = o+ =— + —) —=— + — (15)
t B7d0 | I do d, 6 do
provided the spin speed being maintained within 0.1 4 from its nominal value. The
effect of the last term of the right side can be compensated inasmuch as the rotor
offset 6 i3 stable. In most cases 8 is adjusted to zero to the best possible anyway.
Provided this compensation or zeroing being effective, the contribution of “he lac*
term decreases tn

ae A8
v/d - d,
and it comes, furthermore using maximum terms, i. e. plain adding of all the error
sSoaponants,
AT d 4. d
A8 b? | n T )
; bw, aw aja (= + ==+ 2 —) (18)
; v do o) i, d;—
i 2 The first two terms in the brackets are due to remaining off-turning of the ore-tuned

suspensicn, the third term expresses the residual effect of the springs' temparature
coefficient when using temperature compensation.

Putting exemplary values of good realizability, 4,3/ = 0,005, A d/do - 0.01,
ATd/d = 0.015 (corresponding to a temperature coaffiSLent of TK(E) =-300 ppm/X and
a temperature range of + 50 K), renders the values of detuning drift instability due

to both, initial Gff-tvming and temperature efiect, as plotted in fig. 10.

Now the temperature 2ffect which is incompensable duve to the votor offset uncertainty
appears twi.e as large as the effect of the pre-tuning error. Its further reduction
for example by choice of the suspension paterial or by temperature stabilization has
to be considered particularly for still more stringent requirements.

~- 3 ' Nevertheless, under the provi-
. | ) fw, 05 ] ) sion of a rotor offget stability
¢ ‘ NG, | [ of 0.5 seconds of arc being
T “uh N | 1 rather moderate for inertial
-03 T " g grade gyros, the drift instabi-
02 { \fh‘ [N lity due to the pre-tuning error
N T rangaes easentially ander .91°/h
\\j l s O U ‘L for rotor radil of wore than
o1 N = = 14 mm, the total instability
Il o g i including the tomporature effect
; amounts to the triple of these
! i values. Shus it can be stated
005 ] % — AT T as a
.00) |- qﬁz s ?75, . Result:
e 2n
002p—. :,50‘3 :,?25 ot ammng e o e within a range of apglications
. T extending far Into the inertial
i l I l A grade domain ths defined pro-
o s duction of pre-tuned suspensions
i g % % 1 20 o 22 canh be used to raplace any tuning
. troatment of the gyro as 4 whole,
Fig. 10

2-N Angular Sensitivity

Gyro With Pre-Tuned Suspenaion, Instability of
Detuning Dxift. '
__ Non-Regarding Tesiperature Effect

Ihe . redowinant internal s:urcos
of 2-N angvlar oszillatton in a

R it e e

«w=~= Intluding Residual Temperature Eflect on dynamically tuned gyrs are the
Eiastic HModulus due to Pilcko”f Instability; " sghaft bearings and the npin
Temparature Coefficient of EBlastic Nodulus motor., Since the spin motor in-
300 gpm/K, AT = SO0K fluence, however, can be suff{-

cieatly reduced by design and
operation measures as for in-
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stance are reported in/1/,here just the bearings shall be regarded. Their imperfections
produce a spectrum of radial wobble which, disregarding other components, containg the
integer harmonics of the spin frequency. The radial motions of the shaft in the bearing
planes are transformed into angular motion of the shaft axis in the general case of the
radial motions occurring out-of-phase (see fig. 11).

With gyro ball bearings of good qualitys2-N radial wobble has been observed of typical
10 nm amplitude. Together with a typical bearing distance of 20 mm it produces a 2-N
angular oscillation of the shaft of ¢,,, = 1 urad under worst case conditions. i. e.
the 2-N radial wobble of the two bearigg being in counterphase, The bearing distance
determines the radial-to-angular transformation and should be made as large as pos-
siktle regarding this mechanism.

The 2-N angular wobble excites the drift rate wd(2N) according to equation (2). Much
more interest than by its absolute value is, as before, attracted by its stability.
The day-to-day repeatability of the 2-N angular wobble can according to experienced
data be quantified to less than 15 % of the absolute value including phase variations.

The resulting maximum instability of the drift rate is plctced in £ig. 12 versus the
rotor radius.

Drift Due to 2-N Angular Sensitivity

Result:

Using a ball bearing _upported shaft with a good, but not extrume haaring guality,
characterized Ly an instahility co? 2~-N anqular wobble c® 0.15 nrad, inertial grada
gyros with a day-to-4ay repertability down to 0.01* 'h can be impplem.nted with a one-

yizbal suspension.

Accordingiy low ia the 2-N anguv -+ sensitivity of “hese gyros in response to external
oxcitation, tcr example due to vaxistions of the elasticity of the ambisnt structure. y

Reverse Conclusion:s

For lasf stringunt requirewe=~ts which adamit drift instabilities due ) hearing wobble
in order of 0.05%/h or more, bearinge do not need any critical quality specification
with tespect to I~N subble,

2-H Radial Sensitivity

The internal excitation of 2-N radtal wobble in a gi.o has the same crigin as that of
the 2-N angular vobble and as wis dealt with in che preceding section. For the mechanian
sse fig. 11, In this case i-N radia)l oscillawions of the suspension centra wvith the

ampl itude 2‘: are effective. Accordiny Lo equation (3) they produce the Arift rate

&
x
Yoy (2N) = il (Il: 23 ‘xel(a) 3) |

It depsnds from the axial separation s, of the suspension axes and from the gimhal
pendulosity By®yse Its lastabilicy is

1
A“ar (28} = T (m2 t ‘x’az’ da,_ ¢ (m de + m éaaa) LY (17)
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The gimbal mass needed for the estimation of this drift component is for gyros with
UKF suspension, with performance data according to fig. 7 and rotor radii > 16 mm,
given by .

7
B

R = 0.053 (&) 6 (18)

It remains nearly constant for smaller rotors.

The 2-N radial amplitude of the centre of suspension due to the bearing wobble re-
ported in the preceding section can amount to twice the radial wobble of a single
bearing in a usual gyro geometry according to fig. 11. Thus the radial amplitude
comes to 20 nm., The axial distances in equation (17) can due to experience in the
prototype production of suspensions
Auwgr(2N) be rated with good safety to
9Yh
Wor [25) resTI 8, =2 um s, = 5 nm
—— wm ! -

Wer (2N) /o RMS egg <10 uam beg,= 10 nm

sg=2pm A3222,510 sz

N o= 10Um  Aegye10nm Using these data equation (17) renders
0 ] s =20nm  Asr =3 nm the 2-N radial sensitivity and the

N re r instability of the resulting drift
N‘WK- due to the 2-N radial bearing wobbleas
S0 .005 plotted in fig. 13.

L N Result:

8

03
20 o The drift instability induced by the
2-N radial wobble or the gyro's own
N~ shaft bearings falls even with wide-
10 o0 -~ hearted presumptions regarding bea-
ring quality and gimbal pendulosity,
definitely below .01°/h for rctor
radil over 14 mm. No further reduc-
tion by gimbal balancing is necessary
even for applications in the 1/100°/h-
Fig. 13 domain with usual rotor radii of

2-N Radial Sensitivity and Instability of 15 mn and up.

Drift due to 2-N Radial Shaft wobble of the
Amplitude 5, without Gimbal Balancing

R
R 113 16 15 20 mm 22

The primary reason is the minute axial
separation of the suspension axes,

sec ondary ones are the small gimbal
mass and small initial unbalance,
features, which arise from characteristics of the speclally developsd machining pro-
cess and the mass~saving design concept.

Balancing of the gimbal could prove necessary only in case the radial sensitivity with
respect to external 2-N accelerations shall further be reduced. Its values range be-
tween 40 and 10°/h/G RMS. Its dominant share originates from the axial separvation of
the sugpension axes, which in this gsuspension due to the manufacturing process is al-
ready very small and which according to cequation (1) can be compensated for by deli-
berately producing a gimbal axial unbalance.

Final Conciusions

the novael gyro hinge design described combines outstanding producibility thanks to a
dosign of unjique simplicity with high performance capability due to optimal flesure
contour and utilization of desigr space. Its indirect effect on the design and the
effort for manufacturing and calibrating dtg's has been shown «ith respect to strap-
down yyros in the size ranging from 12 to 23 ma rotor radius. The following cost-
raducing congaquencas on gyro design and calibrstion can be noted:

1. %o nead for mul:i-gimbal dusign even in the inertial quality domain with day-to-
day repcatability down to 0.01%/h.

2. No nead Yor gimbal balancing in the same domain.

3. No tuning treatmen- whatsoovar for gyros of day-to-day rapeatability of sore than
0.1%/h to 1°/h, depndent on size and pickoff stabllity,

4. Reduction of tuning rredtment to suspensicn pre-tuning [or most inertial grade
gyros.

5. Reduced influence of clastic modulus varlatjons.
Congequent utilization of this potential renders gyro concepts of speclfic simplicity

and cost effectiveness in each application range from low performance to inertial
quality.

i
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OPTICAL ROTATION RATE SENSORS

G. E. Knausenberger, Consultant
Alr Porce Office of Scientific Research
Bolling Air Force Base
Washington DC 20332

INTRODUCTION

The measurement of inertlal rotation using optical methods has been under active
developrent for more than 15 years. The approzches 30 far have hbeen based on two princi-
ples: one based on the Sagnac effect, leading to the ringlaszrs (RLG) and 1ts new
derivatives; the other based on the spin of the nuclel leading to the nuclear magnetic
résonance gyrc (NMRG or MRG). In the case of the RLG, the inertial reference quantity
is the veloeity of light, since it 1s independent cf the platform mocvion. 1In the case
of the MRG, one attempts to derive the inertlal rezference from the spin vector of a
conglomerate of orlented atomie nuclei. Succsssful approaches are sc far limited to
inertial, angular velocity measurement via comparison with a magnetic field induced
Larmor precession of the nuclel. Both methods rely on optical operating and readout
means, the RLG by necessity and the M¥RG by convention.

The research and development for both systems 1s dictated by the promise of cos*
reduction or performance ingrease, or both, in strapdown inertial systems, and ther hene-
fit from the applicatior of modern optics and micro-electronics technology. (Pig 1)

As to status and progress, it is fair to say that the RLG has reached production
stage in its original conventional version, while the MRG is more or less still in the
exploratory cevelopment or research stage.

Justification for pursuing both apprcaches derives from the fa«t that the RLG
rzquires a certaln (large) size and mechanical precision in construction while the MRG
has the potentlal for greater minlaturization, especlally for relaxed structure tolerances.
On the other hand, recent RLG work indicates new possibilities for sipuificant sensitivity
increase and optimum adaptability to specific environments and misaions. {(Plg 27}

The paper wiil be primarily concerned with an analytical review of various approaches
to the measurement of inertial rotation by optical means with emphasis on the more
recent concepts.

LIST OF SYMBOLS

Yv gyromagnetic ratic of particle

4  number of pulse counts

C phase velocity of light wave in vacuum

€% phase velocity of light in rotating optical medium

f optical earrier frequency

¢ optical phase
ar,F veat (requency, RLS output signal frequency

L length of closed asptical path

# refractive index of path zediun

8 nusper of turpny in optleal path

P nuaber of recirculatlons of waves in elosed optiecal path
P fractional polarizetion of nuciear particles in specific gas volume

v(t} phase difference betveen the electrical ventors of the clockwise {CM) and the
counterclockwive (COW) traveling optical waves

s/n signal to nolse ratfon of electrical signal at =motion detection
T  integration time at detector output

T photon transit time over p.th

T, relaxaticn tize for particle

2 rotaticn rate as mechanlcsl input, to be determtned

angular frequenty, wave rotation rate
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A2 rolative shift of interference fringe location

RINGLASER

1. Concept

Sagnac, in a 1913 publication, demonstrated an optical system capable of sensing
inertieal rotation. Using mirrors, a single light beam was split into two beams which
were then made to travel in opposite directions around a single closed path. After
traversing the path, the heams were superimposed to produce optical interference fringes.
When the system was rotated, a small shift in position of the fringes on the rotating

platform was observed., This shift !3 pi , “rtional to the velocity of inertial rotation
of the system platform.

The ringlaser rotation senser (RLG) 3is a device which uses the basic Sagnac
effect in a particular way. A laser 1s incorvorated into the closed loop optical path.
Its frequency is determined by the resonant frequency of the loop. When the system
rotates, the resonant frequency splits into two frequencies; the difference frequency of

these two simultaneous laser oscillation frequencles is proportional to the rotational
velocity and 1s measured.

The phase of the beat signal, which is measured in che Sagnac case, is here
simply wmeasured by transforming the sinusoidal beat signals into pulses ana by counting

these pulses. Tne number of pulse. 1s proportional to the described angle while the
pulse rate is proportional to the rotation rate. (Figs 2 to 17)

Different from cornventional gyros, the RLG is a static device.
and wide linearity up to 108 %/hr from a few hundredths with deviations rrom linearity
~10"3. It has direct digital readout, and a 20 cm side triangle renders easily a frac-
tion of arc sec resolutica. 8Signal processing 1s easy and avoids the problem of weak

analog signala. The RLG is insensitive to vibration and acceleration in a sufficiantly
rigid structure. '

It his excellent

The RLG is intrinsicaliy, weéskly sensitive to temperature and magnetic field.
Difficulties arise from the coupling of the optical waves, the non-rgciprocity of the
properties of the optical trajectories in the amplification and resonator medium, and
from the need of conservation of optical path alignment ip spite of environment infiu-
ences.

Sirce 1963, Maceck and Davis at Spervy first demonz®ratsd a ringlaser; the R&D
community has successfully dealt with the RIG's detalled materials, shielding and
stabilization problems; has developad 3 theoretical framewerk for understanding the
phenomena for mathematical models to aid design and tsesting; and has sugeeseced to produce

a rellable inertial grade gyre with oxcellent operati-g and shelf life. (Pig 19)

2. New Appeoaches

Mew tachnologles and new solutfons for oversoming costly intrinsic diffisulties
have stimulatad new approaches. Theae new appruashes to inertlal rotation sessing e
also almed at providing high sensitivity in the moasurement down to vary low rales, 43
required irn preszent and anticlpated nu+igstinn ard s2ontrel applicatieons Ln pariteularp,
with the eapectation «f Increazed applicabliley and lader averdall cost. They, toe,
render the direct quantitative absolute 1nertial rotation rate seasurament, requlrisg

no compariszen with other ataadards for calibration amd are bdasléalliy unaifecusd Dy
aceceleration.

The neu asystams srv basad on the Sagnae effest Lut are designed to be inherent-
ly free of ove serlous prablem encountered xhen the laser 13 in the ring: the mode
locking effect. A3 a rasult of this effect, zero ratatlon raté will be indisated below
a certaln rate. 3¢, the goal %4 to lower this lock-in threshold by =2proved design Sueh
that 1ts value i3 below the =2inizum rotatisn rate %o be mezsured or to find meana to
evercome of circumvent the logking effect altogether. This leads to the oppllecasion of
2 "blas" potatior ratwe where, for laatange, b {=posed Known steady rotaticn silmply aa
operating range outslde the I<ek-in reglon 1 used or, more frequently, wiere the blas
rotation 18 ocsciilating symuelrically far across the leck-in range, which then allious
the measuresent from ero rate over a wide range of rotation rates. Unforzunately, these
latter "dither”™ biss (mochanScally, magnetically, or optically induoed) methods create
tolse which defeats the attempt towapd minimum rate messuresment thresholds, and {ntisduee
error sources of thesir own. (Figs 2, 3, 9 to 1R) A novel “seif-dither® proposal

guggests sicplification of the blasing system by laser irternal pericdic bles generation.
{appendix A, XI)

Another appreach to aveld ihe lock-in probles 1s %o appl; statisonadvy biags on
two separate optlcal oscillatora in the same ring such that, with oppo2it- kias pelarity,
the one beat freguency increases while the ather decreases Srom tha stationary operating
point. The degree of symxetry and reciprocity 14 the optlcal paths of the two lusting
systens will detarmine whether the maxisun sensitivity (ashot nolue limit) and stabdility
can be achieved. The results 3o far are encouraging. (Pigr 15 to 17, appandix A, Pig L1}
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More recent approaches attempt to avoild the complications of the active
resonator, including the lock-in problem, by putting the laser outside the ring. The
measurement becomes, again, a phase shift measurement. The light beams in the ring,
which now acts as passive Pabry-Perot resonator, are essentially decoupled and guaranteed
a maximum of reciproecity in their propagation. While in such a system, one can apply a
desirable high signal level; the indication of the rotation, and the accuracy of the
phase shift readout is a major problem for opto-electronics. (Figs 4 to 7)

The solutions for an accurate and practical detection are sought essentially in
four directions:

&. Improvement of the classical fringeshift reading through differential two~
detector schemes and application of very low loss components.

b. The modulation or switching of the optical carrier and application of
synchronous detection and a feedback signal servo at the output.

¢. Peedback from the output to the input Lo tune the laser line to the rotation
shifted rescnance frequency of the passive ring resonator. Direct frequency
differe:nce reading is possible.

d. A pulse system featuring, like an RLG, a rotation sensing loop comprising a
single reentrant closed optical path, but with the laser oscillator outside
and a laser amplifier within the loop. The signals from the external source
are short, optical pulses and are sensed each time they traverse the turns
of the loop and the rotation data is extracted from these sampled pulses.
This reentrant system has inherently the sensitivity and digital output as
2 ringlaser would have with the same loop dimensions if mode locking were
absent. (Figs 18 to 24)

As seen, these new systems have the source outside the ring, the beams are
decoupled in the ring; so, no mode locking obscures the rotaticn effect; the frequency
of the osz2illator is not influenced by the counter traveling wave and multiple turns of
low loss optical waveguides can be profitably applied to increase sensitivity as can most
componerts of integrated optics. In return, this technology benefits from the very
stringent requirements of this new instrumentation. ¥With these concepts, application
adaptive optimut: devices can be congsived, cheap small sensors on a chip and large [liber
loups around a vehicle.

Progress in the short time of activity in the above mentioned direction is very
encouraging elthough still far from the geals, 3Shot noise limited threshelds apnd earth
rate measurements hsve been achieved in the laboratery.

The figures following this text attempt to illustrate the main implementatign
and trends., The new deviees snd thelp potential should broadly cover the foreseeable
application needs and at reasonable cost.

3. Russtan dctiviey (IV)

Alsa, casual cbservation sthowpd that during the last decade 3 relatively large
aumber of Ruzrslan selentists hive publiished eon ringlazer related subjzets. Aslde fropm
raview papers, deltalled techunelogy aspects and seme atiaylating, as well as puzalling
tepies, wers discussed; Taples llke loek-in range reduction by hacwicakter radiation
reductlon in servond sirvoe shift arrangesents (App A, Fig 12), application of a satuzable
atrsoprbar wedliuva Bo prevent mode loeking, snd theory to explalin ebasgrvatlions made with an

- all solid-gtate rinzlaser. The latser subject, although of some gensiral interests,

poasing sentraveratal.
§. Ringlasar Jusmary

) A1I the Krown approaches are based a8 the principle that twe identiesl ilght beans
propagatiag in oppasite direstilons asdund the zase alosed path suffed unbequal phave shifts
in the prasence of isneptial rotalion. The phonomena wiy Flrat descriled by Jagraw in
1933, and 1te validity Jesonstrated by researsh workers (Harress, Nichelsen, a.0.) sines
gnen. - The ragnitude of the rotation lmivded sun-resiprreal phase shift 18 proparifonal
2 the Inertial rotatlion rate aboul an sxis perpendizular to the plane of the Light patd,
2 the 2rex sncloded by the path, v freguency »f the 15ght and 2o ihe lnverae of the
shuare of the vacvum Seloulty of the light, Naotlee that it 33, in firss ordex, lmdepen-
deit of the properties of the Lipght path.  Beeguse the ghase shift is very mxall for the
rotation rétes 4F intevest in fmertis) mavigetleon fe.g., Tor owif~Y x carth vate and
109 o&! ered of %hhe ring, the phase shif 13 10-10 sadians), sophisticated spproackes
sust be usyd for the mezsuresent of the phase shifts.

The =08t poyuiar snd ruccessful technique developed so far ls based on the ring-

lzser (HL3) approdch in which obe risng ressnatsr or cavity is “active;™ l.e., it containg

& lager 43 dsvillator and the phase salft manifests 4tself 23 a fraguency diffwience
batueen thne lwe opposltely propagsting besss.

&3 light sources, Hele lasers have found predoninant use, and excellent operating
and relfabllity nondiflonz Rave heen jeported, HLfGs have been dexonatrated i sirapdown
systens ower FonsSItIvity ranges of 18°Y t~ 107 %/nwr, however, sre nivt currentiy cost

¢apetitive with vonventidnal gyros from szheust 1 to 36 O/hr while the newer optical
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rotation sensors are expected to be. Multioscillator system e¢xperiments indicate
satisfying the high sensitivity end of the range. It also appears that a single opti-
cal rotation sensor can cover five orders of magnitude of measurement and accuracy
requirements, Related research and development efforts promose new advances for
sensitivity, accuracy, operating range, reliability and -ost improvements by new bias-
ing arrangements, new optical components, and laser sources.

While the conventional gaseous dithered systems experience continued improvemsnt,
they are being complemented by solid-state systems which draw on fiber and ia%tegrated
optics advances., Recently, several "passive'" approaches for the measucrment of the phase
or fringeshift have been under investigation. These incluide the use of pacsive ring
resonators with light sources external to the ring an? external means of rhase shift
measurement as well as multi-turn fiber optic interferomecers emplcving semniconductor

lasers and various sensitive schemes for the readout of the non-reciprocsl, rotation~
induced phase shiits.

OPTICAL PUMPED KUCLEAR MAGNETIC RESONANCE GYRO

1. Concept

The nuclear magnetic resonance gyrcscope is a rate integrating single axis
instrument. The inertial rotation sensing element is a ccllection of oriented atomic
nuclei. Aside from the motion of the atoms, there are no moving parts; the operatlicn
should not be influenced by high acceleration and should create no reaction torquei. It
can also accommodate large input rates and angle ranges.

Here lies the practical interest in 1‘s development; physical sciences motiva-
tion derives from a simplified picture of certain atomic nuclei which posses inherent
angular momentum and act like spinning perfect gyroscopes &t the center of atoms with
no power input and hearly perfsct gimballing. The spinning nucleus (or atom) has also
a magretic moment which, furtunately, allows readout of the orientation of the spin but,
on the other hand, requlrea ecareful magnetic field equalizations and shielding to hold
the disturbing moments at a low level (< 10~9 gauss, e.g.). The 1deal situation woulsd
be the removgl of all amblent magnetic field and the precession-(ree operation of th
gyroscope deriving "space reference” f{rom the cogllection of ordered spins fixed in
tnertial space. Since & single atom would hawe too low a magnetic and spin momert
collection must be such as to have an accumulated magnetic and angular momentum strer, ..
above the tolerable interfering influencea. The surplus of angular momentuas as in a
mechanical gyro cannot {yet} be obtainsd

At present a compromise i¢ used. K sigeable, constant magnetlc fleld is intro-
duced and a Larmor preaesszcn of nueclear magnetizatlan initiated. Rotation {nformation
sensed arises from changes in the phage and frequency of the measured signal when the
obaervers' platforz rotatey about the direction of the applied constant magnetie fleld.
this 13, thest, a rate gyre instead of a directlional gyro with the input axis along the
spin axls of the lapmor preceasian.

To anompengate for sagnetic fleid changes, two Kinds of nuclel are used, hence,
twe outpul Pfraquencles. Purther; In order te sisimize effects of nuclear magnetie vector
fluesuations {by light), two aqual precesslions ia appoklte magnetle fleldy are employed.

While one LalEs of & ®gyreo,™ 1% must bhe esutlioned that the principle appited in
the HNR £3 ane very di?:ereﬁf From .hat of a gyra. An axls tilt would nst render a signal
bvecause, ia priscipie, the piane of precwssion follows the direetion of the applied
magnatie flela, S22, the inerilal reéforsnce pay ta!r‘ anly to the rotatliaen about that
dirention., In =y présent Judgement, shethesp the fignal arlsing, in case tne magnetis

fleld g awltahed AP, e be used awd, mete ppractizaliy, how crogs-axis coupl!ns can be
ellsinted, remaing opea. iFlgs 10 b2 &)

In Bhe follewing, Furthwr detallld k?¢‘§!V#ﬂ, fooussing 20 Sofe eagentigls

etharxise bavad, f3r from trgoretieaily and experisenitally finalized, resesrch and
development offort. ) : '

in an

2. V¥Why Optieal ?‘3»lvg

rouﬁ wﬁﬂﬂ??lc regonance gyvo sevelispmenty use optically pumped atomic vapors.
The ef !e;tt 2 al¥e wf nucivar extenty in a w%: daspie 18 extremely s=ell in the natural

equiisibrive nitustian whoreé a slar randed oriantallics of =moxenls exigte. Upllez]l puwp~-
ing 12 then o technique 3o orient a ijarge portien of these mozentls 1 3 singae apatial
direction so that o smloragodnlc RNomest resulis, the poaitlon and velceity of whiel can
be detarmlned presliaely, as neademl for he gyrodcope applieation Ohe should notlice
B2t suih Remsurermnt woxnid not be 9ozo$h;c for a singlie particle, but that A cerialn
esngloveratle a? pariiclées fs necessary. e nunher of participating particles (Tempera-
ture, pressura) necsesary is 2 sublest or-;uraher regearsh in conjunciisn with the
nienﬁi ,zncrab.o& ang detecatmﬁ imxr&yeaeni'probloa.

Altkough many sthor. \zrheti* rsactance meagurezent achenos exist, 2he
adwanta‘es ¢f an optlealily sunpad gaa .yz’éﬂ are dominating; they are threefola:

2. ¥h 10 An syasdard sﬂ#& thﬂ spin polarization of a sasple st f'elds below
hiundred gause 18 Sce 3mail fo be of use, one can obtaln large 3pin
_ ﬂblirﬂ’@~£0? by nptiea. pusping alszo in a Nz2ai or zero ansnetla fieid;
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dre cbtains very long spin relaxation times in an optically pumped vapor
s0 that magnetic reconance iine widths are narrow and the precision of
measurement is high.

¢. By monitoring the magnetization with light, one can attain high signal-to-
noise ratios.

Nevertheless, it seems prudent to watch development work in classical nuclear
magnetic resonance such as magnetometers based on dynamiv polarization of nucleii by VHF
pumping ol a liquid ensemble. Extrapolations of such a system could, in principle, lead
to a gyroscope.

In optical pumping, a light beam inceracrs selectively with a vapor to porulate
angular momentum states of the atom, thus providing a large degree of spatial orierta-
tion while the light penetrates the sample. Once pumped, because of various relaxation
mechanisms, this orientation devays toward equilibrium with a characteristic time con-
stant T.. This time must be long enough for an efficient pumping to be completed and to
have tige to permit precise measurement of the precession frequency.

The optical pumping process 1s used elther in a one-step or two-step process.
In one step, a system of vapor atoms 1is optically pumped by absorption of spectral light
from a vapor dischurge lamp or a laser. This results in a magnetic moment cf a signfi-
cant number of atoms being orientated in the direction that 1s parallel to the incident
light. If the optical pumping rate is 1/T_ and the decay ratc ir 1/T_, then the
fractional polarization at equilibrium wil® ve: P

p = 1/T1prl/'r * 7 Tg T (Eq. 1)
p d p d

In systems where a second step follows, that is, whsre spin exchange collisions take
place from one gas to another, the fractional polarization p must not only be large but
the spin exchange times must be much smaller than the decay times of the polarized
specles.

While the sparial orients.ion of the spin system is caused to vary in time in a
prescribed way by the application of a suitable combination of AC and DC magnetic flelds,
the absorption of light (from the same 1light that is used for optiea) punping) depends
on this spatial arientation. The intensity of the transmitted light beam varles,
therefore, in accordance with the applied fieids and with the magnetic fields created by
the precessing nuclear moments whieh vary in time at thelr espective larmor frague..cles,
and whteh cause eorresponding sinusoidal amplitude modulations of the transmitted light.
The ad ‘antages aimed at with such & system are:

a. The same light source for pumping and readout.

L. Uoced operaticn at low magnetle flelds for whleh fleld untiformlity 18 easi.or
to gchleve thus obtalning desirvable, leng goherence times for the nuciear
precession.

4. The madulation infor=ation on the light eontaing information not auly about
the nualesy zosent Tlelds but abeut ether mapnetlie flelds. By sultably
prozesaiag thig inforsmation, it 13 passible to precisely control these
flelids slong the three arthingonal ases.

3, She sffeotive mofent flelds deterhining the readout asignals ¢an be auch
sudller than In a3 cdse of an indusilton eoll plok-up.

3. Elisinatlen of the EfTocts of Asblent Hagnetie Plelds

The HNR system Lz roansitive both to the inertial Potillon rate of the agparatu:
and the zablent sgeneile {ields. EBather than ztlespiling Bo sliminaie thls flcld, 1t has
Been cualonary io measure the {lelds simultaneausly with the rotalion rate by using two
42 fTerent nuclear speeles dines w0 unknowns, the field and the retatlen rate, require
tas meagutresenta. The pioblens of elininatlng the effects of external Flolds 3y using
twe species l& ceniral ta the “room ltemperature" UNR systems of Sinper-Kearfolt, iitton,
and Texds Insiruments.

In goniraze, Stanford University is workicg on a beilun 3 nuclesr gyro $ystes
vhere al cryegenlc lemperstures the anblent magueti~ flelds and then the spin disturbisg
actents are minleized thesugh the employment of superconductive shlelds.

2. RMS Mechuarization (Pig 35)

In one example of an NRG, the cell) (1 o ¢} of high purity synthells fused
sdilea containy "V%ig and 1%y in the form of men-atonlc vaper (107% millimeler Hg,
1612 atoma/ec).

The Larmor signals ecour at i KNz and 269 liz, respestively, in a 1.2 gauss apgplied
fleid. An optical punpling bearm lnperte angulasr podentun frow the circelnrly sciarized
iight to the wmarcury atensg o the net nucliear smagnetivation Secomes oriented and sahanced
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by a factor of about 109,

The precessional metion of the magnetization causes the monitor light beam tc
be modulated at the two frequencies. The modulation on the light beam 1s converted to
electrical signals, amplified and fed back to drive the ! - ,netization in a sateady pre-
cession. The gyro output signal is derived from two suck NMR controlled oscillators as
“spin generators.” The two oscillaetors ares arranged witn their constant magnetic flelds
pointing in opposite Jlirections so that rotations, which add to the phase of the signals
in one oscillator subtract from the phasegs in the other loop. This improves the phase
detection accuracy anc minimizos disturbing environment influences.

Gyro performance depends on phase and frequency stability of, and noise 1in,
the spin generator loop and or: the directional stabilit{y and uniformity of the magnetic
fields.

The nolee, arising from the photon beams in the spin generator and from the
fundamental magnetization phenomena, can be minimized by achieving large S/N ratios in
the magnetic resonance cell (>40 Ab).

The degree to which the output of the oscillator follows the precession motion
depends on the phase stability of the oscillators where a large amount cf feedback 1s
warranted.

A change in applied magnstic field direction changes the direction of the gyro-
sensitiv: axis. 3mall shifts can be accgmmodated by shielding or orientation change of
the AC diriving colls.

At what precession rate the magnitude of the resonance is a maximum (and the
phaseshift at median value) and is---aslde from magnetic field and the gyromagnetic
ratio-~-also weakly dependent on the spectral distripution, polarizatior and intensity
of the applied lignt. The influence of light intensity changes is reduced by careful
equivalent adfustment of ‘he light in the two cells.

Purther discussion will focus on some principal aspects of interest in the
attenpt to utilize the full information stored in the phase of the precessing nuclear
magnetization.

5. Chotce of Nucled (Pigs 36, 39)

From the <xpressions for the phase error, it can be zeen that the effective
relaxation times and the 2ifference of the gyromag. ~tic ratios should be maximized.
Favorable cholce of atoms and rnclel m=ans, of course, simplification by avoiding intrin-
gie difficultlies. FPop lnstance, cholce of a%uoms with & clused electronic shell, like
noble gases have, may rendor minimua interaction and high relaxation times. The cholee
of the particle 13, howevar, mostly ccustpralined by the available knowledge and experience
with a particular system and 1ts behavinr in RMR operation (Blech equation parameters).
Further research will certainly be helpful.

The Known ANR gyre effecta eaploy:

a. Two 1sotopes Hg!?? and Hg?%!, tne baszlc physice of whish has been exP:ne
sively researched in the past; they ean be dipectly pumped with UV regonance light
(253.7, 185.0 nz) requiring quartz opties and suffering absorpilon by atmospheric xygen.

b, Q34 lsotoepes of noble egases which have the advantage of longer relaxailon
times, bul =3y have the disadvantage la that they cannot Le pusped with thelr cun
reaonanve klpht which may lie feo fap &n the ullraviclet. One m2y use, tren, a2 teckni-
que of apin exchange puping 1n whien alkall =melal vapoer 43 alzed with the noble pages
and the polarlizatlion aof the optieally putped vaipor iz iransferrsd Lo the noble zZaz, the
pusning 1ight requiring only glass optles,

c. Delng explored it the cambination af nucisar splh systess, Hed 12133 ),
wAth clectronle spln systesm He® {273.) vith the Hal'y very iong reiaxzilion Ling 18 che
grromade and the He™ with short relazation time in ibe magnetometer smods. Nlace a loag
eolazation tise, wnupled with a Blegh $ignal te nolse ratio, renders a mintsux g¥ro ofyal,
the goal i3 to reduce the influencs of Ne™ witr 1%ts shor? relazsticn tlse (it mwtaatakle
atexs are destroyed In collisionz) an the Hel system, wno.ing that the gyrosagnetic ratio
cenpensatss for the frst relaxation of He%. The measurcement threshoid for the KRF 13
deteralned by the statlstical error of the seale faclor and by practical 1imitatlons due
to anot nolse, fvguency, and phage drifts.

That the praetidal error Is larger than the theoreticaily delerainsy stazlatical
error and shous Atift---where the exponient indlieates the uncertalnty of the lime funee
tion for the drifi from one systen tn ancther---13 sudjlest of furiher research and
davelopnent. 8hie concern 1s the shol nclse influence. To decrease it, one Increéases
the Intensity of the light; thizs houwaver broadens the magnetlis vescnence line which
caunterants the fapinvement from reduced shol nolse. Optimun iight lavel s reached
¥hen ihe #olazation rate of the atoms, due to the 1ight; 12 equa. o the intrinsic relas-
asion rate, Furither, the detectlon schere should be guch that the coupiing betveen shot
tiolge ang linewidth fs a sinloun by arranging that a masisun of 2%caa are avallabie to
interact with the 1ight, and the interaction rate per atom can be relatively small.

o n et
RS




et oy e

ol

el

P 2

a
S

Iy

6. MRG Summary

The NMR Gyro or MRG employs nuclear magretic resonance phenomena to measure
inertial rotation rate.

The rotating mass of a flywheel of the classical gyroscope as sensing element
is replaced by the dynamics of nuclear and/or atomic spins and resulting magnetisms of
certain atomic specles.

Unlike 31ts mechanical counterpart, there is no bearing to wear, and there is
intrinsic motion isolation. Reduced maintenance requirements, compact design, and
reliable electronic-optical comporients should lead to significant savings in acquisition
and life cycle cost if similar ratio of angular momentum to disturbing momentum can be
achieved, as is the case with a classical mechanical gyro.

Basi: to the MRG is tae fact that a magnetic moment generated from a multi-
tude ¢f spinning particles precesses about a magnetic {ileld H with the Larmor precession
frequency w = yH-0. That is, the inertial rate & can be inferred from the precise
measurement of the urinr precision frequency, given vy and H. (Pigs 30 to 32)

Here lies the practical weasurement difficulty since the nuciear magnetic
moments may be <10~8 gauss. Pirst, to maintaln the magnetic field to the desired degrees
of stability and uniformity over the sample may require special shielding arrangements
and close loop servo controls. However, by observing two magnetic resonances simultane-
ously instead of one in the same magnetic field. the effect of fleld fluctuations can
be minimized.

Second, the magnetic moment characteristie y originates from a conglomerats of
"polarized” single particles; it has a stochastic part and is sensitive to field
gradient and other environmental influences. The choice of the particles 13 of prime
importance for the composition and lifetime of the magnetic moment vector and thereby,
for the output signal to nolse ratio, the sensitivity and scale factor of the device.

Several designs of NMRG are currently being investigated. They all employ
optical pumping to create orilentation of the particle spins. This has proven to be a
convenient approach; however, 1t should not exclude other appireaches like electromagne-
tic pumping of liquids.

CONCLUDING REMARK

To the final quevstion, why eunsidering these optical gyros at all, when very zood
mechanical ones had been porfented at exranse, one may £ay that the use of any unconven-
tional gyro In 3 suldance system should not be thought ol as simdle replacement of a
conventiunal oae. In order te fully reallize all the unique advantages of a new device,
the systen application should be studled and worked threugh in terss of all aspests of
input and output characteristics of the new device. How much from RAD equipmept
finally finds entey lnte preductlien cannst be predicted ezaetly, hawever, is proportienal
to the percelved and demenstrated Innovative and coat saving value, the demonstration of
whieh {3 not without risis and z2ay take 2 leng time. The optical gyroa have a good heade-
gtare.

BB: Morris A OSTGAARD ant Staff “~ok competitive care ¢f the exigent chamges with
the figures aad tha final reproduction of the article.
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Figure lc

FIGURE 1. & strapdosn market predixtien shows inereased oppartunity for optizal
retation sensors {O0RS) 1o somparlsen to tuned rotor gyrog (TAG) and
ginballed inertial zystens. Consldering the regulrezent far vartous
applicstions, the ORI is llikely to be gost effeelive for a wide range
of aceuracles, with the Rif-systensr fopr the higher accupacles and the
NEG's f2r the lower ofes. Developent iz however, only i the sapriy
stagea. (XIIX, #76)
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FIGURE 3. Examples of typically achlever practical accuracies, with the influence
of the choice of quantization are given. (Ref I, #43)
SAGNAC's
EFFECT
Ht 1
[ “W
CIRCULATING RING TRTERFEROMETRIC
INERTIAL ROTATION INERTIAL ROTATION
SENSORS SENSORS
$ (DIGITAL COUNT FOR ANGLE) 4¢ (ANALQG FOR
AAL ] ANGLE RATE)
PASSIVE RING ACTIVE RING MULTIPLE-TURN
RESONATORS RESONATORS FIBER-OPTIC
(RING LASER) INTERFEROMETERS
I ' 1 I l } \
FIBER-OPTIC| | INTEGRATED FOUR WAVE TWO WAVE CONTINUQUS MODULATED
APPROACH OPTICS EXCITATIO EXCITATION WAVE WAVE
| | APPROACH APPROACH APPROACH APPROACH APPROACH :
\ v [ \- NG RN v , A 1
g PRLQ RLG SILO ‘
The SAGNAC family of lazer gyras
A ) FIGURE 4. The standard ringlater is only _ne branch of presently considered laser %

gyros based on the "Sagnge sffect,” with the “passive ringlaser gyro"

4 and the "Sagnac interferomcter gyros" competing. With no c¢laim to nemen-
clature, the difference derives frem the Sagnac phase measurement verias
frequency measurement {(ref: Y, #41)
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PIGURE 5. The basic relation of the Sagnac effect for the interference of two light
beams traversing equal ¢losed path in opposite dirsctions, while the path

is rotated. (Ref II)

USE OF INTEREPERENCE PHEROMENA 1V TWQ WAYS:

STATIONARY OR NOUING FRINGES
LASER QUTSILE OR IMSIDE RING

PIGURE §. TNesult of opticsl interfarence 18 either @ atationary of moving fringe
pattern depengent on whethear the laser i3 outuide the ring =f the
resonator, 18 “passive,™ or inzlle the ring (Tastive” or regencrative

resonator). (Rel § and Appendix A, 5)
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FIOURE 7. The measurements which the Sagnac effect then allows are rotation rate
expressed either by a phase or fringe shift, or by a difference between
two resonance frecuencies. The relative shifts are equal under ;
stationary conditions. For high resolution and digital readout
frequency output is desiruble. (Ref Appendix A, Figs 1 and 2}

PRINCIPAL MEASUREMENTS

b SAGNAC T _ 5 v
¥ T c
© RESOLUTION
4 _
b FRINGE SHIFT &, 107" +
T ogs PHASE SHIFT  A¢ 1072 + ;

- 2 '
K- . A -17 !
E 9 FREQUENCY af _ AT 10
o 3 f T

{
GENERAL RELATION FOR "SAGNAC SYSTEMS"
|
(aT) _ AL _ 82 _ 8¢ _ (af) E
T L z $ £ i
1
|
E
|
i

L Optical Path Length
T Photontransition Time c
Over L with z = ia Ts ¢ = 2n — T

b,> 8¢ FROM STATIONARY FRINGE PATTERN

Al FROM MOVING FPRINGE PATTERN ;
FIGURE 8. Example showing that frequency measurement allows vaslly detection of
a fraction of earth rate, while fringe shift measurement allows only a
multiple of it (without advanced techniques discussed later).

DESIRABILITY OR af MEASUREMENTS
EXAMPLE:
L = 400 cm A= 1.15% um
Af (t/¢) » 6.275 « 16° - n (rad/sec’

Az = 2.58 . m"i #t (rad/sec!

g0 1670 Gy @ Te9 1677 (rad/sec) gives
af = 6.5 Hg while

Y R
v e 0% R renders only

Az = 2 10'5 at limit of resdabllity
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PHOTODETECTOR

GAIN
MEDIUM

BEAT NOTE AF = Fccw - F = K

CcwW
K  AREA
LENGTH
K=UAF _4A _ D D DIAMETER OF
Le "Ix "2 CIRCULAR PATH

RINGLASER GYRO

FIGURE 9. The conventional RLG renders a difference frequency or a pulse rate
proportional to the rotation rate, as long as the gain medium inside
the ring supports two regenerative oppositely directed modes of
different frequencies along paths of identical properties. At low
rotation rates, the modes do not separate, they "lock in."

today wal et
outit eyt ,///
///, Ve
TRt T T et * fasagav iU
® uatQICILATOR
JCALL FACI0R A8 18 , * 0STIC MIRRRR
® LEOANICAL Jitide
watigt it
0 )
tt&.‘-’t"/ i
10A ERROR SOURCES 108 LOCE-~IN COMPENSATION

TECHNIQUES

Pigure 10. Erxor sources of practical devices and compensation of the lock-in
phenomena by mechanical or magnetic omcillatory biaa rotation, “dither,*
80 the resulting operating characteristic renders detection alsc around
zero rate input. The eguation for the phase difference betwaen the
oscillation modes shows a random phase, i{.e., noise with non-zero lock-in

range (Ref I, and Appendix A, Pigs 7 and 8)
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FIGURE 10.

Error sources of practical devices and compensation of the lock-in
pheriomena by mechanical or magnetic oscillatory bias rotation, "dither,”
so the resulting operating characteristic renders detection also

around zero rate input.

The equation for the phase difference between

the oscillation modes shows a random phase l.e. nolse with non-zero

lock-in range.
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Examples of RLO operating blias and scale factor changes through Shormal
The scale Factor deviatlons cccur near the peak dithet rate.

changes.
{Ref II1I, ¢79)
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i

INFLUENCE OF
MODE INTERACTION
AND NOISE

PIGURE 12. Daxonstration of how even under aquare wave dithering random arift
and bias drift 13 produced, because of random oscillator starting
phase and stochastic behavior of the operating characteristic
especially close to the lock-in range. (Ref I, #36; Appendix A, Pig 6)

s LR

3




Wt ALY T .

T o e R Za oL

RO X I e

2-15

RLG ADVANTAGES

Inertial Angular Rate

Strapdown Conducive

Digital Output

High Rate Capability

Precisely Defined Input Axis
Negligible Accele-ition Sensitivity
Long Shelf and Ouerating Life

* Instantaneous warm-Up

t ettt

DESIRED IMPROVEMENTS

Reduction of Error Sources
More Accurate Scale Factor
Random Drift Reduction
Cost Reduction

FIGURE 13.

The conventional RLG renders considerable performance and cost advantage,

especially if the improvements underway are realized.

A major effort is

directed toward lock-in range reduction by reducing the backscatter radia-
tion especially from mirrors. (Ref I, 41, 46 and Appendix R, Figqure 12)

MTBF
ﬁ Hours ﬁnours
10,000 | 110,000

A Operating Life

-
6,000 ] —_—— { 6,000
-
4—"’.
P
.
”
2.000q P 1 2,000
7/
Vd
2 1 3 1 >
1570 72 BT Lk T3 ¥78

o/hr x inches

0.0l 4 Performance
x size
:‘l' yy " _; ’
1970 72 Q4 T1e 78
[+]
10 ﬁ E§ x Jhr \\
~
~
~
~
i performance ‘\‘-
L
x Cost \\
~
~
0.1 } [y 2. 2
1970 T 12 T BT T >

FIGURE 14.

Hedian values characterizing the availability and {mprovements of practical

RLGs based on canpahy and test station reports.
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hE.
S Four-frequency ring laser gyroscope resonator. The "Faraday" rotator
2 may comprise a Faraday cell or may be incorporated into another element,
3 e.g., a magnetic mirror or a magnetic field on the discharge.
e Loser dachorge tube : Ovecror of Trove
; f ?f Ee— Cw  CCw CCw  Cw
1 ’,vi - ] ,\ Compoess gon
™ Recorecd
( 5 m Dgég%c'm
2 L retator
P — =
% Ferodoy  rotoky
' Lasing modes of a four-frequency ring laser gyroscope. The composite gain '
£ curve (301id line) is a sum of the (dashed) single-isotope gain curves. !
j’ The Faraday splitting fa~f; = f£3-f4 1is shown greatly exaygerated for '
{ clarity. ) .
{; PIGURE 15. Principle of the four frequency multioscillator or differential laser gyro f
(DILAG) to avoid dithering. )
‘ ) }
% * FQUR MODE LASER GYRO
BERT NOTE(S) }
1 !
GYRO 2 GYRG 1
£, = -KR + bBias f1=m+8ias ' . i
.
e .
*!
2 N\
% 5 =Y “w
3 . ~N
&
§ USABLE ROTATION RATE RARGE -
) o~ i
\ £y - f3 = 2KR + (BIAS~BIAS) ' ‘ o
i 8IAS CANCELS . - |
: TWICE AS SENSITIVE A% 2 KODE LASER GYRO ' ’
’ _ FIGURE 16. Four oscillatiun mode# are bixsed stationary and diffcocentially by a ‘ ‘r
. reciprocal polarization rotator (QA) (typically quarts aut goral to o
1 its c-axis) and ‘a non-reciprocal polarization rotatct (Faradsy cell) (F). -2
Operating 20ro is at tha crods-over of tha charactesistica: sensitivity
- § to rotatien is do_ubled. ’
3| ’ ’ - -~
i‘ RS "
- - NODR SPLITTING
;- : UNDISTURSED CAYIIY NOOE
] % . l‘:‘-‘,ﬁ.
4 } oA+
: : LEPT CIRCULAR POLRRTZED | L o WIGHT CISCULAR POLARIZED
: I 3¢ IR E i R '
' ¢ | ] ] I
3 BIAS - K2
GYRO 2
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OA ~ 400 MHz

P ¥ 1 MHg

KR ¥ : 100 KHz
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FIGURE 17. The mode splitting produced by the elemants in the ring results in two gyros
of left and right circularly polarized waves which, in turn, have clockwise
and counterclockwise traveling parts split by the Paraday cell. At ccw

rotational input, the frequencies of the ccw waves shift down, the others

up. The conditicn for vbtaining the necessary non-reciprocal bias is

stringent stationary path asymmetry.Ref I, 39, 40, 44 and Appendix A, Pigure

10) .

L0 W BEAM
A

MULTIPLE -
TURN

SINGLE -MODE
OPTICAL FIBER FOCUSING
LOOP LENS

QEAM 8S;
N T ,{;
Po \55' i

S

Optical setup of the ring jinterferometer for the analysis.

F
' PHOTODETECTOR

I

APEATURE - ' QuTEuT
MATCMING VOLTAGE
DIAPNRAGMS T cos v

T

Fa

RL
DIFF. &MP l

9%

PH)YOOSYECTO&

Differentia)l detection schema with balanced inputy to
eliminate common-mode noises adaptable to the optical setup.

FIGURE 18. Optical fiber Sagnac interferometer syatan with énalog tqadon§ via
complementary fringe patterns and intensity comparigon. (Ref 3X, 961,

$69)
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2l
e
fr1cure 19b oncept
PIGURE 19. Cptical fiber Sagnac interferometer system with differential interference

pattern readout, built-in 180° phase bias element, modulated, input reversed
optical carrier. ({Ref 11, #65)

PASSIVE RING RESOMATOR LASER GYROSCOPE

veo SERVO DIFFERENCE AMPLIFIER
pg.‘—.

2 T
\ . / N .
b J N
N\ . / .\ 4
\3< —!—- “’f'j DETECTORS
SN, . * \0 ’/ Q /
ACQUSTO-0PTIC o \, &
CRYSTALS 3"\, . N 7
l * . ‘\ /
LI fOQf‘ . e
PIT E’g (E/]
A
V2o L o

$ERVO

Schematic Diagram of a Passive Ring Laser Gyvocscope Usilig Acousto-Optic Froeguency Shiftors

Por 17 CM 50 Cavity, 1 M Laser
Accuracy I = .36°/tir for 1 Sec. Integration Tima

optimus I e (04%/Br for ) Sec. Integration Time

ricugg_ao. Fassive ring rasonator system, tracking change ol resonator resonance via
servo-feedback varying ore optical ianput freguency and oane optical path-
length; allowing frequency readout. (Ref
®
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ACTIVE RE-ENTRANT SAGNAC (GYRO) Usual Sagnac
: - N-Loop optical pulse system with an external Fiber Gyro
oscillator
- Internal bidirocectional amplifier gmﬁitgf
28 PULSER Loop
GATE Mod :
i = = Loop Transit :
AVP Time for Opt t~25us T~25us8
7
DIR COUPL S/
L
_‘ : y : émgration T Mt
Z ’J '
W GATE Type Rate Gyro Integrating
" Rate Gyro
o ¥
- ML s '
g
b - e s = — - o
{ — |
A -
= Air Schematic
FiGURE 21. ACTIVE RE-ENTRANT SAGNAC SYSTEM USING OPTICAL PULSES WITH MULTIPLE TRANSI~
» TIONS THROUGH MULTITURN LOOP, RENDERING FREQUENCY READOUT LYKE RLG. (Ref II, #68)
et
INPUT PULSE J] ”
Cw eutse AN | L LT 11
- cew putst RN | ) L L] LT | L
| PN
PHASE SPLITTING
-+ sd[ad g8 2N
N : ot

AT SN 20R j
| 1A

4 OETECTOR QutPuY ] i .
# \] _[ l/
; \\ i ‘L/
3 [ RSOV SR YUK VU U SN A WU S SUNU- S SR A ) S S |
i 8 12 4
';- ‘ t 0 NUMBER OF RECIRCULAIIONS (p)
3 ¥ - .
Rl Fe 7 0 5uscR ¢ REHRS TO I RN OF WTRN LODP
.
_ ; sunber of Recirculations (p)
"i'!! : £ = g{‘— P = g— & Subscr 1| Refers te 1 Turn of K-Turn lLoop
X L 1
4]
PIGURE 2i. Explanation of result of vectorial addition of menitored oftica: pulses in
H che active reentrant Sagric Gyro (ASS) during rotation of the fivet coil.

= {Ref 1Z, #6L)
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PIGURE 23. Example of possible performance of the ARS gyro for different radii of the
fiber coil. Intrinsic benefit of the Sagnac effect through large loops can
be realized optimally. (Ref II, #68)

FEATURES

1. Active Loap

Long Integration Time

& 2. Non-Oscillating Loop

No Lochéin

3. absolute Scale Factor

3! Digital
24 4. Jdeally Suited to Optical Fiber Properties
¥ FIGURE 24, 3Baglic foatures of the ARS develapment. Essentially a rate integrating
: systo=, succeading ia removal of path inatabijities and enviroamental
scasitivities, with a challenging inteyrated ootics bidirectional amplifier
project. (Raf II, #649)
s - \
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SAGMAC Eff.

b | n Active Reson. Passive Reson. N
3 ‘ --i_;1 Laser in Ring Laser Outside
LT Af gighered E;::;iero. AZ 8¢
. 3
IR -
¢ 9 4 Stationary Peedback
- Bias Systens
: 4
k,  ° ‘ Four Beam Phase
.y Dilag Feedback
: £ af st

. ; Stationary Re-entrant
ST Rotation Pulses

FIBER, IHTEGRATED OPTICS
MULTI-TURN LOOP

GASEOUS SYSTEMS
ONE-TURN LOOP

|
|
af { Y

A
n .Y

PIGURE 25. flow the categories of Sagnac systems are realized and what their output ard
determining influence parametaer is.

*RLG® QUTLOOX

Staticnary Bias

Sharter Wavelengths - X-<Ray
Solid State - 10/Fiber
rorth Sarsing Application
accolarcaeter Application

applications Related to Extreme Seunsitivity to Nonreciprocitivizy (lan. Node,
Polarization (harges)

Spactroscopy Strainmater &.0.
Nagnetcmoter Geaphyeice
Modulatox hveics Experimonts

Flow Velocity Neter

FIGURE 26. Trends and possibilities for application and extension of the Sagnac systoess.
(Ref I, #1% .
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RESEARRCH TOPICS

Rotational Accelerometer
RLG North Sensing and Seeking System
All solid State Inertial Navigation System
Application of Shorter Wavelength Sources
Utilization of Effects Related to:

- Refractive Index Changes

- Medium Flow

© 0 0 0 o

FIGURE 28. Recommended long range R&D topics, based on present. research trends and
available equipment experience.

ACTIVITTES '
RLG SAGNAC
Autcnetics Jet Propulsion Lab
s Honeywell Lear Siegler
i Hamilton Staudard Martin Marietta
I Kearfott MIT
Lear Siegler Northrop
: Litton Rockwell
;if Nortronics Siemens
; Raytheon Stanford University
Sperry Univ. of Utah
C.S. Draper Lab Texas Instruments
SFENA Thomson C.S.F.
SFIM MBB
Ferranti :

FIGURE 29. Companies and institu’ ons known through publications to be invelved in RLG
and passive Sagnac system research or development activities.

NMR GYRO

Gyro-Input Axis
z

32 Magnetic Field H Rotates Around Gyro Input Axis

Frequency of Rotation-Nuclear Precession Prequency - Is Constant in Inertial
Space

Inertial Rotation Rate Measurement QOnly about Input Axis

Measuved Frequency is Precession Frequency Shifted Highar or Lower by Amount
Equal to Gyro Rotation Rate

FIGURE 30. Principle of the Nuvclear Magnetic Resonance (NMR) gyro or Magnetic Raesonance
Gyro (MRG).

R R & al L = TN LR
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MAGNETIZATION Hn

Magnetic Field B, is Composed of Nuclear Magnetic Moment of Gas Atoms. It is

Created by Magnetic and Optical Aliynment. Its Motion is
Determired by Coherent Precession about an Applied Magnetic Field H,

Sustained by Application of Tuned Periodic Magnetic Fields in X~ (and
Other) birection and is

Detacted via Faraday Effect on tha Polarization of a Light Beam.

2 z z
4 ? A
4
I —
H H, (/ ~A"N
\tﬁ_ -
____\\\
A ——
A////’/, 4 i
| Light\‘ A LighN
x ! y x Y
Alignment of Magnetic H = H 81w A Sastain Detection of Precession

Momunts NMR OSCillations Moments

FIGURE 31. How the nuclear magnetic field precession vector is established by optical
pumping and driving magnetic field.

MRG - BASICS

4 -+
% =T H M Angular Momentum
> -+
hn = M T Torque
e - >
=H, xH o Y Gyromagnetic Ratio =
Magnetic _
/ “ Angulsr - Moment
Hyn B Nuclear Magnetic Fleld of
Collection of Ragnetic Dipoles
d ﬁ -> -0\
Rotation of Hy N ey (i, 2B
dt
ai .
Steady State Solution: "3?2 -yl = N Preceasion Rate about Hl

If & f sotation of FPrase in ﬁ Uirection
Mecsured Preces&ion Rate We it~ 0

SIGURE 32, Basic relation dafining the Larmor precession in relation to the anut
rotational rate.

MRG PEATURES

wo Gasies in. Ouo Cell: High Accuracy Ragn MHaasurement,
Precise Magnetic Pield Control,
wWiil, Temperatuce, Camposition Control
Aligrsant of #uclear Momenta by Optical Pumping of:
wWaorkiny Gasee Directly or
Indivectly by Spin Exchange froa Optically
punped Alkali Netal Vapor

Detection of Larmor Pregqueancies via Optical Hodulstion Directly of Indirectly via
£xchange to Matal Vapor

Shielding from Ambient Magnetic Pleld

FIGURE 33, Peatures of NRG realizations.
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MRGC PRIRCIPLE

Two Specles Implementation (A, B)
1f W, = Yl - Y]

|
[
= YBH - f |
|

WB
Y
(— W, - W)
Y, 'A B W, W
Thern { = A H = —]-'-. . .(__A.._-__B_).
Yg A -
(1~ ;—) (L - =) ,
a Ya
g
Requires High Accuracy for T
A

Duplicate Cell in Oppositely Directed Magnetic Field

Y
. Yo o1 _ o1
Wy = -y B" - 9 ¥, "2~ "B) Wl -t
Q= Y thioLB____él.
1 * 1 - -B Y Y
Wy = YgH - 8 ( N A (1 - B

Then Combirned

- 1 .l s 1
Q YB (WB + WB + ;; (WA + WA))
2 (1 - =)
¥a

e Y 1
; AWy W,

: 3 L (W, + Wy)
E - If Wy + Wy = 0 By Control of H One has Q = ———~—— :
F . B Ta :’
k. . . 2 (§_ - 1) :
; 5 §
1 ;

(W, + W)
And H-H = D A 20
g £ Ym i
* ; YA (- 'Y"") :
2 z,l A

‘R ’3 :
e E FIGURE 34. Explanation of the duel jparticle usage. i
X ' o OPTICALLY PUMPED NRG |
© i
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#alamholtz Colls for H Fleld

c
A
G Broadband Phase Stable amplifjer
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FIGURE 35. A typical MRG rezlization example.

MRG - ERROR

Measured Magnetic Resonance Frequencies of a Two Particle System
Wy = YpH - h ;
WB = YBH -

Assume the Gyromagnetic Ratios Yar Y Are Accurately Known, Then

_¥a¥s = ¥p'a

“ g -
Ya~ Yg

The Error 6Q in Measurement of &§W in the Measurement of Rescnance Line

of Width AW iz W & %;ﬁ and if AW 3 5, with T the Respective Relaxation

2 2
Yo SW Y. OW
Time, Then One QObtains from (63)2 =B B +{ g B)

(Yp - Yg)

2 Yp.¥n 2 -2 -2

A*'B S ]

8y = « Yo (ly,T, (&) 1] + YoTy (51 )

Yo' AA N, B'B N

Pinimum Statistical Error Requires: 1. Ypr Yp 28 Different as Possible

2. Relaxation Tinmes Tpr Ty, 28 Lnng as
Possible i

3. Signal to Noise Ratios as High as
Possgible

FIGURE 36. Theoretical measurement error of a two particle MRG and design reccmmendations.

PRACTICAL LIMITS ON SENSITIVITY OF MRG

1. Light Shifts in Regonance Frequencies (Correction Term Dapendent on
Light Intensity)

2. Phase Shifts in Electronic Servo Loops f

3. Light PF Circuit Interactinzn (Shift Influenced by RF Power Level)

4. shot Noise by Light Sensing
5. Limits on Participating Nuclei (102 Hg, 10'7 noble gas)

Noigse and Drift

r-eX T gffective Nuclear Spin Relaxation Time
60 mEw ‘
r Measurement Sandwidth :
x>0 S/N Signal to Hoise Ratic in Readout :

PIGURE 37. Errors observed in practical davices and reisted research indicate existing.
sensitivity limiting influences. The practical limit contains drift term

and is larger than crror shown in Fig. 36,
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NMR-MRG-DEVELOPMENT TRENDS

Mercury Noble Gases Helium-Systems
Direct Pumping and Readout Indirect Pumping ard Readout Direct Pumping
Collisicnal Spin - Indirect Readout
- Exchange

Two Particle System at Room Temperature (or Above)

A.C. Field NMR Oscillators

Combine Two Cells with Equal Materials in Opposite Magnetic Fields
Four Cells for Three-Axis Inertial Measurement

Exception:
Low Temperature System Employing He3,
Ambient Magnetic Field Dilution,
Pulse Type Precession Initiation (Varian-Packard),
Magnetic Superconductive Readout Method (Squid).

FIGURE 38. Presently known MRG system characteristics. (Ref V)

ORDER OF MAGNITUDE COMPARISON OF ROOM TEMPERATURE MRGS

System Spin T (Sec) Y (KHz/GAUSS)
A B A B A B §9 (Hz)
I 199 Hg 201 Hg 102 102 1 172 g - 1073
11 Noble Gas Isotopes 100 10d 11 F - 1073
F>1
It He? fe’ 104 1 1 10° 11073
(1*s ) 2%s)
0 1
, ) 172
ith 68 = (-2 & e Ay W )21
W 50 = o A\ + —
Ya Vg A fa~Ya B
And AW (Hz) ® 2 (x==) One Has for System III
T 'Sec ¢

172

g2 2 107% + 1078 <1077 n:

FIGURE 39. Theoretical comparison of known systems using order of magnitude values of
physical parsmeters, showing the difficulty of particle choice and reaching
the earth rate measurement sensitivity. Using high S/N and actual paramoters
improves the error value.
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A RUGLEAR MAGN 11C HESONANGE INMH) GYRO WITH OPTICAL MAGNE IOMETER DETECTION
PREAMP  peeamermmaeswctrn LOW NOISE PREAMP
HOUSING
: SILICON PHOTODETECTOR
CONDENSER -~ B d_ourruTrisen
LENS y 4~ OPTICS BUNOLE
FOAM PLASTIC BEAD .
G Ay / EXTERANAL MAGNETIC SKIELD }
/ NMR GELL OVEN ;
NMR CELL '
'{f“’ / }
coiL
SN OVEN HEATER !
|NTEANAL MAGNETIC . - ©_ . CIRCULAR POLARIZER
SHIELD ASSY N / INPUT FIBER GPTICS BUNDLE ,
\ H CONDENSER LENS
SPECTRAL FILTER !
& COLLIMATING LENSES
NMR QVEN -~ CONDENSER LENS
SUPPORT
LAMP HEATER
SENSOR GLASS LAMP ENVELOPE :
MOUNTING LAMP MOUNT HOUSING
PLATE
MAIN BASE
PRISM y B PLATE .
)
Assembly drawing of NMR breadboard gyro sensor.
2%

;
|
g
%

Cyro 3wie 43%a.  Bclrctod sogmnt wikth sversge Bias tomOved.

(Ref Vv, 4100)

7IGURE 40. Typical MRG davice reslization.
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EXPERIMENTAL CRYOGENIC He3 NUCLEAR GY1)SCOPE

ST T T

Pouamized SHe - YHe cas mixrriae

. SUPERCOL-2/CTING FIELD COILS
Courting ciazuty YO PRCYIDE CORSTART, UMIFOAN

Be i

S LD Mecagrong 16k A%

S0 Eatcrnomics pre o ReeshiBr o @ ¢ san coRatcTICR)
¥ o Rumtau st o tastsuneat st By

N PIGURE 41. Schematic o¥ cryogenic nuclear grycscope, using tted tarmor presession about
minimun etationary magnetic field inh superconductive magnetic shisid, with
superconductive magnetometer readout of precsssisn nmotion. Since magnetic

1 field stability provided by shield, only one spin species necessary. Nuclear
; relaxation times (lied in Hed mixture) in the order of day: or longer.
{ {Ref V, #89)
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MRG POTENTIAL ADVANTAGES

No Critical Mechanical Dimensions
No Moving Mechanical Parts
Strapdown Conducive

High G-Capability

High Reliability

Low Cost
PROBLEM AREARS
Drife (Increase of Relaxation Times Dependent on Cell
Noise + Geometry and Particle Environment. Reduction of

Shielding Light Induced Prequency Shift.)

Theory Development
Cross Axis Interactions
System Use

FIGURE 42. Suggested MRG potential advantages and work for improvement of present
experimental models.

HISTORIC NOTE

RLG
1962/63 Rosenthal, Maceck, Davis 1958 Greenwood, Bailey, Simpson
Aronowitz
1970 0.1°/Hr 10° /MMy
1978 0.01°/Hr 1°/Hr
1982 0.001°/Hr Q.1°/Hr

(Order of Magnitude Expected Thresholds for 100 sec Samples)

FIGURE 43. 1Indicates different development history and status of RLGs and MRGs.

RLG/MRG -~ COMPARISOX OF PROBLEMS, STATUS, POTENTIAL

RLG KRG Both
Optical and Mechanical Precision Simpler ' No Moving Mechanical Parts
Mirror Cost No Critical Strapdown Conducive
Dimension High G-Resistant
Status: Research Research High Relinbility
Developmant Exploratory Lower Cost
Production Development Integrated Rate Output
Instantaneous Readiness wWarmup Miniaturization Possibility
Long Life (Shelf and Operating} Realignnent Digital Qutput
Adaptive to Geometry
Miniature {Low Sensitivity) Neads: Noise & Drift Reductios
Large (liighost Sensitivity) Higher S/H
Short Sample Digital
Readout

hoolinzXion broadening

PIGURE é4. Differan~zz and similarities of RLGs (potentially general “Saghsc systems”)

’ and NRGs .
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APPENDIX A

SUMMARY OF BASIC RELATIONS
2L . 4

At = ==

- 2L 49
bz 1OC'Q'2u

PRINGE- OR PHASESHIFT-INDEPENDENMT OF n, PROPORTIONAL TO L

FREQUENCY SHIFT DEPENDENT ON n, INDEPENDENT OF L

Pigure 1. Similarities and differences betweei: frequency and phase shift messurement.

SAGNAC INTERPEROMETER
2
WITH v = RQ; L = 2%RN; At-if—’c‘?“-n

BN
GENERALLY at = —3' 0 A AREA ENCLOSED BY OPTICAL PATY

(24

>

5

L= =4t APPARENT DIPPERENCE IN PATH L2WOTH DUE
TO ROTATION

b

4¢ = 2wfAt QPTICAL PHASE SHIFT

PRINGE SHIPT 0z = AL = a2 = ¢ ., = 4AN
T 53 AT wrih
QO Q
WHERE [ » 1-9 - K% x YAVELENGTH IN MATERIAL {
° A, = nd  PFREE SPACE WAVELENGTH .f

EXANPLE: 1 = R = 13°/HR = 7.3 x 1077 RAD/SEC; 4 » 100ew®

Ve

at s 3.7 2 19730 spe. § e 1009; 4 = 0.53 am

8o = 10~ Saap. SEPQRTED JBTECTION 42 » 1977 o 1077

Az o« 1.5 x 1877 PROPOSED USING SYNCHEONEOW DETECTION as & 100 :
b::‘.:ﬁz’:‘iﬁ 2. #olationsx and é:as:;';e for the Sagnaz interfornaster. - | 5

SHOT ROISE LINGTED PHASE SHIPY NERSURENSNT

§(s0) = 2 = v
3% (R TR T 7hisz
=y &

iy s T Y a1y 1§ 50

HIHINUN WIUTH OF FroMgE (H RANNANS AT COWTRAST |

[

.
Sti, KUNGRR P FHOTONS LHTEUTED FER JEOQND
sh QVANTUN HPFICIENCY OF DETECTOR

- SNTRGEATION TIRE IN I|C.

W5 HEMLUR URTERTAINTY &R PW JETTCTION GF KDTATION

: da = siy E(1g) = o£ig . r
4 T Bexd TR, g . €132

£ BEANPLE: %o = 3 x 1975 {1 mW a1 D 6328 um) g, » .35 1 = 1 sec
{ &L = 7.5 2 i%-% radifsec o 11 x 19V Gy

s i PEESTNT NEAIUREMENTS BY FALOTOR JF AT LIAST 120 3MDRT

£ PROBLERS: OUETHCTION STITEN {MUDULATION, SYNCHE. DETECTIOND
- SCUBRLE QUALITY (JITVNE, BANIMIDTH, OQUNEERCE)

OPTITAL AUIDES (1058, rOLARIZATION, MOIE CONT#AL)

FIGURE 3. Ezample of the shrt siplse lisit for the Interfercmeter measurement
systen, with problems uwnsder present investigatilom {17V,
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EBROR FROM DIFFERENCES IN PATHLENGTH AND REFRACTIVE INDEX v]
IFL =L+38 Nng =N + ¢
L_=1L-9§ n =n-¢

WHERE 68, n, € MAY BE FUNCTION OF )

ONE OBTAINS

. bmR2N e €48
At = 5 (9 + 5 (n + 1))

o

WITH ¢ = 10-1% | 2 § =0 n=1.5 R = 5.6 cm

NULLSHIFT Qo =5 x 107 RAD/SEC = 10°/HR.

Figure U, Example of measurement error shift related to optical path nonrecinrosities

caused by refractive index and mode deviations.
—_— —

SAGNAC
FRINGES STATICNARY
- T 27
I=I,(1+ 003(7? x))
£~ A
AL - Q
RLG
o 27 \
I =I,(1+cos(2md 7t . ¢t + T X))
FRINGES MOVING
Af PULSES/SEC ~Q
CAUSE) BY FEEDBACK

RL3: AMPLIFICATION, COUPLED OSCILLATIONS IN RING

-

Flgure 5. Relation for interference fringe light intensities in case of "passive" and
"active" sagnac systems.

INFLUENCE OF FEEDBACK
Vol

WITHOUT
FPEEDBACK

WITH PEEDBACK

Figure 6. Explanation of aective vs. paasive system. The wave fleld vector: are set
in motion by the feedback in the regenerative (laser in ring) case. The
fringe motior 1y proportional to rate input.
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LASER IN RING

IN STEADY STATE m. A= i = NP m INTEGER
= b . 2 ..l-
WITH A ﬁq . % L=m S

L= L(.«Sm - §_§
SINCE m = 0 (MODE ADJACENT O MAIN MODE HAVE INSUFFICIENT GAIN)

% = 8L INDEPENGENT OF n AND N (NP = N OTHERWISE ém # 0)

WITH ~ 6f = Af ONE HAS

9 f = E EA Q= 2 Q
) "' P X, D DIAMETER OF RING
AF(HZ) = ﬁg ; x& (rad/sec) . 1 5 4 1975 P‘" 8(°/hr); A, VACUUM WAVELENGTH
© OF EXCITED MODE
AP INTEGRATED A (CCUNTS) = D, 4 (1a4)
XQ
A =0.63uym 1D = 3kcem A = 1 COUNT § = 1.2 ARCSEC

POR 360° = 6 A= 106 COUNTS

Figure 7. Relations for the frequency or count output in the actlve case.

RLG~DITHER
Q1= YE:2
?
———y PRESNEL DIAGRAM OF -ELZCTRICAL VECTORS
-~ OF THE TWO WAVE FIELDS El = E?
Y BACKSCATTER
¢2 - “&1 a Y‘inw
—"ﬁ,’ Qz~mz

e

7/ +

e
’ ,
Z-x 7 “
R el : o YE1
E;

& - a -¥8iy . , ‘
@1 . A(Ql wl) Ydinw @2 - @1 o A(\nz - Ql) - (Ng - wl)) - 2 Ysinw
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NOISE LIMITS FPOR FREQUENCY SEPARATION

v = B - gﬁ_______

SRR
68 = §v x(8p)-1 By INSTRUM. LINE WIDTH (Hz)
L  PERIPHERY (CM)

g =20 A BR L (omp
44 « V¥ . .1
FOR A (CM) SOURCE RADIATION WAVELENGTH
BR (Hz) INSTRUM. LINEWIDTH
L (CM) PERIPHERY, A RING AREA
Y NUMBER OF PHOTONS/SEC FROM SOURCE
n DETECTOR AND TRANSMISSION EFFICIENCY
v (SEC) INTEGRATION TIME

FOR By = 1 MHz, L = 4ocM, A = 102 M, vn - 1024 /sEC, 1 = 1 SEC 68 & 0.05 °/HR
WITH SIZE AND POWER INCREASE: FOR L = 4 x 103 CM, 10 WATTS INSTEAD OF 1lnW AND
1 = 102 SEC

80 = 1.5 x 10~5 /KR

Pigure 9. Shot noise limit for frequency separation (RLG without dither).

DUAL OSCILLATORS (a, b)
0y + QLa(ain (wa + Ba)) - QBa =
w, + ﬂLb(sin (wb + Bb)) - fg =8
N S T
REQUIRES QB& = - an; QLa = QLb = QL

AND IN ADDITION
QL - 0; ¥ +0 AND
QL((sinw(cos By * cOB Bb) + cos Y(sin B, - sin Bb)) =0

<aa> & <Bb> = n/2; ﬂL ¥ 0
UNCOUPLED BEAMS
UNCORRELATED PHASE NOISE
OR PRECISE 3ITATIONARY PHASE RELATION

Fleure 10. Symmotry requirements for four mode laser gyro and desirable operational
condicions.
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A NUCLEAR MAGNETIC RESONANCE GYRO
USING NOBLE GAS ISOTOPES
by
Dr. E. Kanegsberg,
Member of the 'Technical Staff
Litton Guidance & Control Systems Division
5500 Canoga Avenue, Woodland Hills, CA 91365

SUMMARY

A Nuclear Magnetic Resonance (NMR) Gyro is an inertial angle sensor in which the
jinertial properties are derived from an intrinsic angular momentum and magnetic moment
associated with the nuclei of certain atomic isotopes. Such magnetic moments precess in
a magnetic field. A measurement of the shift in precession phase angle is used to obtain
the gyro rotation information. The general requirements for NMR gyro operation include
the existence of a measurable magretic moment, the ability o make a continuous high pre-
cision measurement of the precession phase of such moments, and a means of distinguishing
between rotation effects and magnetic field effects. An approach which satisfies these
requirements utilizes two isotopes of the noble gases as the inertial sensors and uses an
optically pumped rubidium magnetometer as the readout mechanism. A breadboard NMR gyro
utilizing this approach has been tested and is characterized by a high signal-to-noise
ratio and a low random bias drift,

I. INTRODUCTICN

A Nuclear Magnetic Resonance (NMR) Gyro is an inertial angle sensor in which the
inertial properties are derived from an intrinsic angular momentum (spin) associated with
the nuclei of certain atomic isotopes. Interest in development of an NMR gyro comes from
its potential to have a strapdown gyro sensor with cost, size, performance and reliabil=-
ity advantages over ring laser or conventional gyros. Cost advantages stem from the lack
of critical materials or tolerances needed for fabrication. The NMR gyro is expected to
be smaller than a ring laser gyro (RLG) for comparable performance and has no fundamental
connection between size and angular resolution. Performance potential is to 0.01 deg/hr
or better bias drift and, in addition, the NMR gyro can accommodate large input rates
and angle ranges, should not be influenced by high acceleration, and should create no
reaction torques. Aside from the natural motion of the atoms there are no moving parts.

We shall discuss the general requirements for NMR gyro operation and shall describe
an approach to an NMR gyro which utilizes isotopes of the noble gases as the inertial
sensors and uses an optically pumped rubidium magnetometer as the readout mechanism.

II. GENERAL REQUIREMENTS FOR AN NMR GYRO

All atoms or atomic nuclei which have a spin angular momentum also have the pro-
perty of a magnetic moment directed parallel (or anti-parallel) to the spin direction.
It is well known {(Reference 1) that such a moment will precess about the direction of an
applied magnetic field, H, at the Larwmor frequency which is given by

wp = YH (1)

where y is the ratio cof the magnetic momant to the angular momentum and is called the
gyromagnetic ratio, If the measurement coordinate asystem (gyro case) is itse}f rotating
with an angular frequency wy about the direction of the magnetic field, then the mwa-
sured Larmor frequency in the rotating frame will be

Wy YH - Wy {2)

It is the measurement of this shift in observed pracession frequency which is fun-
damontal to the NNR gyroscope. If we integrate equation (2) over time we obtain

0, - vt - 09 {3)

wvhere @5 is_the measured phase angle of the precessing nuclear momernt with respect to the
gyro case, ' is the average value of the maghetic field over the time interval, t, and

Ug is the gyro rotation angle. For a practical gyro able to resolve small vehicle rota-
tion angles, {0y must be measurable to high precision.

There are severzl general requirement: to be satisflied in order to achieve a prac-
tical gyro. First, there must he a measurdble magnotic moment. Second, it auast be pre-
cossing and have a well definad frequency. Third, cthere muat be a means of datecting
this precessing moment without the measurement contributing significant error. Pourth,
the measurement must be continuous in time. FPifth, by reference to equation (3), there
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must be a way of distinguishing between magnetic field effects and rotaticn effects on
the measured magnetic moment phase angle.

A sample containing nucleax moments has an almost random distribution of these
moments in equilibrium., In order to achieve a measureable moment the individual moments
in the sample must be preferentially oriented in one direction to create a macroscopic
(vector sum) moment which can be detected with a large signal-to-noise (S/N)} ratio.
Optical pumping techniques (Reference 2) are usually employed to create such an
orientation.

A macroscopic nuclear moment which has been oriented by optical pumping techniques
will be directed parallel to the applied magnetic field, H. 1In order for it to precess
it must have a component orthogonal to H. This can be accomplished by applying a small
AC magnetic field with a frequency of the Larmor precession in a directinn orthogonal to
the field, H. This resonant fjeld then acts to torque the net moment ani creates a pre-
cessing component.

The precessing moment must have a well defined frequency. This requires that the
individual moments which comprise the macroscopic moment must all have essentially tbe
same Larmor frequency, which means that they all must experience on the average the same
magnetic field. Thus the magnetic field must ke homogeneous. The requirement for a well
defined frequency means that the nuclear moment orientation which is created in the
optical pumping process must be long lived. Processes which tend to destroy this orien-
tation are called relaxation processes and the characteristic time for decay of the
orientation is called the relaxation time, Therefore, the requirement for well defined
frequency implies that relaxation times must be long. A long relaxation time is also
needed for significant nuclear moment orientation to occur since the equilibrium orien-
tation represents a balance between optical pumping rates and relaxation rates.

The precessing net nuclear moment needs to be detectable so that its phase rela-
tive to the gyro case can be determined. This implies a process capable of detecting
the precessing moment with a high S/N. This measurement process, naturally, must not
significantly perturb either the precession frequency or the relaxation times.

For the gyro measurement to be continuous in time, both the nuclear orientation
processes and the torquing of the nuclear moment by a resonant field must occur simul-
taneously with the detection process and also, of course, must not significantly perturb
the frequency or relaxation times. Thus the steady-state operation will be one in which
the processes of nuclear moment orientation, nuclear moment torquing, and nuclear moment
decay are all in equilibrium.

The last general requirewment is the need to be able to separate magnetic from
rotationel effects., This is most easily accomplished by utilizing two kinds of nuclear
moments, in cther words by using a mixture of two isotopes, each with a nuclear moment
characterized by a unique gyromagnetic ratio (Reference 3). Then, letting a and b
designate the two isotopes, the measured phase angles are equal to

(4}

where it is assumad that both isotapes experience the same average magnetic
field, . ¥rom equation (4) we can obta:n

0 = b%ma Vel /Mal%s - Oy
- T = v, /v, (5)
9 Ya ™ M b Va

which is independent of the wagnetic fleld. &, and

- %a = b o Uma ” “my
ey, - vbl ﬁa - vb)

(6)

which is independent of the rotatien angle, 8,, and whore u,, and wyy, are the measured
Larmor precession frequencies of the two isotapes‘ Using two isotopes means that both
srast be capable of nuclear moment oriesntation by either the same or separate optical
punping technigues, that two rescnant fields must be applied to torque the respective
rOmONts into the piecession plane and that the detection process aust be able to detect
both G,, and By, with high precisioa.
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III. AN NMR GYRO USING NOBLE GASES

An approach to the NMR Gyro has been implemented and tested which uses the noble
gases for the two nuclear isotopes. Nocble gases were chosen because of their potential
for long relaxation times and thus for the precise determination of precession phase
angles.

The sample cell containing the noble gases also containsg some rubidium vapor which
is used for both the nuclear moment orientation process and the measurement technique for
detecting the precessing nuclear moments, The Rb is optically pumped by light from a
rubidium discharge lamp and the net angular momentum 80 acquired by the rubidiwn in the
cell is transferred to both noble gas isotopes via a collisional spin exchange process.
(References 4 and 5)

The Rb vapor is also utilized for the detection of the precessing nuclear moments.
This technique is an adaption (Reference 6) of a rubidium magnetometer (Reference 7) and
senses the weak magnetic fields associated with the nuclear moments. It operates on the
principle that the absorption of optical pumping light by rubidium atoms is a function of
the direction of the rubidium magnetic moment relative to that of the light beam and that
the direction of the rubidium magnetic moment is itself a function of the magnetic field.
Thus a magnetic field modulated at the two nuclear Larmor frequencies of the two noble
gases can cause modulations in the transmitted optical pumping light at these same
frequencies.

In order to implement this magnetometer, an AC magnetic field is applied parallel
to the DC field, H. The frequency of this AC carrier field is the Larmor frequency of
the rubidium in the field, H. The light transmitted by the cell becomes modulated at
this AC frequency, with the nuclear Larmor precession frequencies being manifested as
sidebands.

There are several advantages of this Rb magnetometer as a nuclear moment detector,
The optically pumped rubidium is already present in the cell for the nuclear moment
orientation process. Both the nuclear moment orientation and detection processes are
indirect, that is, not directly involving interactions with light, This allows the
inherently long relaxation times of the noble gases to be preserved. The magnetometer is
a high S/N detector of the precessing nuclear moments. Much of this is due to a strong
collisional enhancement effect (Reference 5) which results in the Rb moments sensing a
noble gas nuclear moment magnetic field which is, in effect, ovders of magnitude larger
than would be expected from the nuclear moments alone. In addition, the magnetometer,
as a magnetic field detector, can sense and thus cuntrol the ambient magnetic field com-
ponents along the directions orthogonal to the applied field, H, thus preserving the axis
stability of H and consequently the gyro,

The principles of operation of this NMMR gvro can be summarized by the functional
schematic of figure 1. The transmitted light is incident on a photodetector. The
resulting signal is then demodulated to remove the carrier AC signal, leaving the Larmor
sidebands. These sidebands are then separated tc provide the nuclear precession phases,
the Larmor precession fields which are used for magnetic moment torquing, and, from
equation (6), control of the magnitude of the applied field H. A breadboard gyro model
incorporating these techniques has been built and tested. Figure 2 {s an assembly draw-
ing of this model. In this model, the magnetic field axis and thus the gyro input axis
is vertical. The light is shown passing through the NMR cell at a 459 angle to the
magnetic field in order to provide both a parallel (for pumping) and orthogonal (for
detection) component of the light beam with respect to the magnetic field. The poten-
tial of this gyro is illustrated by the data shown in figure 3 which shows the low bias
drifts which have been achieved under favorable conditions during gyro testing. The
data, which shows the apparent gyrc angle with the gyro mounted on a stationary test
gtand, is for an 8-hour segment with the average bias removed. Bias repeatability for
this model is about 1 deg/hr, limited primarily by systematic effeocts related to tem-
perature and light intensity. With the gyro mounterdd oh a rate table and rotated about
the gyro input axis {vertical), the scale factor was measured and is constant to within
exparimental measuremgnt accuracy (100 ppm) for all measured rates (up to 70 deg/sec).

A §/8 of greater than 60 db (1 iz bandwidth] has been achieved €rom both nuclear specics
and relaxation times are in the sevoral hundred second range. This demonatrates the
cfficiency of the nuclear moment orlentation and nuclear moment detection processes as
well as the fact that these processes do not soverely limit relaxation times.

In sumniry, we have demonstrated an approach to an KMR gyro which meets the general
requirements for continuous, precise moasurement of inertial rotaticn angle and vhich has
the potential for dovelopment into a practical gyro. The present researchk ard develop-
ment program is concerned mainly with obtaining techniques for eliminating the gystematic
bias drifts and with doveloping a next generation gyro with significant size reduction
and isprovement in performance.
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SumRY

The Hamilton Standard SuperjetTM Sensor is a solid state fluidic rate sensor replacing conventional in-
ertia wheel gyroscopes in applications where high-shock loading, vapid turn-on and long storage life are
important, Applied angular rates are measured by means of the Coriolis acceleration generated deflection
of a recirculated gas jet flow. This gas jet flow is used to differentially cool a precision temperature
sensitive wire pair located downstream in the jet flow. The instrument contains no rotating or mating
sliding parts, The sensor is a small, lightweight, low-power consumption device which is capable of
extreme over-ranging without degradation of performance upon recovery,

This paper presents a description of the SuperjetTM Sensor and its associated supporting electronics.
Presented herefn are discussions of the theory of operation, design implementation and test results sub-
stantigting the performance capability of the uynit. Data are presented which demonstrate capabilities

of €.3%sec nul) offset over temperature, 0.02%/sec resolution and 1.0 percent scale factor linearity for
rates up to 150%/sec.

1.0 INTROOUCTION

Initial development of the Superjet™ Solid State Fluidic Rate Sersor as a promising device with poten-
tial commercial and military value can be traced to work performed in 1966 hy Hercules Incerporated on

an experimental angular rate sensor for use in sailplanes. Improvements implemented by Hercules and sub-
sequent iy by Hamilton Standard following the execution of a formal licensing/manufacturing agreement ir
1972, has resulted in the evolutionary development of the instrument from the original Hercules fluidic
angular rate sensor concept to the practical, highly producible rate sensor package currently being
supplied by Mamilton Standard for the U.S. Amy Copperhead Cannon Launched Guided Projectile program,

The principle of operation of the Fluidic Rate Sensor has not been modified since its inception although
numerous_design changes have been made to improve the design and establish the present Hamilton Standard
Superjet’™ Sensor Configuration.

The original sensor device ytilized a bidirectional flowneter to detect jet position by measuring dynamic
pressure differences between twn sdjacent Pitot-static tubes placed symmetrically in the jet flow stream.
The lamirar flyid jet tluw was generated by a centrifugal fan, the rotor of which was the only moving
part in the senscr. In the next generation sensor design, the Pitol tybes were replaced by thermistor
beads whick afforded an improvement in rate detection and respense time. The fian powered centrifugal
pump was also replaced by an ¢lectromaguetic speaker which provided a pulsating air supsly which, in
turn, wes rectified o & senoth airflow within the sensor prior to being dirccled onto the thernistor
sensing elements. The third generation sensor design replaced the electromagnetic specker with a lami-
nated piesomlectric disc to provide the pulsating afrflow. This served to tmcrease frequency response
and improve the ability to detect low angular rates. A foyrth generaiion design was successfyl in
rinfaturizing the sensor and further increasing frequency response. This later characteristlic was
achieced by replacing the thermistor beads with thermally sensitive rastistanze wirey and chanrging the
composition of the recirculated ¢as used 1o geaerate laminar flyid jet flom,

The latter basic rowfiguration fs still in use today, however, Haatiton Standard bl singe made severs)
fmproversnts to the internal struclyre of the SuperjetTM Sensar to mininize fluid turbulence, hence im-
proving the lasinyr flow characteristics of the instrument, Menuficturingfprocess changes have also
been incorporated to ruggedize the sensor 2ffording the ability to withstand severe shock withaut pere
foregnce degradation. & unigue elec{ronlc%uaackcgﬁ has 21so boen developed by Menilion Standard, which
shen uysed in conjunclion with the Superjet!® Seasor, forws a functionally complete rate sensor package.

2.9 THIERRY (F QPERATION

Kanilton Standard's Superjelm Solid State Flutidic Rate Sensar utilizes Corielis acceleration to sense
dngular rates applied to the iastrument. Joriolis 2cceleration is an acceleraticn gererdled in an
angular motion eavironaeat which cCauses 2 mass treveling with & linear velo{il{ to be deflected fron

ity nominal straight line path, This is guitkly visvalized using, 2% 3u cxamle, waler ominating from

3 garden hose, As the hose is spun about an asfs perpendicular to the ne2zle flow axis, the strean fs
caused 1o “bend® {i.e., 3 ferco resulting from the applied aagular rite moticn causes the jet to be
deflected from 1ts nomiral “at rest™ trajectory). The Zeflection experfenced (s directly aroportional to
the magaitode of the applied rate: the yreater the ipplied rate, the greater the defiection experienced.
Thus, in a controllsd enviromment, jet ceflectlion at 2ny general Sownstream pesition in the jet flow may
be used 23 a direct measure of the applied rale. This priaciple has been utilized in the mechanization
of the Nantlton Standard solid state flyidic rate seasor.
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2.1 JET DYNAMICS

The jet flow in the Hamilton Standard SuperjetTM Rate Sensor is a gaseous laminar jet stream which i3
highly sensitive to Coriolis acceleration. As schematically shown in Figure 1, the jet stream moves

at a constant jet velocity V4, In the presence of an angular rate, wi» 3pplied along the input axis of
the sensor case, the jet stream will be deflected from its nominal center position,

The magnitude and sense of deflectior are dependent on the vector characteristics of the applied angular
rate. Ueflection magnitude is readily calculated using the conventional mathematical expression for
Coriolis acceleration, Written along the direction of deflection, y, the equation for Coriolis accel-
eration is

¥ 2w1vj
Doudble integration provides the expression for deflection.

y =wivj1rz
Referrving to Figure 1, a sensing element (i.e,, wire pair) is inserted into the flow stream at a distance,
L, from the jet stream source (i.e., nozzle). Tnis distance can he expressed as the product of the
velocity of the jet (Vj) and the time (T) required for a particle in the flow to travel from the nozzle to

the sensing wire pair. Using L = YjT, the expression for Coriolis jet stream deflection can be written in
three forms,

y =w1VJ'x‘2 (n
y 2w Ly (2)
¥ =wi£2 3)
Vi
NOZZLE /[~ JET POSITION SENSOR
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FIGURE | SUPERJET ™ ANGULAR RATE SENSOR ScHEMATIC "3V

Exaaination of these equatfors shows that gas deflection s direcily proportional to the eagnitude of the :
input anguler rate apblicd perpendicular to the direction of jet flow fi.e., Jet axis), Study of the alter- '
rate forms of the equetion also identifies the other sensor design paraneters which govern jet deflection,

Under coastant jet velocity and ladut angelar rate cosdilicns, jet deflectioa is properiicagl o the pro-

Gyt of the length of the jet and et traagpert time (£q. 2). Conversely, equaticn 3 shows that for &

given length jet, deflection is inversely proportiona} to jet velocity, (i.e., the greater the velocity, the

sw3ller the deflection),

‘n erder to azintain gas jet flow stability ond produce 2 low noige sigral, the fot flow must be kept ;
within the stresaline laniner flow regime. This conditioh fs achieved by iiaiung the jet Reynolds ;
Kunber (pfk). Laminar flow §s more read!ly produced with a gas having low deasity and high viscosity since,
as indicated above, Reynolds Nunder {s dircctly progortional to density and faversely proportionyl to the
viscosity of the gas. In sddition, from the stindpeint of obtaining mazxinum frequency response, % is
cesirable to sel the gas jet velocity 2s Migh as possible within the constrafnls established by the tesse
inar flow criterfa. CLonversely, 25 seen in tha equations the lateral ceflecticn is inversely proportiona)
to jet velocity. The selected design flow velocity, thus, represeats a compraaise between fresuency re-
sponse nd insinmeat seasitivity,

SR ey L
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2.2 RATE MEASUREMENT

The mechanism used in the SuperjetTM Sensor to detect an applied angular rate utilizes the combined ef-
fects of the jet deflection and the convective cooling caused by the flow of the gas moving over a
stationary element. Using these principles, conversion of the jet deflection into an electrical signal
proportional to the input rate is accomplished by symmetrically positioning two temperature sensitive
wire resistors on either side of the nominal center of the jet stream at a selected downstream location.
These wires are electrically connected by means of a conventional bridge circuit. As the jet deflects

to one ¢ide or the other of the undisturbed center position, the differential cooling of the temperature
sensitive resistors predyces an output voltage which varies linearly with input rate., Figure 1 is a dia-
grammatic representation of this implementation.

The jet deflection/bridge wire sensing principle is insensitive to linear applied motion environments,

A constant velocity translation of the sensor in any direction will not cause the jet to be deflected
relative to the sensor wire set, Translational acceleration does not introduce a first order error since
the laminar gas flow jet is, in effect, Luoyantly supported within the free gas space. Acceleration does
produce density gradients, however, which may cause second order errors. These are an order of magnitude
smaller than comparable errors in an equivalent mechanical gyro.

2.3 PUMP_OPERATION

The constant velocity, laminar jet flow within the SuperjetTM Sensur is generated by means of a vibrating
pump diaphragm functioning to continuously recirculate the gas encapsulated in the sensor through a pre-
cision nozzle block. The pump diaphragm is a ceramic piezoelectric crystal mounted around the periphery
and electrically excited on its primary surfaces (i.e., perpendicular to the mounting plane). This
element is the only "moving" mechanical part in the SuperjetT™ Sensor and is designed for infinite life,

The internal flow pattern created by the diaphragm pump action is shown in Figure 2. Upon leaving the
pump chamber area, the increased pressure gas is forced through the nozzle block orifice inte a radial
accumulator chamber, Directed by longitudinal plenum chambers the gas fiows to the far end of the
instrumen. into another radial accumulator chamber., After traversing the length of the instrument and
entering an inlet manifold area, the fiow direction is reversed and directed th.ro. Lojet aczrle
orifice, The flow pattern created by this orifice is propagated toward the pump ena of the jet via an
open duct located in the center of the instrument. The central laminar flow jet is then directed over
the sensing wires mounted in the sensor plug assembly, The total Vaminar flow is then passed back into
the pump area through a series of holes located in the base of the sensing plug assembly fo complete
the jet flow circulation cycle.

< PUMP ASSEMBLY  gGENSOR PLUG

SENSOR WIRES
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FIGURE 2 SUPERJET ' SENSOR-CROSS SECTION VIEW

The puping action of the plezoelectric diaphrage creating the jet f.om motion is (1lysireted in Figyre
3. The instalied positions of 1he norzle bleck, pued support ring and anvil create 2 thin cylindrical
work ing pumg volume immediately aft of the sense: plug. The pump diaphrige is suspended approrimately
in lhe center of this volume. On the initizl inlel siroke during pump startup (Ref. Part A, Figure 1},
the disphrage iy deflecled toward the main bady of L. instrument [i_ e., toMird the aciz’~ black). This
creates @ low pressure regien behing the digphraga (f.e., hedder side} and gas is drawn into this volure
through a saall hole in the disphrage.
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On the first compression stroke, (Part B, Figure 3), the diaphragm is deflected toward the header end

of the instrument causing a high pressure region to be generated behind the diaphragn, The gas in this
voiume {5 subsequently expelled through the single hole in the diaphragm and into the primary instrument
flow path. The concentric placement of the diaphragn hole with a matching hole in the nozzle block,
coupled with the velocity profile and momentum of the moving ?as cause the bulk of the gas expelled by
the pump to be carried through the nozzle block entrance orifice and into the primary flow feed plenum,
On the next intake stroke (Part C, Figure 3), gas is again drawn into the rear chamber of the pumg. In
this instance, however, due to 1) the combined effects of the lower flow resistance created by the

larger openings in the sensor plug, as cos. ared to the inlet plenum feed orifice, 2) the forward
momentum of the gas moving through this orifice and 3) the viscous shear on the walls of the orifice, the
9as entering the pump chamber is drawn primarily from the region around the sensor plug. On the following
compression stroke (Part 0, Figure 3), the newly drawn volume of 93s is expelled through the pump exit
hole and into the inlet manifold. This process is repeated with each oscillatory pump cycle creating a
continually recirculated fitw of gas within the sensor.

L €156

T™
FIGURE 3 SUPERJET  PUMP OPERATION

3.0 SYPERJETT™ SENSOR CONSTRUCTION

The Superjetrn Solid State Anguler Rate Semsor concept has been reduced in prectice to 2 simple mechanical
configuration specifically developed for ease of renufacture (Ref, Figure 2). The simplicity of the
sensor, corsisting af only eight mechanical parts/assemblies, ts further illustratod by the erploded view
shown in ¥igure 4,

Referring to Figure &, the pump assembly consists of tug elgeeats; 2 thia piezoclectric crysta) and &
crystal and & circusferential flexidle mounting ring, The crystal elemert ftealf §s used 2 the tuning
element in an equivalent LCR numg dirtyr nelog circuit which causes the o to vibrate at its aatlural
resgaant fregquency.

PUMP ASSEMBLY
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A circular anvil is used to provid: the reactive structure needed to support the pump assembly during
operation, The anvil iz seated directly against the support rim of the pump assembly crystal support
flexure, The thickness of the anvil is designed to withstand the pressure pulsations which occur within
the pump chamber at the crystal/anvil interface,

2 A belleviile spring and locknut are used to securely position the pump/anvil against an internal flange
in the nozzle block,

The nozzle block is the largest mechanical element in the SuperjetT" Sensor. Its two-fold functions are

to 1)} channel the recirculated gas flow path within the instrument and 2) provide the internal mechanical
structure to posicion the sensor plug and pump assemblies in the instrument. The nozzle block is basically
cylindric®l in shape. T7he outer surface of the piece has a broad annular depression which, when mated

with the case of the instrument, forms the feed manifold which receives the pressurized gas generated by

b aitikio ot

the pump assembly.
%74 A npzzle designed to promote Taminar figw is formed in the center of one end of the noizle block The
. fnstrument case is used in conjunction with the nozzle block to form an enclosed flow area, The installa-
s 1 tion clearance between the end of the nozzle block and the instrument case form an irlet manifold used
L to divert {i.e., reverse) the direction of the gas flow into the jet nozzle. Bath the feed and inlet

manifolds serve as "reservoirs® which are designed to attenuate the pressure pulsations generated by the
pump providing a more uniform flow over the instrument sensing wires.

The sensor plug assembly is seated in the nozzle dblock immediately upstream of the pump assembly and
contains the sensing elements of the instrument. The sensor plug assembly is comprised of a parallel

pair of thin temperature sensitive wire filaments mounted to vertical posts. The posts 2re secured to the
plug assembly by means of feed through glass insulators. Electrical contact with the sensor wires is
achieved by means of wires welded to the downstream side of the posts. Prior to final assembly of the
Superje17 Sensor, the finished plug assembly is trimmed to enhance the resistance tracking characteristics
of the wire pair over the full operating temperature spectrum. This trim is performed to improve subscquent
instrument null accuracy performance.

The base of the sensor plug i< fitted with a serius of through holes permitting the jet to flow past the
plug into the pump area to be recirculated.

In addition to the above described internal parts, the remaining pieces of the instrumeni consist of 2
stainless steel cuter case and a header cap through which all electrical contacts to the instrument are
made 2nd the instrument {s backfilled with qas,

Final assembly of the unit proceeds briefly as follows. The resistance balanced sensor plug assembly is
first precisely positioned and attached to the nozzle block, Precision resistors sre thon mounted at the
riar of the sensor plug to complete the dridge circuit.

The pump assemdiy ond anvil are nex! positioned in the nozzle block behind the senser plug assembly, and
*he entire sseably placed in the instrument case. The conical delleville soring is next positioned
berind the 2avil using a circular aligament {lange located on the anvil. Pressure i3 then applied to the
delleville spring dy means of the annglar lockrul which screws into the aft partion of the seasor case.
The pretoad pressure applied to the belleville speing by the lockaut pemits a large force to be applieg
to the envil, fimly securing the anvil/punp asseedly to the noprle block, Thus, the locknut and coniss}
spring provide the means to secure atl internal seasor compoaenty to the case.

In the final phase of asserdly, electricel interconnettions are sade to the header. The header is lhen
tacher and weided Lo the Case. Thu conpleted ingtrument ig then backfilled with g2t atd the TH11 tube
seated,
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& Pump Oscillator Board - The Pump Oscillator Board supplies the excitation voltage to the pump
piezoelectric crystal assembly in a closed loop oscillator circuit.

The Hamilton Standard roll rate sensor electronics assembly performs several functions as Jescribed in
the following paragraphs.

4,11 INPUT POWER CONDITIONING

Input Power Conditioning ercompasses the responsibility assigned to a conventional nower supply. This
function consists of the generation, requlation and distribution of the various DC voltages required to
operste the unit using input power provided from a single OC battery supply. Because of the low voltage
DC characteristics of the rate sensor pawer requirements, the power supply is a particularly simple,
passive resistive network implementation which does not rely on the use of inverters, converters, etc.,
to generate intermedicate AC and/or higher D voltages for internal use.

4.1.2 SIGNAL CONDITIONING

Signal Conditioning is provided at two important functional stations in the rate sensor electronics
package, The first signal conditioning function consists of the isolation, filtering and amplification
of the sensing signal obtained from the bridge circuit to levels compatible witii the operating char-
acteristics of the standard analog and digital logic elements used threughout the unit., The second
major signal conditioning funciion consists of the integration, filtering and level adjustment of the
rate sensor output signal to satisfy vehicle autopilot interface requirements.

4,1.3 AUTOMATIC SEQUENCING

Automatic Sequencing of the rate sensor nackaae achieves compatibility with mission flight scenarios
while implementing self-contained null store functions, It is accompiished by means of preprogrammed
logic contained in the rate sensor electronics.

4.1.4 STATIC NULL COMPENSATION

Static Null Compensation in the form of a constant electrical null offset is generated by the rate sensor
electronics to compensate for electronics long term aging and related instability effects in order to
enhance absolute null accuracy performance. This is accomplished by electrically energizing the electronics
and bridge wire pair prior to pump turn-on and noting the net current unbalance between the two elemenis

of the bridge. In the absence of a sensed inertial input motion created by the pump-off condition (even

in the presence of an actual applied motion) the unbalante is attributed to the total accumulated shift

in electronic parameters at the time of turn-on. The null offset is then electrically readjusted to zero

by means of feedback loop logic., This procedure virtually eliminates error parameters atiributed to long
term electronic componert stability,

4.1.5 DYNAMIC NULL COMPENSATION

Dynamic Null Compensation provided by the rate sensor electronics is anadditional null offset correction
factor applied after pump turn-on to compensate for temperature dependent jei flow/wire plug geometry
misalignments remaining after final assembly of each sensor. The magnitude of this correction is hased

on the initial laboratory calibration of the sensor performed at the time of manufaciure and s assumad
to remain constant during the life of the unit.

4,1.6 SCALE FACTOR COMPENSATION

Scale Factor Compensation for operating temperature variations is automatically generated by the rate
sensor electronics, The gain changes are developed by the direct reading of the temperature sensitive
wire bridge circuit and are designed to offset the natural variation of sensor plugfbridge network
resistive experienced with temperature change. Scale factor voltage compensation {s determined during
the calibration and trim of the unit during the final phase of manufacture.

Figure 5 presents a functional block diagram of t?e rate sensor/electronics package, The unit consists
of three major functional elements: the Superjet!™ Rate Sensor; the primary anaiog signal processing
electronics; and a supportive digital compensition network., The compensation retwork s operated in a
ge?dback mode during initial turn-on to provide the null siore function as described in further detatl
elow,

During flight operation, the output of the SuperjetTM Rate Sensor is combined with sratic and dynamic
null compensation signals and processed in an analug gain stage. The output of the gain stage is then
adjusted to compensate for variations in scale factor incirred with locel ambient temperature changes.
The scale factor temperature compensated rate output signal is then used for two purposes: as a direct
input ate signc) to the vehicle autopilot and 2) as input to as analog tntegration stage %o dertve roll
angle data which, in turn, is also input to the autopilot.
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FIGURE 5 ROLL RATE SENSOR FUNCTIONAL BL.OCK DIAGRAM
5.0 COPPERHEAD ROLL RATE SENSOR PACKAGE

HamiTton Standard is presently supplying the Roll Rate Sensor (RRS) package for the U.S. Army/Martin
Marietta Corporation Copperhead program, Copperhead is a laser guided projectile which is launched from
an armored vehicle mounted 155 mm cannon. The Roll Rate Sensor package operates during flight to provide
initial round despin and subsequent zere rate roll stabilization functions. These functions are performed
after rapid turn-on in the post launch high spin rate environment created when the round is fired from the
canaon tore,

Hamilton Standard‘s Copperhead Rol) Rate Sensor program began in 1975 with an inftial award to build and
evaluate six engineering brasshoard units to demonstrate the suitability of the Superjet™ Sensor concept
for the Copperhead application. The success of this program led to Hamilton Standard's selectien to
perform the Engineering Development (EB) Phase program in 1976, A total of 470 preproduction prototype
engineering units have been delivered with the program fosmally completed in feurth quarter 1979, During
this program, the unit was successfully qualificatinn tested in the laboratury, simulating the severe
Copperhead mission flight environments and in a series of 9,00C g shock environment cannon cannister
launches,

Based on its Engineering Development phase program performancz, in 1978 Hamilton Standard was awarded

a contract to develop the computerized lnitial Production Facility (1PF) required ta automatically
assemble and iest the RRS in high volume production quancities. This program is scheduled for completien
in 1980,

An Initial Production (IP) program will begin ir early 1980, This program, for the manufacture of Foll
Rate Sensor Units, will serve to verify tne poduction design of the unit, as well as the IP production
factlities developed for its high volume productinn, The IP pro?ram is scheduled for completion in 1957.
Full Copperhead RRS production will be in.tiated in 1987 and will continue through the 1980's with follow-
on procurements anticipated in the post 1990 time period.

5.1 PHYSECAL CHARACTERISTICS

The Copperhead Roll Rate Seasor (4RS) is a single axis unit consisting of the wamilten Standard SupnrjetTH
Sencar and sgppcrtinc electronics mounted in a common housing. The unit occupies a total velume of less
than 16,5 ind (172 emd) and we'ghs 12.0 ounces (340 gm), The unit consumes approximately 2.4 watls of
totat operating power, The S perjet™ Roll Rate Sensor package has been successfully quaiification tested
fer use on tne Copperhead Co.non Launched Gyided Projectile Program and has demonstrated its ability to
oporate after withstanding »aunch loads of:

Longttudinal Shock 9000 g°s
Lateral Shock (2 Axrs) 800 g's
Roll Acceleration 93,750 rad/sect

figure 6 ts a photograch of the Copborhead Roll Rate Sensor assembly presently being delivered under the
current Engineering Doselopment Phase contract. Figures 7 and § present the inslal?alion outline drawing
snt an exploded {nterial view of the complete RS sensor package, respectively. Table | presents 3 more
complete summary of fhe major physical and performance spectfications of the unit,
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TABLE I
COPPERHEAD RRS CHARACTERISTICS SUMMARY

Weight of Jet: - 3.8 oz,

Weight of Total Package: - 12.0 oz,

Volume of Total Package: - 10.5 in.3

Input Voitage: ~ 215V @ 22 ma
+11,5V @ 120 ma

Rate Range: - 120%/sec.*

Rate - 6 mvolts/degrees/sec
Angle - 120 mv/degree ;
Null Stability (Absolute, Environment)
- :p.6°/sec (when null compensation performed in
high rate environment) ,
- 40.3%sec (when null compensation performed in
- benign environment)

Scale Factor - 15% (Absclute, Environment and
Symmetry)

- Scale Factor Linearity - 1% to 1209/sec
- 2% to 500%/sec

Scale Factor:

h{ Linear Acceleration Sensitivity: .02%sec/g
Frequency Response: ~ 40 Hz

Input Axis Alignment: 1/2 deg. (.25° on Copperhead IA to roll reference
1.5% 1A wrt jet axis)

Temp: -259F to +1550F
Vibration: 7,6 g RMS
Shock: 10,000 g's

Environmental Capability:

*Mod1fication to existing packages will increase rate range to 500°/sec
(Scale factor linearity will degrade.)

5.2 POWER REQUIREMENTS

The power consumed by a SuperjetTM Rate Sensor/electronics channel is very low. In the Copperhead applica-
tion, required DL voltages are derived from a single battery supply greatly simplifying the complexity

{and weiyht and cost) of the power supply required to support the operation of the unit. Table Il lists
the OC voltages used in the operation ¢ the present Copperhead RRS design and the corresponding current
and power consumed at each voltage. As shown in Table 1I, a total of only 1.26 watts at the desired
voltages is required to operate the complete sensor channel. Of this total, the largest single element

is the ¥ 15 VOC, 0.63 watts required to operate the analog electronics including operational amplifiers,
A/0's, D/A's etc. The second largest requirement is the +5V0C, 0.45 watts requived to supply the wicro-
conputer.

Power dictribution in the Copperhead 8RS is accomplished by means of a simple resistive dropping network
designed to generate the above required fnternmal working voltages from the vehicle ¢ 15 VOC center tapped
30 VOC battery <upply. The complete supply consists of a simpie regulation circuit™and the dropping
network shown in Figure 9. The penally paid for the use of the dropping network as opposed to the direct
faput of the required veltage levels fs the power dissipated in the resistive network. As shown in
Figure 9, the true total power consumnd by the Copperhead RRS is 2,475 watts, pproximately twice that
actually required by the sensor and electronics.
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TABLE 11
SUBASSEMBLY POWER REQUIREMENTS

FUNCTIONAL ELEMENT VOLTAGE {V) CURRZNT (Mamps) POWER (WATTS;
Wire Pair +2.88 85 .168

+15 22 W30
Electronics =15 20 .3

+5 90 .45
Pump +5 5 025

Total T.253
5.3 FUNCTIONAL OPERATION

The functional operat.on of the Copperhead Roll Rate Sensor package and, in particular, the null store
and compensation functions is, perhaps, best understood while considering the overall operating sequence
of the Roll Rate Sensor (RRS) package during the Cupperhead mission.

The RRS package is launched in a completely inert state and emerges from the rifled cannon bore in a high
roll rate spin stabilized condition, Approximately 400 milliseconds after firing, an 11.6 volt battery
in the round is actjvated. Battery activation causes 2.88 VDC warmup power to be automatically applied
to the RRS Superjet:™ Sensor wires and bridge circuit, and a Null Store discrete to be applied to the
compensation electronics. The early application of power to these elements permits the complete bridge
circuit to become thermally stabilized prior to initialization of the null store function. As explained
below, this enhances null store accuracy and subsequent mission performance. The applied null store
discrete is not used at this time.

At a mission range dependent preselected point during the flignt of the round, a 15 volt vehicle battery
supply is activated by the vehicle master sequencer. This causes the primary supply voltage to be applied
to the remaining RRS electronics and, consequently, both primary analog and digital compensation circuits
to become activated.

Figure 5 presents a functional block diagram of the Roll Rate Sensor package and indicates the compensa-
tion which is performed during tne initial turn on and subsequent operation of the unit. T ¢ heart of

the compensation network is an Intel Model 8748 microcomputer. This device, housed in a 40-pin dual in-
1ine package, is a self-contained programmable 1K-byte by 8-bit paralie: microcomputer. This microcomputer
sequences and performs the computations needed to support the RRS static and dynamic null store functions.

The first functions performed by the microcomputer under software control are 3 series of hoysekeeping
chores which are initiated by the "Power Reset" indication ¢enerated when powsr is applied to the micro-
computer, These housekeeping tasks include; 1) discharge of capacitors in the analog circuit and
initialization of null conditions, and 2) BITE checkout of the SuperjetT" Sensor {fi.e., bridge resistance
reading) and register of the output of the “Temp Gain* circuit element identified in Figure 5.

The Temp Gain circuit consists of an analog amplifier stage and an A/D converter which is used to format
the temperature data used by the microcomputer. In a grounded input signal state, the “igital output
from the “Temp Gain" circuit should be zero valyed. In the event a nonzero value is registered due to a
shift in elec*ronics characteristics, this bias value is recorded in the computer and used to adjust
subsequent temperature readings to the correct level,

After the Temp Gain and BITE checks have been completed, the microcomputer recognizes the presence of the
“null store” discrete and places the Kull Store Hode and Temperature Measurement switches in the “ON®
position, while mafntaining the pump in an inoperative state. This sequence of events initiates the ayl)
store cycle. The microcompuler begins reading the integralted angle oulput of the analog clircuit after
the data is properly scaled and converted fro= analog to digital format by the “Angle Gain* circuit.

The static null store compensation function ts divided into twe parts: Coarse Kull Cospensation, and Fing
Corpensation. The coarse null ts itmplemanted by using the microcceputer as part of a Veedback loop. The
cutput signal fros the microcomputer is converted to analog forvat, scaled and combimed with the input
signal from the Superjet'™ Rate Sensor (pump nonoperating) to drive the integrated cutput of the assesdly
to zero. It takes approximsately 400 aillisecords for the coarse null algorithm to converge to within one
data eleazent (bit) of true null, The remainder of the 1,3 second interval assigned to the null store
functioch (for the Copperhesd mission) is spent in an interactive fine null compensation sode. During
this interval, a Villered averaging technigue is used to continuously refine and update the aull value
derived during the coarse hull eode, The zera outpul fecdback mechanization is employed to establish

the fine null value, The Yiltering/update process i3 continued throughout the null store funciion as
dictated by Copperhesd dverall aission scheduling constraints. The filtering process f¢ welightiad to
reflect the most recently scguired dats in order to eatract the highest possible scturacy. The value
converged upon al the end of the assigned null store interval s stored for use as a constant correction
value during pwep-on RBS cperation.

The static aull store function is completed by eicrocomputer recognitisn of the removal of the null store
discrete by §hv Copperhead round master sequencer. Removal of this signal causes power to be applied to
the Superjet™ Sensor pump and the RRS to be placed in the Run mode. The feedbach looh used during aull
store is then broken ond a temperalyre reading stored for leter use. During the ramsindor of the mission,
the atcrocamputer functicns to continue t0 tnput null cozpensation values, afler D/A coaverston, into the

]
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prinary autopilot analog processing circuit. As indicated above, the static null compensation is a con-
stant offset value added throughout the remaining portion of the mission, Prior to being combined with

the sensor output signal for analog processing, the static null compensation is continually supplemented

by an additional dynamic null compensation factor destgned to compensate for sensor wire/jet fiow misalign-
ment effects. As previcusly indicated, this later compensation term is a temperature dependent parameter.
It is, consequently, updated periodically during the mission under microcomputer software control. This

is accomplished by means of a table look up/interpolation routine programmed in the microcomputer usirg
dynamic a]i?nment compensation data taken over the full operating temperature range of the unit., During
factory calibration, recorded calibration values are "burned" into the PROM memory elements of the micro-
computer. The initial dynamic compensation table “look up® performed during pump-on operation is executed
using the averaged temperature data taken a:t the beginning of the static null store period. Subsequent
updates made during the remainde. of the flight are performed at a 4 Hz rate under program control, The
temperature measurements used for these updates are instantaneous values sampled from the SuperjetTM Sensor
and preconditioned by the Temp Gain electronics.

After pump turn-on, the RRS operates throughout the remaining portion of the Copperhead mission to provide
roll despin and stabilization functions. The despin function is performed immediately after pump turn on
to cancel the residual high roll rate created during the travel of the round in the rifled cannon bore.
The decision to enter a despin operating mode is made by comparing the fully compensated output of the

RRS against a preset threshold (Figure 10). A reading below the threshold, caused by the gross deflection
of the sensor jet flow across the sensing wire pair (in a very high angular rate environment), causes the
output si?nal to be latched and held in a saturated maximum command signal condition to produce a m:ximum
command signal condition to produce a maximum vehicle despin torque through the vehicle control fins. The
latched condition is maintained until the threshold is exceeded (i.e., the jet flow approaches a central
position relative to the sensing wires) and proportional control can be initiated. Despin is then
completed using proportional control, and the round is maintained in a zero rate roll stabilized attitude
until target impact,
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FIGURE 10 COPPERHEAD RRS LATCHING FUNCTION

5.4 LIFE/RELIABILITY

The reliability of the Roll Rate Sensor i% inherently high due to its desi¥ﬂ simplicity., The predicted
fatlure rate of the complete ARS SuperietT™ Sensor and supporting electronics package is approximately
forty fatlures per million operating hours (A = 40 X 10+6) or an equivalent MIBF of 25,000 hours. This
faflure rate is based on conservative component fatlure rates derived from MIL-KOBX-2178, using 659C
asbtent temperature conditions and enviromment stress factors for 3 missile launch environment. In 3 less
hostile environment, the effective predicted MIGF of the unit would be considerably higher,

Life tests on five experimental Suserje{T“ Rate Sensors have exceeded 34,000 hours each or a cusulative
total of over 170,000 hours without fatlure. The sitnination of wear limited comonents in both the jet
sensor and supporting electroniecs has made {t possible to attaia virtually unlimited ynit Yife,

The envirormental resistance of the seasor assembly has been analyzed and experiaentell* demonstrated for
a broad spectruz of vibration, shotk and acceleration dynamic conditions. The Superjet N Anguiar Rate
Sensor is exceptionally tolerant to angular rate overranging, This §s @ consequence of the fact that
overranging dees not procuce an internal mechanical force on steps, gimbal suspensions, or spin bearings
3s in conventional rate gyroscopes. Thus, the unit will recover from a large overrange conditfon without
daxage or degradation of performance.

6.G PERFORNANCE

Figure 11 presents Acceptance Test aull performince data taked on 3 saple of 16 Roll Rate Sensor units
for the Copperhesd progras, The data presented illustrates the ability to trim null) offset over the full
Copperhesd -25°F to +155CF opetating tempersiure range., Factors influencing this data are, the specified
ooeratin? tenperature range, word size of the A7 converters nsed in the present circuit wdich determines
the resolytion of the temperature monitor and integrated angle error tignals read by the sicrocomputer
during the null store sequence,
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HULL VS TEMPERATURE
10 TEST DATA FOR RRS PACKAGES
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FIGURE 11 COPPERHEAD RRS NULL TRIM PERFORMANCE

Other performance factors of interest are linearity, asymmetry and absolute scale factor. Linearity is
defined as the devistion from the least squares straight line fit of the input-output transfer function
taken over fuli operating rate range of the instrument. Figures 12 and 13 present the linearity per-
formance characteristics of two Copperhead RRS units based on data taken following completion of the
Qualification Test program, The data taken shows turn on-to-turn on repeatability performance over a
period of approximately one week under laboratory ambient conditions (Figure 12) and over the full oper-
ating temperature range (Figure 13). The dats presented is expressed in terms of percent of point and,
as such, is undefined at a zero angular raie condition,
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FIGURE 12 LINEARITY REPEATABILITY PERFORMANCE - S/N 020

Data obtained on both units indicate Vinearity performance better than £1.0 percent of point over Llhe

rate range between 21209/ sec, 2aclusive of the zero rate singularity point, A run-to-run repeatability
(pesh-to~peak) capability on the order of 0.25 percent over the ! and 10-day test fintervaly and cperating
temperature range s also indicated by this data. It shovld be noted that the dats at the #30%sec point
ts colored by the 0.16%/sec readaut resolution capability of the laboratory instrumentation used to obtain
this data which accounts for the disproportionate spread showm.
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FIGURE 13 LINEARITY TEMPERATURE/REPEATABILITY PERFORMANCE —S/N 026

Scale factor asymmetry is the deviation from the straight line least square approximations for positive

and negative rates, each normalized through the zero point. Scale factor asymmetry data taken on

Copperhead units during the above referenced post quaiification test program is presented in Figures 14

and 15. Once again, the data is expressed in terms of percent of point. The data presented shows a
performance level of better than 1.5 percent, with the above mentioned laboratory instrumentation error

at ;30°/sec adversely affecting this value, A turn on-to-turn on repeatability capability over the test
period of approximately 0.5 percent, including full operating temperature variation effects, is demonstrated,
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The scale factor magnitude stability performance of a Copperhead qualification unit is summarized in
Figure 16, The data presented is expressed in terms of both absolute magnitude (MV/deg/sec) of the analog
output device and the percentage deviation from the mean scale factor value taken over the total rate range
of the instrument. In examining the data presented in Figure 16, the following important consideration
should be noted, This is that scale factor magnitude and scale factor variation with temperature and/or
rate are crimmable parameters in the rate sensor design., Variations between the units and closer absolute
agreement. can be achieved with finer calibration trim. Thus, the pertinent characteristic of the data
shown in Figure 16 should be I1imited to stability considarations, The data presented substantiates a 0,75
percent turn on-to-turn on stahility capability over the complete rate range of the instrument at room
ambiant conditions for an 8-day period.
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FIGURE 16 ABSOLUTE SCALE FACTOR REPEATABILITY PERFORMANCE

7.0 DESIGN TRADEOFFS/GROWTH POTENTIAL
7.1 REACTION TIME

As i1lustrated by the Coppernead turn-on sequence schematicaliy shown in Figure 17, the time required to
brisg the Super jetTH Rate Sensor/electronics module from an unpowered dormant state tu a mission ready
fully aperating condition can be divided into the foilowing segments:

#® The time required to acnieve thermal stabilization of the SuperjetTM Seasor plug wires after initial
application of power,

e The time required to perform the null store function, and

@ The time required to activate the pump and achieve st'able flom conditioons.
Beginning with the last {tem above, pump/flow activation time is dictated by parameters including; the
flexure stiffness/resonant frequency characteristics of the plezoelectric pump diaphraga, the applied pusp

voltage (§.e., destgn jet flow speed) and the i?ternal flow geometry of the sensor. These are fixed design
parameters for the existing Copperhead Superjet!M Rate Sensor configuration,
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FIGURE 17 COPPERKEAD ACTIVATION SEQUENCE




Figure 18 presents a photograph of an oscilloscope trace showing the analog cutput of the sensor electronics
a: a function of time when the sensor fs turned on fn the presence of 1000/sec (W and CCW rates, The sudden
change in output level shown in Figure 18 represents the onset of stable flow conditions. The application
of power at the pump site is indicated by the “tick® marks at the lefthand side of the trace. Each major
horizontal division represents a 5 msec interval, This data clearly shows that pump startup is accomplished
in a 25-30 msec period. The time interval between the end of null store and the applicatfon of power at

the pump represents the time required for the system software to execute the pump on command based on the
current software executive/programming mechanization,

Vi TURN ON VS, NULL STORE END

Vy
cw

NULL STORE

Vi
cew
) 1 T —= (5 MSEC/CM)
PUMP POWER ON
END OF NULL
TRIGGERED FROM END OF NULL
-— Q
RATE INPUT = 100°/SEC E~2692

UNIT 283 ¢ RTEMP

FIGURE 18 SUPERJET '™ PUMP TURN ON PERFORMANCE

The remtaining two elements of the ture on cycle are interrzlated., The time required to perform the null
store fynction is governed by the following factors:

® The ability to eslablish and mairtain stadle operaticn conditicns during the ayll store,
® The noise level present in the gincuit,

o The ambient motion enviromment present at the tise of ayll stere,
and
& The 3lgorithes nd processing cycle time required to execute the auil store computations,

The establishmant of stable operating condicions after the initial application of poser to the Su;)erjeam
fensor is principslly delermined by the transient respinse of Une sentor plug wirgs in readching steady state
operaling lemperature.

The curvent Copperhced tyrm on time profile specification shown fn Figure 12 strongly reflects (oppernead
aission inposed operating sequence consirainls rather than the trye performance capabilities of the assembly
as dictgted by the physical dosign of the unit. For examle, ir the Copperheid applicelion warmep power

ts anplied to the sensor wires for 3 atntinm 0.7 soc period prior to the pplication of power %o the elec-
trenics and the initiation of the ryll store funclionm. Thy allocated 1.3 sec null starc tiae 2gain reflects
the Copperhead nission operating sequence. The 0.23 sec pump sctivation tiee i3 3130 2 conservatively
staled fopperhesd dictated mission reQuirament,

&n alternate startup procedure with a Faster reacticn time capadility then the present [opperhead hydrid
anatag/digite) circuit h2s been demonstrated in engincering development tesis performed in support of other
advanced pplicaticn programs, In these tasls, the warmup 2nd aull store fyncticns were initiated simgl-
tanedusly using umity which were specifically seguenced and triswmed o gerfomm the composite werepinull
store function in period ranging from 0.25 to 2.0 segonis. The data obtafned indicated the adility to
achieve 2 Copperhead static r.ul? sccuracy ltevel {0.3%sec) using a total 0.5 to 0.75 sec mull storage pericd

under laboratory amblemt conditions.
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Early initiation of the null store function as performed in the above tests, means that the null store
function 1s being performed before thermal stabilization of the sensor wires has been achieved, The process
must, consequently, rely on a functional extrapolation to steady state conditions. The success of this
process is, in turn, dependent on the predictability and repeatability of the wire warmup process.

Two fundamental approaches can be made to lower the sensitivity of this technique to externally induced
variatfons while reducing overall reaction time,

These are:

Reduction of warmup time requirements, and

Reduction of the tine required to perform null store,
Improvement of the thermal response characteristics of the sensor plug can be used to either maintain the
functional separation of warmup and null store functions or, alternately at a minimum, to reduce the range
of extrapolation required during fast reaction turn on,

7.1.1 REACTION TIME IMPROVEMENTS

As an element of its on-going SuperjetT" Sensor product improvement program, Hamilton Standard is develop-
ing an improved thermal characteristic sensor plug, The analytical design of the plug has been completed

and several prototypes are currently being fabricated. It is anticipated that rormal evaluation tests of

this device, first as a separate subassembly and then as an element of a complete sensor, will begin soon.
The predicted thermal response of the tmproved plug, expressed as the variation of wire support post tem-

perature with time from power turn or, is presented in Figure 19,
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THE CACTUS ACCELEROMETER
by Alain Bernard, Michel Gay ‘and Rémy Juillerat™*

0ffice National d'Etudes et de Recherches Abrospatiales (ONERA)
92320 Chitillod (France)

ABSTRACT

The functioning of Cactus is based on the measurement of the force necessary to maintain a
reference, or proof mass vithin a cage, without any material contact. This force is the resultant of
three orthogonal, electrostatic attraction forces. Each of them is generated by an electronic circufit
fed with the measure of the relative position of the proof mass within the cage. Each of these circuits
thus ensures a servo-positioning function of the proof mass.

The whole apparatus being mounted on board a spacecraft, the forces that can cteate a relative
movement of the proof mass within the cage are, on the one hand, the surface forces acting on the
spacecraft and, on the other hand, the inertial forces resulting from the spacecraft movement about its
centre of mass. The forces of the first kind are due to radiation pressure (of Sun and Earth), and to
the drag resulting from the impact of gas molecules on tne spacecraft surfaces. Those of the second
kind can be minimized by a thorough centering and a sufficiently small amplitude of the spacecraft move-
ment,

The apparatus permits the measurement of the resultant of these surface forces, this resultant
being measured in terms of force per unit mass, or acceleratios,

The resolution is 2 x 10710 G and the bias 107% G

The overall qualification has been ensured in orbital flight by the Castor satellite launched
by CNES, the Freancn Space Agency, in June 1975.
1 - INTRODUCTION

The accelerometer called Cactus/a Freach acronyn meaning Ultra-Semsitive, Three-axis, Capacitive
AccelercuetricTransducer) has been developed at ONERA with a view to space applications.
It is a three-axis accelerometer, electroatatically suspended, wvhose resolution is of the order of
10718 ¢ (10-% u/s?). It pernits the measurement of all the forces, of an origin other than gravitatio-
nal, acting on an artificial satellite, these forces being expressed in terms of sccelerations sustai-
ued by the satellite.

Cactus has been qualified in 1975 [!] . It constituted the payload of the French satellite
Castor, trealized and lsunched by CNES, the French Space Agency. The lifetime in orbit of this aatel-
lite has been 45 months, during which the pormsnent operstion of Cactus yielded ¢ large number of
scientific results.

The detailed observation of the operation of Cactus fmproved the knovledge of several parase-
tere, of physical nature, vhich condition the instrument resolving power and bias. These results, and
ensuing vork on them, alloved the destgn of tvo newv versiors of this type of scceleroseter :

- an acceleroseter with higher resolution (project Svper<Cactug).

- an accelerometer with linear reaponse and shorter respounse time.
2 - WORKING PRINCIPLE OF ELECTROSTATIC ACCELEROMETERS
2.1 General

The principle consisze in seasuring the farce dovaloped by a three-exis clectrostatic suspen-
ston to saintain a spherical proof mses (called “Hall™) ot tho centre of a cage, aled spherical, solid
with the satell ite.

Considering the notations defined on figure i, and calling !

W rhe ball caes,
A.m zhe satelitte cass,
?’: the »esultant of the worface forcea acting on the zatellite,
e i;. the resultant of the forcee applie to the ball by the satellite,
9 s0d 49  the accelersticns imparted to the satellfte and the ball dy gravitaticmal altraction, the

eguat ioas goveraiag the relative ection of these two Rodlee vrite, 1n the Callicas toferocae (rame X;v‘i;z
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—l
The distance GB is small enough for the difference 19'3‘: to be negligible s0 that, in steady regime
(GB constant), we ouly have :
-—tp —
s _ F¢
™ - M

1)

L
So, the knowledge of f’ukes it actually possitle to derermine, in these conditions, the resultant of
the forces of non-gravitational origin agting on the gatellite., It should however be noted that
is in reality the_gesultant of the fozcel; due to the 2lectrostatic suspension and of disturbing or

4 f H —-— —— - =
parisitic forces by fo = Fy « Fp —- 2)
2,
Horeover, in the general case where the accelaration C L 1s not strictly negligibie, 1% 18 conve-

nient to express the ball-satellite relative motion in the Gayy refereance frame related to the latter,
Hoting ﬁthe instantanecus rotation of the satellite, and defining the folloving accelerations :

-ty
inertial accelerston f; :

[ L)
— M’m a—y g - o J- 2 o
0= e (sa * SUA(SNGR) « 29.,\375 oﬁ,\eb}( '$))

— -
- control acceleration Vy : L= -;:"‘
- —t
—r F
- parasitic scceleration (p: Te = ’f‘“ %)
— ‘v"
- external acceleration (to be measured) : P( = —é‘
— ——ty — -t
The measured acceleration finally writes : g = e G -G (5)

_ —t
The error K\i on the accelesometric measurement results frow the uncertainty AT on the calcu~
lation of the control ae%ﬁlereuogg (from the data transmitted to the ground), and on the estimation

errors of acceleratfons Tp and 1y — — —_ A -
B = A%, +(BH-R)-(G-%)
2.2 Electrostatic force exerted on a conducting proof mass

The fundanental results concarning the charges, patentials and the electrostatic force wractud
on an insulated conductor (the ball) by a system of clectrodes set at variour potentials are recalicd
below, using the notations 9f figure 2.

The csge, considered as the zlectrode of order zero, is the reference of the potentials
(Vi =« 0 for i » Q). Noting Cgthe tota!l capacitance of the Ball relative to the cage and the electrudam:

.Y

awd
the poteatial V &s given by 1 >
v. 8 + L av t6)
Ca
and the eleetrontatic force axerted oan the hall writes :
— e —
= A 2 (- W N
z An®

The oely data svatladle for zalesiat xng’:g arve, av *he ore Mit, the woltages V&ttaamineé
3y telemeley apd, oo the other tand, ke valuas Wpof the gradicete of the talleclazteodes capecitan-
cea resultisg fron the calideativas. As o 2onneqeémce, the ball sotential ¥, whoee valve caa w3 be
directly determined from those dagta, fa subi2eg to uncertalniles Rt are o Be misfmized. To this
cod, the clestrode atrangument avst be such Chrt the wirtusl charges ( ZCUIVE ) 3¢ sero, and that
ckarge Q@ have a low wvaiae (s @t e The lattet condition leads to the chalce of Ball amd <spe aate-
viale prenenting only 3 small coatast potential differenre, is gtdey o limts the zharge acquired at
the rupture of olectiic rontact Batuecn (ho tue Modien. {8 {a moresves aecessaty o periodizally die-
chazge the ball, by brirzing it fnte costact with the cage, £¢ as &2 eliminate the oxtra chagees due
to coemic radlatisnc Wiosk eaargy o wefficiont ta crome the satellite and resch tke %l 2.

2.} Constitution of 3 getvacenival chamasl

The elecirdatatic emspesuton of the pros! vaee e ceslised by 2heee (deatical servecoateol
ctannels acting aloay (he thres adep €f (N fnstnumeat. Fizute ¥ representu the Slock ddagren of sae
channed.

The savily ssrrounding the proef aaes Lo put If commnfcatisn with frec spase in order %o eli-
sinate the danping aciion due te the pregenc? of a gar 1a e Ballecege gap, ar well ag ke pooematic
sertuthaticns due Lo the preogence of proseste gradienia: Im tMeee conditicee Ly Is necomeary, te oMaie
a stadle ouspeosion, that the valwee Wo of the poteciinla of the actiesm clectzofes beo fuatlinms of 1de Sall
poaition and velacity felazive 8o the rage. e this end, a capscitive traemsducer D prevides, oloeg each
s=is, 2 voltage proportionsl 20 the 2latance X of the Sall 2o & vefevemze potmt (eriptn 0 of the trams-
enen ), loxated as cloge an porsidle to thoe goomelriz cémize of 2he Cape and the elextrofes. lumping le
tatrofucod Into the (eedtack locp by the ®C covrectiag clsowit, whome outpul voltage ie proport lozal
20 ( ¢ TR ). The tinme conetaat T (s determined in ek & vay o6 20 oMaia the dosired deapiag ratio.




33

The set of amplifiers AR finally delivers the voltages V; to the s~ 50 electrodes, and makas it
possible :

-~ either to select, according to the sign of the aignal ( = + T 3, the system of electrodes
that should be polarized (the solution adopted on Cactus - ses sect? '’

- or to apply to the two upposed systems of electrodes voltagss Vi whose amplitudes vary in
opposite seoses around a fixed polarization value V, (a solution envicaged for future projects - section
S) @

Vi 2V ¢ K(xeoeTa) (8)
K being a comstant,

In all cuses, the information delivered by the accelerometer (though the wazasuring amplifiers
AM) is the values of the voltages V; of the various sction electrodes.

2.4 Precision of electrostatically suspended cccelerczeters

Cousidering the rough measirements only, the error writes :
L nd — -—t —
Aré = r" - rx * Ar:l 9
-—ltn
2.4.1 Contribution of the accelerometer to {p (see Eqs. 2, 4).

Physical phenomena likely to provoke noticeable disturbances are nany, if we consider the very
high senaitivity expected for these accelerometers, and their measuring range [3‘1 . That 1s why the
assembly comprising the ball, the cage and the electrodes has bee_rkdesisned with a viev to sinimize
these disturbances. In these conditicns, experience showed that fp results mainly from the residual
of gravitional attraction of the dall by the masses of the accelerometer ttself and the satellite as a
whole. This residval, which corresponds to the defect of spherical symmetry of the distribution of these
masses, can hardly be limited to less than 10°'07,

It should be noted that this acceleration is constant in a satell{te~related refereace frane,
s0 that it '3 casy to have a precise :stimate of it through observations ip orbit.

—
2.4.2 Contribution of the accelerometer to T (see Eq. 1.

Remembering the definition of this acceleration, it is possible to separate it into 2w inde~
pendent parte if ve not thar :
—r - — -t -
Gl uw GO + OB = X +» %
—

— —
wvhich leads to setting : (; = l"x‘ . rx‘

—— - —
The tnerzial acceleration rx,, te due to the off-centering A and the anguler motion SL of the
satelltte. Yo u_égu this acceleration to low values, ve must perform a strict centeting of the satel-

lite ta orbit ( A== 0O ) and lialt its spinnlag rate to values lower thaa 1077 rad/s.
—i

O the other hand, the inertial acceleration Ty, 12, only due to the sccelerometer. Hovever,
it is posaibdle to show that in petcanest regize ( §L and Vg conetant fin the absolute reference
frane}, the aceelevation Ty  ia zero {f the acceleromeler presesta Lhree identical limear servocentral
vhaanele. In cane the gervocontrole are mot linear, 3y csr slvays bde Brought back to acceptable
values by lawesisg the extellite splaning vats : £2 of the order of 10°Y red/e). Thus, the aymasic
perturdation 1y, takes ot fcoable valvews cniy durlng the tracsient vegimes correspondiog to sapid
varlatioas of the acceleratioa f to he @lasurd.

-l
2.4.) Uncertadngy on the calculatter of ascoleratien Ty develeped by the electruatatic mapes-
sion :

——————

-t
The previsualy glvan expressies af ac:ele:a::os_[‘g (€. 1) :
T A i. (v-wvY 9
v ® T &

Fr N

an be dovcioped a0 ae o briag te Might thyee terme :

— - iy -y
e e W o

v{tb —— ] o —‘,
-y ) Vo
we=-% &
O =3z %
- = s w
q’ - A ; vi LY i
- dce

-— -—
Acceiersticng ﬂr ang .- represent clectroetatic yerturdations, sesperidvelr iineat and guadeatie
fxoctisnn of the Wil polential ¥V . 7o last tern, K , teptegente T%e conlys) utc!muea sctvally
caleslatod (frem the voltages V) toamsmiited =y telawetry and tde valuer of gredicote WC, yrecided
by the calidrsticone).

-t — —— —— —
Thus, the ustortaiely ca t:, ts glvea Wy A“u P A rv. * AQ (19)
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i -~ Perturbation linear with the ball potential, \"v

As far as the arrangement adopted for the accelerometer makes it possible to cancel out the
virtual charges Z Civk (Eq. 6), the ball voltage V_Js independent of the voltages \i applied to
the action electrodes, To get free of the disturbance \"v , It then suffices :

—
- aither o maintain at zero the sum & ¥i VCi by using, on each half axis, two action
electrodes supplied by continuous voltages of oppoeite =igns (the arrangement adopted for Cactus),

- or to uge action voltages VL at high frequency and zero mean value (e solution envisaged,
for instance, for Super-Cactus).

ol
ii - Perturbat:on quadratic with the ball potential RI" :

The ball potzntial belag practically :
Vel (Ecivi = )
(3 3

thic percurbation writes simply :
32—
Ta = A & TG
v 2m G

Cp being the ball vapacitance reiative to the cage and electrodes assembly, which almost possesses a
spherical symmetry, the perturbation s zero { YCg = O ) when the bsll centre is at a poin: Of ,
called force zero, and lccated close to the geometric centr of the cavity.

- —
Noting 9 = OO¢ , the linearization of the peiturbation expression leads to :

R = p& (X-%) aun

The scalar , representative of thc systen geometry, is of the order of 4:1013/2, , where &,

is the ball-cage gap.
—

To winimize the electrustatic 1. bation obtained for low accelerition levels ( X ~» O ), a
careful positioning of the detector's n at the force zero must be ensured ( § ~» © ).

oty
111 - Uncertainty on the control acceleration : D\‘:,

—
In the absence of ecrors on the measurement of voluej.. \ , the uncertaluty AT;- is given by :

——l

M L= —
AT =4 2 Vi ( Ve -ve) (12)
Q. Ameu
——
where VCL” are the values provided by the calibrations.

In reality, the noise of electronic crigin issued from the detectors (circuits functioning at
the lowest levels of voltage and intensity) propagates to the servoloops, and thus is responsible for
an acceleration noise whose r.m.s. value Uy, determines the resclving power of the rough accelera-
tion measurements. The evaluation of W\'c does not present any difficulty, account being taken of the
detecturs resolving power anc of the tranufer functions of the circuits. For the noise at low freguen-
ciles, the servocontrcl can be represented by the diagram of figure 4,

The closed loop gain 9% / 9%y tends towards w™ when w0 30 that the noise spectral densi-
ty intervanes essemtially at the higheri frequencies within the electronic circuits bandwidth, That
makes this noise :asy o filter during data processing, and makes it possible to exploit position
measurements within less tha. 10”3m in spite of the low fraquency noise generated by the sphericity
defects of the ball (10°!um) in the preseuce of slow rotations of the Lall relative to the cage.

2,4.4 Conclusion

We have seen that electrostatically suspended acc:lerometers make it possible to obtain,
without any statistical processing, measurements of stowly variable accelerations ( T‘IK «» G ) wich a
very low bias (10~% G for Cactus), and a resolving powsr of the order of 10°5 of the measuring range.
As regards precision, it essentially cepends on the calibration means implemented.

3 - CALIBRATION METHODS

3.1 Ground calibr.tion of accelerometers

3.1.1 Ground measurement of capacitance gradients (fig. 5)

The ball {s positioned in froat uf the system of electrodes to be calibrated, which is mounted
on a support simulating the cage, The positioning bench allows in particular the ball displacement
along the electrodes axi:, ensuring a great stability of the ball electrode distance for all successive
positions. ker each position, the distance measurements (d along the displacement direction";) are per-
formed by a high resclution laser interforemeter.

For each value of & , two capacitances are measured :

~ one, noted Cy , 1s that of the electrode relative to the ball, the cage and the screen elec-
trode taken together




<)

- the other, noted Cy , is that of the electrode relative to the ball only advantage being taken
of using a screen electrode to implement an "in situ" measuring technique,

These two sets of measurements allow the definition, by identification, of two functions :

Ched () and  Cpx {y (D) .

As there is not, strictly speaking, a total influeace between electrode and ball, ¥Cw 1s the capaci-
tance gradient to be congidered for the calculation of the electrostatic force. The function
allows the calculation of this gradient :

—
Ve = guld)

Furthermore, to use these results it is necessary to be able to identify with great precision the

value of & corresponding to the operational arrangement of the ball-cage-electrodes assembly, and to

the positioning of the origin of the position detector in this assembly, This possibility is provided

by the measurements of Cy (= {x(i)), that are independent of the spurious capacitance values obtained

in the various mountings.,

The distance d 1s defined by the inverse { nction of gl :
-4

I. 1s difficult to evaluate the error on the gradient measurement, as this is essentially
conditioned by the choice of the models (functions Sn\and %; ). For Cactug, designed before 1975,
this error was lower than 1072 ; but, considering the improvements brought to this method since then
[A , a precision of 1073 can reagonably be expected.

3.1.2 Overall tests of accelerometers in the ONERA weightlessness facility

ONERA has at its disposal, at Chatillon near Psiris, a vertical tube 40 m high and 0.75 m in
diameter, where the diop duration is 2.9 seconds E;. A get of primary and diffusfon pumps makes it
possible to reduce the pressure inside this tube to 1075 mbar, which limits at 10776 the aerodynamic
drag of the capsule during the drop.

The accelerometer to be tesf:ed is mounted inside the capsule so that two of its axes are hori~
zontal. The external disturbances acting along these two axes are then very small, of the order of a
few 10796,

The weightlessness facility is the only means for testing the operation of ultra-sensitive
accelerometers, because the maximum measurable accelevation is very small as compared to the Earth
gravity.

A test conaists in analyzing the operation of the electrostatic suspensgion during the drop
duration. The main difficulty results from the limitation at 2,9 seconds of the test duration, while
accelerometers such as Cactus have response times of the order of 5 seconds, This difficulty can be
somewhat overcoma by equipping the accelerometer with electroni: circuits delivering higher voltages,
so that testing takes place within a less sensitive range (e.g. 107% - 1079) within which response
times are much smaller.

The teat capsule is also equipped with a device for positioning the accelerometer proof mass
at the cage centr2 from the beginning of the test : for this, it suffices to provoke, by displacement
of a small mass inside the capsule, a rapid translation of the capsule centre of mass in the drop di-
rection. The proof mass which, at the start, was resting on the cage, Is thus brought to the cage
centre if the device 1s so designed that the translation amplitude is equal to the ball-cage gap of the
accelerometer under test.

In gpite of these arraagements, the acceleromater can only be tested in transient regime, The
recording or all measurements provided by the instrument during the test makes it possible, by compari-
gon with results of numerical simulations taking into account all the test ronditions, to make sure of
the coherence of its operatioun. Thig method permits the discovery of any defect likely to affect the
operation of the ins.rument, an! expressed by perturbing accelerations as low as 5x1073G,

3.2 In-orbit overall calibraticn of the accelerometer
The in-orbit characterization of the accelerometer aims at :
- checking the value of the calibration coefficients (coefficients corresponding essentially
to the values of the gradients Ci of the electrode-hall capacitances),
- estimating of the hiases of the instrument : the estimation error of these blases constitutes

the threshold of the accelerometer.,

F.. The principle adoptad for the calibration consists in creating a known inertial acce}_gracion
1,, by imposing to the satellite a high spinning rate KL and creating a known off-centering A al-ng
the axis to be calibrated,

To calibrate the axis E; for instance (fig. 6), the rate L is imposed by the start of the ro-
tation of a wheel around axis % (or A% ), and off-centering X is obtained by displacement of a small
mass along X over a known distance.

- -

Supposing SL and A constant, we have @
" Wi LN
T‘x“ x - {n’ A]
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This acceleratfoun carn be celculated with a good precision, knowing ) by measurement of the small mass
position, and I from the values provided by the satellite attitude restitution. However, ths calibration
is carried out in the presence of accelerations other than (}l:

— - —r - —lp
Q,,_,(l",-pf‘“..\",).o\"z‘\ —
The principal errors are due to the variations of acceleration T% , of which we have precise
measurements only before and after the calibration operation,
——p
So, to minimize calibration errors, it is advisable to carry out these operations when Ve
ig minimum (at apogee, in the Earth Shadow), and to choose £ and A 1in such a way that acceleration
Ci‘ is close to the maximum value allowed to the accelerometer,

Estimation of the blases 1s obtained by statistical processing of the meagurements. Tha
principle rests on the fact that, in the accelerometer fraqupf reference, the blases are expressed
by constant accelerations, while the external acceleration Vi rotates, in this reference frame, at
the satellite spinning vate, Whatever the method used, it is thus mandatory to have available batches
of measurements which, for a same value of external acceleration (e.g. at apogee in the ghadow),
correspond to sufficiently varied attitudes of the satellite.

These rrinciples have been applied for the in-orbit calibration of Cactus. Obviously, they
can only be used 1f the satellite carrying the accelerometer has been designed accordingly.

4 - THE CACTUS ACCELEROMETER
4.1 Description and performance

The inertial mass, of aspherical shape, is wmade of platinum-rhodium alloy ; it has a diameter
of about 4 cm, a mass of 60C g, and is coated with a 2-um thick gold deposit. The shape defects, ex-
pregged in difference of sphericity, are lower than 0.1 um,

The cage surrounding this ball is made of a stalnless alloy, also gold plated. The gap between
ball and cage {s 85 um wide, and their maximum relative displacement, corresponding to the highest
accelerations applied, is 10 um,

This displacement 1is measured, on each of the three orthogonal axes, by a pair of electrodes
making up, with the ball, a capacitive bridge. The resolution of the position transducer is 10-3 um,
and its stability 7.10“5 ym per degree C of temperature variation. The position detection electrodes
are concentric with the electrodes developing the control forces of electrostatic nature, called
"action" electrodes (fig. 7). For reasons of electrostatic balance (see section 2.2 and Eq. 6), these
latter electrodes are supplied, on each half-axis, by two equal voltages of opposite sign.

The two electrodes of each half-axis being supplied or not according to the sense of displa-
cement of the hall, there re¢sults that the relation between the component along the axis considered
(e«8e 2 ) of th~ control acceleration, T‘u, , and thes value of the two voltages applied, +d¢ and - e ,
is of quadratic (- -, This conformity law leads to a dynamic response which depends on the level of
acceleration app .>d. Figure § gives the responses of the instrument, expressed as the ratio between
the instantancous value of the measured acceleration (s and that of the applied acceleration Ty
for three steps of applied acceleration, equal respectively to 1078, 10°7 and 108G,

Cactus presents itself as a self-contained assembly, compriging the cage with the ball, the
gervocontrol electronic circuits, those for conditioning the measuring signals, and the tubes con-
necting the inside of the cage to the gpace vacuum, A mechanical support used as a reference makes it
possible to place, during its mounting, the ball centre reference as close as possible to the satallite
centre of masgs.

The nominal characterigtics of Cactus are ag follows :

« Measuring range (modulus of acceleration vector) ' 1075
. Bias lower than 1073
. Resolution (at low accelerations) 2,10710¢g
+ Conformity law quadratic
« Precision of sensitivity coefficient (error from
conformity law) 1072

. Response time at 57 :

- at low accelerations 6 sec

- at hagh accelerations 2 sec
. Domain of no damage 56
. Electric consumption 2 W
. Operating temperature - 20 to + 40°C
+ Mass 10 kg
+ Volume 10 dm?

4,2 Scientific results obtained on board the Castor satellite

The orbit of the Castor satellite had a perigee of 270 km and an apogee of 1200 tm, with an
inclination of 30° on the equatorial plane. The forces acting on the satellite, and measured by Cactus
in terms of acceleration, comprised on one hand the atmospheric drag and, on the other hand, radiation




pressures, viz, those due to the direct solar radiation, the solar radiation backscattered by the
Earth, the thermal radiation of Barth, and the anisetropic thermal radiation of the satellite, whose
surface temperatures ware widely different between the lighted zons and the opposite side.

From the knowledge, at any time, of the satellite position along its orbit, as well as of its
attitude, it has been possible to separate the components of these various accelerations, as well as
those due to the biases of the instrument, The data proceasing method, developed by the Centre for
Geodynamic and Astronomic Studies and Research, Grasse, Southern France, made it possible to exploit
a resolution of :

- 10710 G for any individual measurement of low ncceleraticn (lower than 1078G),

- 10:ll G by statistical processing of a large number of measutements(hlso for accelerations
lower than 1078 G).

The few following results are given ar examples :

- Atmospheric density [6] . Figure 9 represents the curves of equal value of the ratio :
observed density /theoretical density, the latter being that given by the Jacchia model ¥4 [7] . The
measurements revealed density variations as a function of longitude, that the theoretical models did
not meantion.

- Earth infraredradiation[8] . Figure 10 presents a histogram traced from the mean values
from the acceleration due to this radiation, and taken on 211 arcs of orbit, of 5 minutes duration each.
The dispersion obgerved results non onlv from the measurement uncertainties, but above all from the dif-
ferences of thermal emission of the overflown zones (oceans, continents, cloud covers), More detailed
processings revealad systematic differences between oceans and continents, or bLetween equatorial and
tropical zones, and these Jdifferences are in good agreement with radiometric measurements from space,

- Own_thermal radiativn of the satellite [51. The anisotropy of this rudiation is emphusized on
figure 11, which presents the decrease of the correspunding acceleration when the satellite enters the
Earth shadow. This decrease is due to the re-equilibration of the surface temperatures following the
disappearance of solar radiation.

5 = FURTHER PROJECTS
5.1 The Super-Cactus project
A study carried out on request from the European Space Agency showed the feasibility of a new

generation of this type of accelerometer-called Super-Cactus~ , with a precision improved tenfold [?] .
Its main expected characterigtics are as follows :

. Measuring range 10776
. Bias 107 1g
. Resolution 2 10713
. Regponse time at 1% 17 sec
. Electric consumption 3W

The structure planned for Super-Cactus is very similar to that of Cactus, the sensitivity
increase being obtained by :

- new electronic circuits for the capacitive measurement of the relative position of the ball,
charucterized by a better thermal and temporal stability ;

- a new technology for the construction of the cage, increasing its dimensional stability ;

- an optimizacion of the characteristics of the position servocontrol for a measuring range
ghifted towards lower accelerations,

Super-Cactus has been designed with a view to constitute the payload of a satellite measuring
the Earth radiation budget (project Birsmis, of ESA). It is shown that, if the satellite has a spheri-
cal shape and if its surface displays certain thermo-optical properties, the acceleratiorn imparted on
it under the influence of the radiatior pressures of various sources constitutes a vector measgurement
of the local resultant of the energy fluxes emitted respectively by these sources. An appropriate
processing of this vector would yield the determination of the energy exchange between Earth and space
at ell points of the orbit, Moreover, a statistical processing of messurements issued from several
satellites of the same nature would make it possible to calculate the global radfation budget of the
Earth, a fundamental value in climatology [}O] .

5,2 Projects of accelercmeters with linear response

The experience acquired with Cactus and the progress achieved at ONERA in the field of capa-
citive metrology open the way to the concept of three-axis electrostatic accelerometers wita a linear
regponse, adapted to the measuremeunt of accelerations lower than 1073g,

A measuring range from 10736 to 1076 can be envisagod, in partisular for space applications,
as, on one hand, these values correspond to the accelerations obtained in "laboratory satellites” and,
on the other hand, the acrelevometers developed for inertial navigation are poorly adapted to operate
in this range, where their preclaion and their resolution are insufficient, For the electrostatically
suspended accelerometer, the expected precisicn is 1073, which corresponds to the present possisilities
for measuring the gradients of the ball-electrodes capacitances. The resolution depends on the filtering
performed on the measurements, but would any way be better than 10-7G.




In spite of the polarization voltages \ to be applied to the action electrodes in order to

obtain a linear characteristic, the resulting .bias is bxpected to be lower than 3x107%G, with a stabi-
1ity of 10°7G, As compared with Cactus, the sensitivity of these accelerometers would be lower, hit

on the other hand their responses would be faster : 0.2 sec for the response time at 1Z to an accelera-
tion step {which corresponds to 2 natural frequency of the order of 5 Mz).

10
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INERTIAL SYSTEM ALIGNMENT AND CALIBRATION
ON A MOVING BASE

Mario B, Ignagni
Honeywell Inc.
Systems and Research Center
2600 Ridgway Parkway
Minneapolis, Minnesota, USA 55413

SUMMARY

The problem of optimally aligning and calibrating an inertial navigation system on a moving base
is addreased. A comprehensive solution to this class of problems is given and shown to be optimal,
subject only to structural constraint normally {mposed by practical implementation limitations.

1. INTRODUCTION

The alignment and calibration of an inertial navigation system, while on a moving base, represents
an important class of problems encountered in both air-launched and ship-launched vehicle applications.
The problem of interest is that of optimally establishing a slave inertial system's attitude, velocity,
and position relative to a geographic navigational reference frame, and an estimate of its sensor cali-
bration errors, by means of information obtained from a master navigation system aboard the transport
vehicle. The master navigation system may, in general, be aided from some external source of navi-
gation information and may also be of a different generic type than the slave (such as a platform
rnaster system and a strapdown slave system). Aiding of the master system and transfer-alignment/
calibration of the slave system are assumed to be carried out utilizing Kalman estimation techniques.

The solution to be developed assumes that the aided master system is completely independent of
the slave system during the transfer-alignment/calibration process. This is a reasonable assumption
from two pointa of view, First, the slave system is generally of lower precision than the master and,
rence, would contribute little or no improvement to the estimation accuracy of the master's errors.
Second, if the master gystem's Kalman estimator were generalized to include infermation from the
slave system, the dimension of the resultant estimator would be prohibitively large, since all of the
slave's error stztes would of necessity have to be augmented to thoge of the master.

The solution given is based on the idea that, as a first step, the alignment and calibration of the
slave system can be carried out as though the master system were error free. Then, as a gecond
step, the alignment and calibration of the slave can be refined by introducing the master system's
estimate of its own errors intc the process, This two-step procedure is shown to yield an optimal
result subject to the structural constraint defined above,

The transfer-alignment/calibration process is specifically defined, in the development to follow,
for iae case of velocity matching. However, this is not an inherent Ymitation since, in general, the
method allows both attitude and position matching to be incorporated as well, ecither singly or in
combination with velocity matching.

2. NAVIGATION ERROR MODEL

The navigation error model assumed in the development {5 a "v~angle" formulation, which {8 a
classic set of navigation error equations applicable to all mechanization options (Reference ). Tae
tan;:le error model may be expressed in the following form

t = ~(+ta)xy N
8
6V = ¢ - 4x A" -(20+0)x -u’ 6R @
+ 302 (OR * R/IRD) /IR + og
6% = 8V - px ¢R (3)

where

t+ = attitude error vector
8V = velociiy error vector
SR = position error vector

p = ungular velocity vector of local-vertical refercnce frame relative to an
earth-fixed frame
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fi = angular velocity vector of the earth relative to an inertial frame
AL = vehicle non-gravitational acceleration

R = radius vector from earth's center to vehicle

w, = schuler frequency = Vvg/R

¢ = angular rate error due to gyro errors

ea = gcceleration error due to accelerometer errors
g = error in computed plumb-bob gravity vector

It is assumed that all vectors are expressed with components in the local-vertical navigation
reference frame.

The vectors ¢, and e, may be further expressed in terms of individual senvor errors as

g
= T M &
‘g g e
e = T MOA
a a a a

where

6wg = vector of gyro errors (bias plus random noise)
8A = vector of accelerometer errors (bias plus random noige)
T = transformstion matrix relating gyro reference axes to the local-vertical franie

T = transformation matrix relating accelerometer reference axes to the local-vertical
{rame

M = coefficient matrix which transforms the collection of gyro errors into a net angular
€ rate error in the gyro reference axes

Ma = poefficient matrix which transforms the collection of accelerometer errors i{nto a net
acceleration error in the accelerometer reference axes

For the purposes of the digcussion to follow, the generalized navigation error model will he written
in the following discretized form [Reference 2j:

X = A X
nn

. ¢+ B b +eg +E (4)

~1 n

bn ° Fn bn-l * “a )

where x {s the vector »f navigation errors defined by

x = (yovoamT
and
b = wvector of sensor bias errors
€,u = random vecter sequences uncorrelated in time and with respect to each other

n 2 iteration designator

with A, B, and F being time-variant coefficient matrices, An important property of the error model
which will be utilizcd to advantage {8 that, regardless of the mechanivation option (1, e., strapdown,
platform, ESG), the coefficient matrix A i{s ~lways the same. This {8, however, not true of the metrix
B, which is strictly determined by the particular mechanization option. These properties, which may
be inferved directly from enuations (1), (2), and (3), are discuseed at length in Reference 3. 1t will
also be noted from (5) the- Ye general case, provision {8 made for time-correlated sengor blages
(i.e., Gauss-Markov proc )e

The generic crror model given by (4) and (§) will be utilized in the treatment of both the master
and slave systems which follow.




3. THE AIDED MASTER NAVIGATION SYSTEM

The master navigation system is assumed in general to have access to external aiding information,

such as that provided by the Global Positioning System (GPS) or LORAN, and to pogsess the computa-~
tional capability to optimally utilize this aiding information, which means, in the latter instance, that
the master navigation system has its o'vn dedicated Kalman estimator to allow continual update of its

navigational states and sengor calibration coefficients.

The navigational error model for the master system is taken from (4) to be defined by

m m m.m
X7 = A XD+ BIDT +oog (8)

where it is assumed that the master's bias vector (bm) is essentially congtant and that the vector €
(arising from sensor random noise) is abgent or ignorable, Both ¢¢ these restrictiors are generally
satisfied in high-precision navigation systems, and it may be presumed that the master navigation
system would normally be a member of such a class of systems,

The measurement equation for the master navigation system can be written in the following
generalized form

m m r m
= + B +
In H;n *a hn Tty @
where
ym = measurement vector for the master system
™ = vector of master system's navigational errors
r = vector of error states associated with the external aid and gravity error model
m.r

H ,H = observation matrices

il = observation noige vector

All of the gtates agsociated with the aided master system can be adjoined to form the state vector,

z, defined by
z = x0T r)'l

which may be recursively estimated by means of the conventional Kalman estimator (Reference 4):

% °n “n-1 (8)
PT s 8 P L8 o+ (9)
n n n-l n Qn

R AR NEE R (10)
n o n n n n N

3 3% + K (yL 2) (11)
n n n 4] N n

> Y -

P U-K LIPS (12)

2 .2 = apriort and apostoriori estimates of z at the n th update peint

P;‘. Pn ¢ gpriort and apogteriori estimation error covariance matrices at the n th updat.
t = state transition matrix from (n-1) th to n th update points

K = gain matrix

L = observation matrix

Q = process noige covarignce matprix

R = observation noigse covariance matrix

N




The sstimation error covarfar.+ :natri. of z i8 defined {n partitioned form as

Pt PR po
x xb xr
mT m m
p = P P For
T mT
an;' P br Ps‘ i

with the matrices ¢, L, Q, and K be: g partitioned in like manner.

The Kalman estimator for the master system will, as noted earlier, be taken as completely inde-
pendent of the slave system; that is, no information from the glave gystem will be assumed to enter
into the estimation of the master system's states.

4. TRANSFER-ALIGNMENT/CALIBRATION OF THE SLAVE NAVIGATION SYSTEM

4.1 Initialization of the Slave System

The slave navigation system is normally initialized by a direct transfer of navigational information
derived from the master system. The master's velocity and position components in the local-vertical
reference frame are transferred directly into the slave, after being suitably adjusted for the known
separatioa between the two systems. The initial attitude of the slave system is derived from the
master's knowledge of vehicle attitude and the approximately -known attitude of the slave system relative
to the vehicle frame. The initialization process defined results in initial slave velocity, position, and
attitude errors which are equal to the corresponding errors in the master aystem, plus the relative
errors arising from vehicle flexure, the uncertainty in the slave's attitude relative to the vehicle {rame,
and the uncertainty in the displacement between the master and slave systems.

4.2 The Measurement Process

The slave navigation system is assumed to be aligned and calibrated by velocity matching with the
master system, utilizing its own dedicated Kalman estimator. The measurement equaiion for the slave
system is defined for the velocity -match proceas as follows

N G (13
where
v o velocity vector computed by master navigation system
Ve e veloucity vector computed by slave navigation system
\;L = lever-arm velncity correction
2 exd
and

vehicle angular velocity vector

¢ = displacement vector between master and slave navigation systems
The measurement equation may be expanded by utilizing the following relationships

v e v, oo g (14)

5 , \ 4 ,
v \-o + VL + \d + 8V (15)

where

V_ = true vehicle velocity at master navigation system location
V., = eoxtraneous velocity at slave navigation system location due (o vehicle flexure

sV = velocity error of master navigation system

av? - velocity error of slave navigation system

Utilizing Equations (14) and (15) in (13) yiclds the following fotm for the velocit, -match measurement
equation procesged by the slave Xalman estimator (assuming = perfect VL correction):

P N N A vy
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Before differencing master and slave velocities, and processing through a Kalman estimator, it is
possible to prefilter each set of velocity measurenients to remove, to a large degree, the effect of the
flexure-induced velocity (Vy). Prefiltering is commonly utilized to advantage in Kalman estimator
designs when measurements are available at a much higher rate than it is poasible or desirable to
process them. A convenient type of prefilter to employ, when the measurement is corrupted primarily
by high-frequency noise, is a first-order lag. The time constant of the lag can e chosen tu praduce a
desired degree of attenuation of the noise in the measurement, while leaving the signal component
essentially unaltered. Furthermore, if the Kalman estimator update interval is on the order of two
or more times greater than the natural period of the flexure motion, the prefiltered measurement
noise may be accurately represented at the Kalman estimator update points by an uncorrelated random
sequence [Reference 5). Therefore, it will be assumed that the series of measurements utilized in the
velocity-match Kalman estimator can be faithfully represented by

v = AN A W (16)

s
where nn is an uncorrelated random sequence.

4.3 The Differential-State Estimator

From the generic form of the navigation error model given by (4) and (5), error propogation in the
slave system is taken to be defined in general by

s _ ] 8.8 s

x = A x  *+B D A.gn e (17)
S _ 8,8 g

bn Pn bn-l Ty (18)

it is clear, therefore, that the di{ference between the master's and slave's navigational errors, defined
by

can be completely determined by subtracting equaticn (17) from {6), to yield the result

- B%0S + BT - 6 (19)
nn n

dx ¥ A Ax
n n-"n n

-1
in which the absence of the gravily error, 8g, will be noted.

Returning to the velocity -mateh measurement aquation, it 18 evident that the following alternate
formulation is posagible

¥ooe H G vt s " (20)

where B is the observation matrix defined by

i = iax o!

and
W e o 1 ol

A welocity -mateh RKalman estimataer can be predicated on the basis of (18) and (19) defintng the
state equations, and (20) providing the measurcment relationship. A complication arigses, however,
due to the presence of the master's bias vector, b, in the state equations. A unigue method of
dealing with biases in Kalman estimators has been suggested by Friedland in Reference 6, and seme
essential eloments of this method can be incorporaled into the transfer-aligament problem. The
following development utilizes tve central idea of Fyriedland's method in 3 modified form more suited
to the problem at hand.

4,4 The Bias-Free Estimator of 4x and v*

Suppose tiat the master's bias vector b™ is ignored (that is, agsumed to be zero) in (19), 2nd that
a Kalman estimator is defined which produces estimates of 3x and b® utilizing the process equations

s

ex ¢ A ax . - B b® - ¢ :

n n n-i nn n 3

g 8.8 9 +
3 +

bn * In hn-l “a F
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and the velocity-match measurement equation givea previously, The estimate of ax and b? will then
be defined by the following Kalman estimator recursive sequence
2% « A Z° (21)
n n n-1
8- 9 T 8
Bo=A P A+ Q (22)
% = et @P? ' + rY (23)
n n n n
28 2 2F v KB - uzZ®) (24)
n n n n n
$° . g-%mpY 25)
n n n
where
2 = ax bs")'r
and
;-s-’ z% = aprieri and aposteriori estimates of z° when the master's bias i3 assumed to be
rer:

57, B% = computed apriort and uposteriori estimation error covariance matrices of z°
when the master's bias i3 assumed !0 be zero

g = gain matrix
The matrices Q° and R? are the slave system's process and measurement noise covariance matrices,
defined by

I_..(gggsl‘ o

o E(nsuslr)

Q=

Rﬁ - E ms“-s'l‘

and P? is defined in partitioned form us

r ~
w8 o3
% ! ix Pé:b
¥ oo. ;
2T w8 ’
ﬁ&sb g’b |

N

The inttial value of ffs is chogen as

Pi’s {o) o
isﬂ - 3%

-]

where i x (0] is the covariance matrix of the initial estizaation eryor sn 8x,. and .’.’h {o} t§ the errer
covarimce matrix ioi the initial estimate of the sisve's sensor bisses. The initia) errer covariance
matrix F.*.s {o) 15, a9 a ve~ult of the infttalization p. ocess defined, determined entirely by the rolative
errore originating from velucle flexure, the uncertainty in the slave's attitude relative to the vehtcele
frame, and the uncertainly in the displacement between the master and sluve systems. This follows
from

"

The designator "o (s used throughout tu indicate the time point al which the ‘ransfer-alignment
process beging.
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where

X, x

Ln s initia) master and slave navigational error states

X

e oW

= initial error in correction for relative effects
which leads to

;] - - T
P x(O) = E [(Axo - Axo)(Axo - Axo) ]

&
amn _+8_,.m_s) [am _+s_ . .m _glT
E{[xo X (xo xo)] on x (xo xo)] }

and, because the iritial estimates of the master and slave navigational errors are equal {i.e.,
28 - gmy
o o’

3 m g, m T}
Py (o) = E [(xo -y - x2) |

e b _rT
s L(xoxo)

Also, since the relative errors are independent of the master system, the initial estimaticn error in
4x is uncorrelated with all errors of the master. This is a key fact t¢ be utilized in the later
development.

4.5 The Perfectly-Known-Bias Estimator of 4x and b°

The bias-{ree case is closely related to the case where the master's bias vector is perfectly known.
Even though, in the context of the present problem, this is strictly a fictitious situation, congideration
of thig case allows a natural and simple exposition of the solution to the transfer-alignment/calibration
problem.

If the master's bias vector were perfectly known (that {3, with zero variance), the optimal estimate
ef b™ would be one and the same value, and the recursive estimate of 23 would take the form

= = Az +BULT (26)
n a n-l n

Bs" g LT W8 -
BTosa P A v Q) (27)
AT AR LN S o LRI e z8)
n 23 a n

'SR B S R (29)
f n 0 n 2}

Poea - Bl {30)
b2 n a

where 27 and 2° are the apriort and aposteriori cstimates of 2° when b is perfectly known, and b
1$ the true value of the master's biaw vector. The gain matrix (R¥) for thiz eatimator is tdentical to
that of the bilas-free case, o are the 3nriort and spostertari errod covariante matrices \P8™, BE),
with only the siale eatimation cqualions betng Rifferent. Howover, the imporiant distinction to be roted
1o that when b g perfectly known, the resuliant cstimator produces 3 live Mminithum variahce estitnate
of =¥ with B* being 3 trve statistical measyre of e error in the estitnate; whereas, when the bBiag ix
simply ignored, e estitaste of 27 i3 not minimur varisnce ih nature, and P3P is not a true measure of
the statistical errer in the estimate.

The initial catimnation ervror ard covariance malrix for the estimator having perfect kndwiedge of
the master's biae are exactly the same a5 for the bias-free estimator, since botk estimnators are
injtially tdemtical in sll respects.

. . o L
4.6 Kelationehip Helweeh the Bing-Frea and Perfecily -Krnoam-iligx Halimales of ix ard b

The racuraive estimate 2%, ax dofined by (21) and (24), will differ from 5’. a0 defined hy (28} and
{29), dur only io e pregence of D™ & the lalter equation cel. Fince egquation zet (28) and 1201 i
strictly linear in nature, is solution cas ke decampased inte two paris: 3t part due to b™ alose and
the rematning part due o the fnrc%z:%' function y‘ . The companent of t5, due to the forcing function v®.

3 clearly identical to the sofution T oltsined from 121) and (243, which zllows .0 follsring relation-
ships between the tv o estimates 0 be written imriedistely as
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227 2 %% 4y p™ (31)
n n n
22 =z 4+ v ™ (32)
n n n

where U and V are sensitivity matrices which are to be defined. From (21), (268), (31), and (32) the
following is easily seen to be true

g~ ~g- m -3 ~g m . m
- - +
zn zn a Unb s An (zn“1 zn-l) Bn b

= A V. b® + BT
n n-1 1
m m
=(a vV . +B)b

Therefore, the senaitivity matrix relating the apriori estimates, 'i':- and i:-. is given by the
relationship

m
U, =AV _, +E (33)

Similarly, from (24, {#9), (31), and (32) one fin o that

- ~ -y ~ge 8 Lo~ 8- ~g-
23 - 2% a v p® 4 2% L 2% 4+ B [--H("--,.)J
n n n Lo n

z
a n n
= U b2 - %K w U b® '
n n
from which it is ciear that the sepsitivity function relating the aposteriori estimates, 'i: and if,
iz given by . *
9 28 oo &
t - s - 1R
v, = ﬁn Bu o= u-K my 34

Equations {33) and (34) taken icgether provide a recursive algorithm for computing the senaitivity
fuactions appearing in (31) and (32),

4.7 The Adjusted Estimates of 5" ana b’

The estimate of b, a8 obtained from the master syatem's independent Kalman estimator, can be
utilized to corroct the bias-trae estimato ¥, as Jefined by (28) thraugh (30), by means of the following

N g s m

*A * .
i, v, % b {38}
£« 3% ey g (36)
n n n 0

where £%7 and 25 ere the apriori and apostoriori adjusted dstimatas of 2®, and 6™ (s the master
system's egtimata of its own Diag vecior.

Tha apiiori and aposieriret adjusied estimatoy of 8x and ° foliow dlreatly as

- ‘~~ . "m
Ain s+ U b, {37)
07w B2 vy, mf, (38)
a2 = a¥ o+ v wmE’® {39)
n 0 X Ei
62 B o+ v ™ {40
n n b ) .

«which utilize the partitiona irherent in ;s' P, ad V
~8 ~ AT g
3% . m:S P, U oe [uiub} Ve ‘x!vb]
The effinzey of adjusting the biss-Drec estunsies L Uie thanner given i spparent from the relation-

ship betwecn the bias -free and perlecily -khown-tige eastimatas given in {31) and (32). Since the master
system's estimsate of ite own bigs vactor is saken to be completely {ndependent of the slave eyetem and




T TR YN R i

TG SIS Yo s et © et e

because b™ is by definition-an optimal estimate of the master's bias, one may conclude that the
adjusted estimate of 22 is also optimal,

Finally, from the definition of Ax, the apriori and aposteriori estimates of £8 are determined from

£:' = 2:" - [&; + U (n)S:"Ll] (41)
R [A':Zn + V@ 6::‘] (42)

where £ and 2™ are the corresponding estimates of the master's bias,

4,8 Error Covariance Matrices for Rs and ﬁs

The estimation errors for the slave system aposteriori estimates defined by (40) and (42) are
derived in the following manner. The estimation error for 28 is first determined as

-t a g™ [z&n sV (n)s:i] -

m m . &.m s ~ m m _m,
- - - +V (n -V 4. (s -b
* gn xn +x“ xn [Axm x )b ] x‘]) n /
m . m o,z . \ m ., m,
s ﬁn x, (..xn Axn) Vx m)(ﬁn \ {43)

where, as recalled, Ax is the estimate of 4x which would be obiained were th~ master's Yias known
perfectly (se: ecuations (26) through (30)). Tho apusteriori errnr covarianc. matrix for the estiniate
£3 is then deiermired direcily from (43) as

PPy = E [m“ - x0)g% - T]
< n n n a)

m ] m T m, . T - 7
° P (n)+ B ax @V PV () - Py ()Y ) -V W) P,C W) (L)

where the following dofinitions appiy
PPt = E [(&m M E™ M T]
x n n n n
- ~ T
PP - E [(b“‘ N S S
n . ]
m

. woo.om, .am w, [
be(n) a B [(ﬁn -x“)(bu -b) J

& - - T
Y’Ax(n) = E [(Axﬂ sox ) ax - ax ) ]

The following identities were also utilized in obtaining (44)
E[(Qm -2 lax_ - a3 )T] .0
n S » n
*m m, - T
B [ (bh ) (ﬁnﬂ A?n) ] - 0

which aimply exvregs tne fact that the estimate 8% i3 initislly, and at all subdequent times, uncorrelated
with the estimates produced by the master system's Kalmen estimator,

n a simiiar manner, the estimation error in &* fa found to be
~ .8 8w oM 8
®n b Sn + Y, ) O " b

8 m m .m 8

= Blev o Vv G- -

>

bm

a8, sm
bt o+ b ) (¢5)

froin which the aposteriori error covartance mutrix is determined ag
s 8 .8, .8 « T
Pb {n) = E [(6n b“) (bn b“a ]

8 m T
iib +V, WP (a) Y, () (46)
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and the fact that the estimate SB is uncorrelated with & has been utilized.

The apriori estimation error covariance matriceg are obtained directly from (44) and (46) with the
substitution of the apriori values of PR, P{,n, P%. Pyy, and 25{', for the corresponding aposteriori
values, and with Ux and U, substituting for V, and Vb'

A block diagram of the transfer-alignment scheme {8 shown in Figure 1. It will be noted that, for both
the master and slave systems, the navigational stutes are output-corrected rather than by direct reset
of the internal navigational states, It is clear that this is an essential requirement during the transter-
¢lignment process, since access to the unaided velocities of both the master and slave aystems is
required in the implementation of the slave Kalman estimator. Preceding the transfer-alignment
proceas, it could normally be presumed that the aided master system is corrected by a direct reset of
its navigational ard bias (sensor calibration coefficient) states and, consequently, at the initiation of
transfer-alignment the master's estimate of the errors in these states would be zero.

It should also be noted that, even though the scheme given is generalized to include an estimate of
the slave's positional errors, these states can usually be made equal to thogse of the master system
with little or no degradation of cverall performance,

4.9 A Special Case

Suppose that, to promote computational simplicity, the correction of the slave states for the master's
bias is omitted. 1t is of interest to establish the estimation accuracy associated with this case.

To begin, it is noted that the omission of the correction to the slave's gtates, for the master's bias,
is equivalent to assuming that the master’s bias is identically zero - which, in fact, is the master
gystem's estimate of its own bias at the initiation of tranafer-alignment. Therefore, following the
development which leads ta (43), and substituting 6™ tor ﬁm. results immediately in the modified
eatimation ervor equation ° n
25 5% 2 g™ L -ex ) -V ) B -

n ‘n n n n n x o

The estimation error covariance matrix {8 then determined as
-] »M I m T - .a¥
Pi) = Py )+ P m+V P 0}V () G, (n) - G (n) (47)
whera

. M m, em T] T
Gx(“) E{(ﬁn :t“)(b0 b ) V: {(n)

Returning to the generalized recursive form of the Kalman estimator given by (8) throngh (12), it
is a straightforward mattor to show that the estimation error at the n th update interval may be
expreased in the form

£ -z w W (§ -z )+...
n an'e o

1

where the migsing termis are a function only of the process and meassurvment noise, and W s defined
recursively by

Wy = BR oD Wy W, =1

Therefore it is clear that the estimallon error in i:: ' can be expresged i terms of initial estimation
errors as

m .m m m an . m
in “x 0 . Wn(n)(io -30)0“"2(&1)030 3 I

where Wy, and Wya are %e sppropriate matrix partitions of W, ag defined above, This expsnsion of
the eatimation error in Rn allows G‘ {n) to be evulunted a9

. T
G, tn) » [""'u cn)v:‘b (0) + W, (nw;“ (o)] v, (o) (48)

which comp.ctes (47).
In s similor manner the estimation error equation for the slave's blas {s, from s modificatiun of
(45),

‘8.8 o8 .8 .om . m
bn bn bn bn*\'b(n,(bo b))
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which leads directly to the estimation error covariance matrix

Pl = B )+ v, ) B (o) Vy () (49)

4.10 Effect of Lever-Arm Correction Uncertainties

Consider the case where the separation between the master and glave systems {8 not perfactly known
but is subject to a finite error. It is of interest to establish the effect of such an error on the alignment
and calibration process for the slave system.

The error in the lever-arm velocity correction, GL' due to an uncertainty, 84, in the lever arm
is defined by
oOL = yx8d

where w is the angular velocity of the transport-vehicle frame, The error 3% may also be written in
the form '

a\'rL = H, 8¢
where
ro -0)3 (Dz
Hy = oy o -u
"0)2 Ull o

and the @ are the components of w. Therefore, repeating the steps which lead to the measurement
relationsfnp given by (16), the following modified result is obtained

yo = v - eV amst e (50)

The introduction of the term due to 8 £ does not require a modification of the generalized compwmtational
format for the slave cstimator, since it is always possible to augment the differentiai-state error (4x)
with the three gstates associated with 8 {, and to redefine the slave’s measurement matrix as

H = lo1o HLI

. Inthe event that the velue of @ utilized in computing OL is also in error, a secoad component of
8V, can be defined as

L -~
GVL =2 dpxd

where ¢w is the uncertainty in the value of w determined by the moster navigation system. If the master
system 13 a platform or ESG navigator, » is determined by differentiating the attitude readout angles,

in which case 8V, can be approximated by a while nolge function that can be lumped with the random
measurement noise 7 originating from vehicle flexure. If the master navigator were strapdown in
nature, the value of @ would be avajlable directly from sensor outputs and could be taken, for tie purpose
of computing VL' to be essontially error free.

5, CONCLUSION

A miethodology for alignment and calfbratioa of an inertial navigation systom on a moving base has
been dafined which provides an optimal result for the sssumed restriction that the alded master navi-
gation system operate independently of the slave system--a restriction that is enforced by practical
implementstion coastraints,

It was shown that, in the general case considered, the slave systemts navigational and jensor hiss
states can be optimally estiinated by ulilizing all of the information available from the alded master's
Kalman estimator. In the special ense considered, only the alded master's estimate of its navigational
errors emers i{nto the estimation of the nlave errora. In both cases, the estimation error covariances
can be rigorously and completely defined. The estimation error covariance computations defined are,
with the exception of those required in the estimators for the master system and the bias-free alave
systers, intended only for offiine performance analyses - and are not required in the aclual imple-
meatation of the scheme,

Even though the trrat ment o) the slave Kalman estimstor was based on the sptimal form for this
type of estirnator, the regults given are also applicable if the slave estimator is, in reality, suboptimnal;
that is, if one or more of the gluve's error states is totally {grored. In lgds case it is only necessary
that the covariance matrices P, and {required in computing P; und F) be obtained from the full-
state slave crror model utilized In confunctioa with the gain metrix K computed by the bias-Tree slave
cstimator.
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IDENTIFICATION AND DETERMINATION OF STRAPDOWN
ERROR-PARAMETERS BY LABORATORY TESTING

by
Dr.D.K.Joos
U.K.l(roqmann

Rodenscewerk Gerdtetechnik GmbH
postfach 1120
D-7770 Uberlingen,Germany

SUMMARY

The performance of an inertial navigation system (INS) is largely affected by a number of
important error-sources, where most of which are related to the instrume.ts used. This
particulary applies to strapdown-systems.

The paper describes laboratory test procedures to determine static and dynamic parameters of
the gyro and accelerometer measurement model.

It is shown, that a proper rate-test and a multipogition test with respect to earth-rate
and gravity-vector are well suited to ascertain static parameters with sufficient accuracy.
Optimal parameter values are retrieved from measured test-data applying regression analysis

techniques. It is shown, how uncertaintiss in parameter estimates can be determined from
actual measurement residues.

The verification of major dynamic performance parameters of interest (i.e. anisoinertia
torque, angular acceleration term) by appropriate test procedures utilizing a 3-axes test-
table is shown,

Applicapility and feasibility of the proposed test-procedures is demonstrated utilizing
the Modular~Strapdown-System (MSS).

Test-configuration and sequence as well as processing of test~data including collection
and reduction are described. Significant MSS error-parameters are extracted and evaluated

applying iterative linear regressiocn techniques. The corresponding softiware-structure is
described.

The resulis obtained confirm the usefullness ¢f the develcped test-procedures and software
for calibrating a strapdown-system with sufficient accuracy. Moreover it can be stated that
the software-package exceeds its pure calibration function. It proved to offer a conside-
rable potential to analyse a strapdown-syatem as well as the test-equipment.

1. Introducticn

The cbiective of INS-Teating i3 usually devoted to demonstrate basic system navigation
accuracy.

The performance of an inertial pavigation system is largely affected by a nuaber of impor-
tant error sources, where moat of which are related to the {nstrurents used. Thia particu-

larly applies to strapdown-systems, :

Recant advances in sensor technology have provided iastruments capable of detemdining angu-
lar rates and acceleration with high accuracy ovetr a broau spectrusm of dynamic corditions.

To fully vtilize this potential requires accounting for several instrumente- and system
effects, which otherwise would cause considerable ravigatiocnhal errors. To accoeplish this,
precise laboratory measuresent and identification of important parameters are hoconssary.
Such sensor performance informationh representis the basia for the calibrstion or error-cum~
pensation algogithka included in the Strapdowmn-Inertial-Systénm software.

2. Brief comparigon of gimballed versus strapdown indrtial systom

Figure 1| shuws the block dlagran of an INS realization with 2 “.ocal-level-snorth® raference
system.

The basic item of this system is the inertial measuring unit vhich is realized as a gyro-
stabilized platform. Three acceleroxeters and three gyros are arranged on the stabilized
clement with their input axes mutually vertical. The stabilized elelant f¢ isolated from
the afrcraft motions by means of a gimbal systea. Deviations frow the referconce attitude
are detected by the qyros and corrected by a corresponding rotation of the gimbal.

rrior to the start the stabilized aleaent of the platform has to be 80 aii gned that the
input axes of the accaleraaetors coincide with those of the reforence systen.

in order to matntain the 2lignient of the input axes of the accelarogeters o the refsvente
systes also during flight, the siabilized clement is slaved by corresponrding signsis for
the torquers of Lhe gyros (wpy.=g,y): the respective loops represont the well known
Schuler-lcops of an INS with earth-fixed reference ccordinates.
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The computer calculates besides these feedback signals also the Coriolis-corrections for
the output signals of the accelerometers (Poucanlt-modulation of the Schuler-oscillation).
The pitch and roll angles (>,¥ ) as well as the "true heading” (¥p) can be read off di-
Yectly on the synchros of the platform gimbal system.

The inertial measuring units in "strapdown confiquration® are characterized by the fact
that the sensors are directly mounted to the vehicle frame (Pigure 2). Since there ig no
isolation from vehicle motions the sensors are subjected to both full translatory and ro-

tational dynamics of the vehicle.

As shown in Pigure 2 the output signals of the gyros (angular rate) and the accelercmiters
(linear acceleration) are transfered to the computer after analogue/digital conversion.
This computer transforms the measured acceleration-vector into the reference coordinate
frame {local-level-north). To accomplish this the transformation parameters representing
the mutual attitude of the reference coordinate frame and the aircraft-related sensor-
input-axes system are continuously determined through integration of the a2ngular rates

measured by the gyros.

The 9 elements of the direction cosine matrix, the 4 elements of a rotational quaternion
or the 3 Buler-angles can be used as transformation parameters.

Due to rotation of the earth with respect to the inertial space, on the one hand, and the
motion of the vehicle with respect to the earth, on the other hand, the transformation para-
meters are "slaved” in the computer in the same way as the platform cluster is torqued at

the corresponding rate in the gimballed confiquration.

when the components of the acceleration are determined in the earth-fixed xgference system
in the computer the inertial navigation computations arc performed in principle in the same
way as in the gimballed configuration sysatem.

Altitude - Computation Navigation - Computation
{Soecitic tor Stropdowa) ] {Comvnon 1o Srepdown ond Gembalied Systern)
| gravity §
] QR compul.
nF R QQ ' « e yR xR pﬁ
I EAED Sy {a )2

figgi;

Fig.): BLOCKDIAGRAM OF STRAPOOMN-INERTIAL COMPUTATIONS
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Figure 3 shows a vectorial block diagram of the attitude and navigation equations with
the left part of the figure (attitude computation and acceleration tranformation) repre-
senting the function of the gyro-stabilized platform for gimballed configuration systems.

In conclusion it can be gtated, that strapdown-systems offer advantages over gimballed
systems for a anumber of applications. However, to realize their potential it is necessary
to compensate for several gensor effects which otherwise would obscure vehicle motions.

3. Strapdown sengor-error-models
The most critical problem in strapdown systems arises within the scope of computation of
rotational dynamica (left part of Figure 3).

ks mentioned before, recent advances in sensor technulogy have made available instruments
capabls of detemining angular rate and linear acceleration with high precision over a broad

spe:trurm of dynamic conditions.

Utilization of these inherent capabilities requires accounting for several sensor- and
system—effects, which otherwise would cause considerable navigational errors.

The extent of the parameter compensation becomes evident considering the sensor-error-mo-
dels. The procedures described in the following are used for the calibraticon of a system
containing two-axes dynamically tuned gyros with electrical caging as sensors for the

angular rate,

In Figure 4 the sensor arrangement of the strapdown inertial measuring unit {(IMU) with
respect to vehicle-axes is shown. Furthermore tle= meazurement equations for the two gensi-
tive axes of the 2-gyro (1)are representadin tziulated form. Beside the desired rate term
these equations contain a number of perturbing signal components. Some are determined by
the imperfection of the sensors and their mounting {(e.g.bias, maas-unbalance, misalignment
etc.) and others are due to physical reasons (anisoinertia, angular acceleration, etc).

In order to extract the useful informationwy.wy,w,; from the measurzable torquer signals
My/8 and Mx/H a compansation of static and dynamgc €rror compoaents in the measuring
equations is necesasry as shown in Pigures 5 apd 6 for gyro 1.
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Por compensating the unwantad terms the parameters of the error-model and the exact
inertial rates as well as the acceleration components of the sensor block must be xnown.

The parameters of the error-model are dctermined by appropriate tests as described in the
following. Due to the fact that some parameters are temperature-dependent, these tests have
to be performed at variocus sensor temperatures.

The exact inertial angular rates and accelerations will only be determined through *“~+ neom-
pensation. Por this reason only the uncompensated sensor signals can be used for the ~iror
compensation.

For the compensation of the dynamic ccmponents (Figure 6) the pickoff angles of the . ras
and (he rotor speed are also measured.

Regarding single-axis pendulous accelercamcters considered here the corresponding 11i: .xized
error-model for the x-accelerometer as well as the corresponding compensation blacv “'agram
is shown in Figure 7. Portunately full compensation of all error terms is not ne . -4CY 4in
any application. Depending on the individual requirements means for proper comp- :ation
have to be implemented after careful analysis.

gllF’i = (1+DKy (T)) (ax+exz -ay-exy-az +KQy-ay2+B, (T)]
X

W
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Fig.7: COMPENSATION OF ACCELEROHETER ~ERKOUS
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4. Determination of gyro-parameters

4.1 Test-objective

The objective of laboratory tests to be performed is twofold:

- determination of static parameters

- verification of dynamic parameters

With respect to the first item two different types of tests have to be distinguished:
- rate-test to determine those parameters excited by external rates

-~ multi-position static test to determine all remaining parameters excited by external
acceleration,

To accomplish this, a three-axis test-table is considered here as the main test-equipment.

4.2 Parameters for the compensation of static errors

4.2.1 Rate-Test

The objective of the rate test is to determine
scale-factor
and
misalignment-errors.
Performing this task requires commencing through the following sequence of steps:

- adjust test-table sequentially in 3 positions, where in each position one of the three
IMU main-axes is aligned to the local vertical

- rotateotest-table CW and CCW about the verticali axis of the table with constant rate
by 360

- in each position integrate measured torquing-signals aver a full period for CwW- and
CCW-rotations

- compute the differences of integrated signals for CW and CCW rotations.
Thegse differer ;es are proportional to scale-factor and misalignment errors.

As shown in Figure & the sensor Liock is arranjed in test-position 1 on a test-table with
respuct to earth-rate and gravity-vector,.

The following applies thern to the driving components of angular rate and acceleration in
direction of the sensor Block aies due to earth rate, introduced table~rate and gravity-
vector.

[ F " 17 1
unx"1 cos Pq (t] singglt) O Qe
UJyF = y-sinPglt] cosyyit) 0 0 (4.1
sz"'_ | o 0 1] ] éy-0s]
o F1 T . 1T -
Gx cos P (t) sings(t) ¢ 0
F i (4.2)
ay" | » | -singyit) cosgyitl 0 0
_OzF_‘ ! 0 0 '-.4 | -9 ]

starting fiom the initial position shown in Pigure 6, the test table is rotated through
exzotly 360° about the vertical axis at ¥, = R, = const.
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Taking into account the measurement cyuations for the gyro 1 (Figure 4) the following
torquer signals are generated:

=(1°DSFy“ Qc sm(Qg Y)*Clyx(Q3 -Qs)- QychCOS(Q3 -t)

‘) (c (4.3)
(93 QS) QC sm(ﬁ3 ﬂ*byl

X< 0SR) RcasiQy t1-a Qe sini3 11- ey (93-0s)
(4.4}
-—-—Lc -A (93 Qgl: Qc‘COS(%t)‘b )

The weasuxement and integration of these torquer signals over a complete period
pra _de thn following signals:

T
M M
Jx(o)=J-——’-5~/ dt; J MJ-Fl/ dt (4.5)
3 Bl Y g R )

The corresponding integration of equation (4.3) and (4.4) eliminates the harmonic contents
and leads to the result

Jxlels (14 DSFy)- [vx(R3-Qs) * by ]-T -

~dy e} a{1eDSFy] - [~axy (R3-Ngebyi-T (4.7

For a necative rotation ¥« -2, of the test tame \.htough 360° sbour the vertical axis
the following relations mnult for the integrated torguer signals:

)

. 1 . : :
. 'l " . - .. " v R . .
10 <o v i s i RS s Sk ot i . s

{¢.8)
Ix =)= (Ve DSFy}-layx (Q3*Qal s byl -T

Jyl=3=(1eDSFy) !QxylﬁjOQs)obx]-T 4.9) |

If the di€ferencas of the torquer signals integyated over a full period fox poa&uve and
negative rotation ars coaputed, it results for test positicn W1 N

Blxy=dx; led=dygpl-1= 2{V+0SFyl-ayx Q3T (4.10)

Blyiady (.)-Jy‘;i-) 22{1eDSFx}-Qyy - Q3-T EETRTY

From FPiguce 8 it becomeu ultimatély evident, that in taptposition 1 the misaligamenta a, xy
and oLyy beccas observable by an introduced table rate ¥;. -
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Figure 9 shows the three test positions required for the determination of the static para-
neters of the %Z-gyro (1) according to the rate test procedure specified herein. In addicion
the determining equations for the scale-factor and alignment errors are contemplated.

Iurther positions and rotations about other axes of the test table provide redundant measu-
ring information for the unknown parameters {see Figure 10b). These can then be determined

optimally in a least square sense applying linear regression techniques as described for the
following multi-position test.

In order to determine possible non-linearities of the scale factor the tests must be per-
formed 3t various rota*ion rates of the tast-table.

Orlentation of 2-Gyro ) of'i{;‘it‘iog_oé ;fti,scllgnmcnt -Angles
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Pig.9: STATI" ERROR -PARAMETERS FROM A 3-POSITION RATE-TEST

4.2.2 hulci-position static test

As mentioned befere, tl.a oblective of the multi-position test is to duvuermine the following
gyro parameters axcited bv ex arnal acceleration:

masg-unbalance

quadrature temm

anigoelasticity

Furthermore the biag drift is determined as well.

LRI

To accomplish this, the following test procedure is appropriate:

- perform multi-position test Ly orienting the INU in a number of predetermined poaitions
with reecpect to eartl-iotation and gravity-vector

- measure gyro torquer-signals over a predetarmined period of time

-~ perform !inear regression analysis to determine the best estimate for the error-parameter
vector in a least squares sense.
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Again only gyro 1 is considered in the following:

For the multi-position-test it is assumed that the scale-factor-and misalignment-errors
have been determined through the rate-test.

Figure 10a shows the individual orientations of the sensor block for the full 24-position=-
test. The three main positions are identified by the fact that each sensor block axis is
oriented once in the north, east and vertical direction.

Each main position includes 8 test gositions. They result from the stepwise tilting of
the sensor-block by respectively 45 about the axes of the test table as shcown in Pigure
10a. Different components of the earth-rotation and the gravity-vector are thue always

acting along the sensor-block axes ‘“’x'y'z resp. ‘x'y'z) thus exciting corresponding
error-terms .n tie measurement equations:

If “n" positions are generally considered, the measurement model according to equation
(4.12) will result, for instance, for the Y-axis of gyro 1 (see also Figure 4).

B | |wyi wpm -wy ' -ayll) aylh oyl ozlt) 1 v
m
1 M
('ODSFy) _HK"‘:” - wy.m wl.‘z) "wx‘(zj ¢ ny * -02(2) 0,5(2) 0,32)01!2) ! g 3 v'(2)
YO A R S Y I 1 I S S A B 7 B
Tiof |wyin wile)  -wyin -ayln) axn) ayln)-azin) i vin)
) - R L -~ - PN
m Sy Crom R VR pen tee (70
om -
Rate- in Diff. Test-Tabic Rate Test-Table mw
Test Positions Position Tost Position
~ N s N T - N ~
Z A X y
Measuremant - ector Meaaxemant-Matrix
Parameter
Vector
Measwrement
Noise

Assuming that the individual measurements are statistically independent, this is an
equation in the form of a linear regreasion model:

Ze AXeY (4.13)

with

- measurement vec‘or (n-dimensional)
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p- - i - “
Mg}‘-(ﬂ [wy (1) :wzu)i wyf1) 1
z= ! .ﬁ&(z) - wy(Z):wz(Z) {-waZ) - | Gyx
= (1.0SFy} | H o y (4.14)
1 ' ! { Qyz
Mx w '(n) : wz‘('n) :-wx (n} ’
L H (nl Y ! -
~ Measurement matrix (n x 4; i
-aylt) | axll) | aylt)-az(0) ) 1]
| 1
A=z -Oy(z) | Ox(Z) ! Oy(Z) 02(2) : 1
Doy i L (4.15)
"Oy(l'l) y axlin) | Oy(n) Oz(n” 1
- Parameter vector (4-dimensional)
T X
x=lm q n byl {4.16)

¥ is the n-dimensional vector of the measurement noise.

A
Supposing independent individual measurements, an cptimal estimate x of the parameter vector
x within the meaning of minimum error squares can be determined as Tollows:

i=1aTa) AT, (4.17)

If X is an m-dirensional vectcr, it is necesgary that A muzt also include m linear-inde-
pendent row-vectors to ensure that x is fully observable.

The following applies to the var'.ange of the optimally estimated value g if the individual
measurements have equal variances §* :

vAR(8) = 02 [ATAT (-1

An unbiased estimate for 0°2 can be conputed from the residues of the measured values:

wWiw €19

“23
9" NM

with

¥ = z-hx

B = pnumber of positions (measurements)
M = number of unknown parameters
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Concerning the accuracy of the optimally estimated parameters it results therefore:

7
VAR(X) ﬁ%ﬁ%‘ (ATA]™ (4.20)

Another alternative method for determining the accuracy of the estimated parameters is
shown in the appendix.

For a subset of 8 positions that are specially marked in Figure 10a the quantitative re-
gression-model is indicated in Figure 11,

The acceleration- and rate-values of the test position 4 can for instance be readily ex-—
plained by means of the gyro orientation shown in Figure 11. In this respect the test
position 4 is derived from the main position 1 by the rotation ¥, = 1350,

The observability of the parameter vector of equation (4.16)by means of the selected 8 po-
sitions is ensured because the determinate derived from four arbitrary rows of the A-matrix

(Figure 11) 1s not equal to zero. There exist therefore four linear independent row-vec-
tors of A.

If the measurement matrix A according to Figure 11 is now used in equation (4.18) the vari-
ance of the optimally estimated valbe R for the parameter vector x is shown in Figure 12
together with that for the full 24-position-~test.

Supposing that the torquer signals of the gyros in thg individual positions are measured
with an accuracy of 0.01°/h (i.e. measurement noise &%= (0.01°/h)2) the accuracies of the
estimated parameters result as shown in Figure 12.

With the exception of the anisoelasticity coefficient the measurement noise is reduced

by tha 8-position test concerning the remaining parameters.

Moreover a small correlation between mass-unbalance and bias-drift appears with a correla-
tion coefficient of

5’(m,by) = -0,25

This correlation is spurious. Its reason is the particular selection of the positions, which
can be explained as follows:

The A-matrix in Figure 11 shows that in all 8 test positions the measuring signal includes

a component due to the bias.

In position 2 and 4 (2nd and 4th row of A) there are further components due o m and n. As
the signal components dus to m and by, have the same sign in these two positions, they are
not discernable from each other. The bias b{ can however be observed uncorrupted in the po-
gitions 1 and 5. With this information about the bias, the mass-unbalance coefficient m is
then determined by the regression algorithm from the measurement signals in position 2 ard 4.
Obviously a correlation is thus computed between m and by. The measurement equation for the
Y-axis of the gyro 1 (Figure 4) shows that in the pocitions 2 and 4 of the 8~position test
the measurement signal Mx/H includes also a compon'n® -iue to the anisoinertia (w‘dbo, w,,+o
in (4.12))

For a typical_value of (C-A]/H==1o'3sec this results in a torquer signal contribution of
approx. 5.10"™h which is of course negiigible,

If all 24 positions according to Figure 10a are utilized the same covariance matrix as that
shown in Figure 12 will result for each of the four gyro axes.

The gyro parameters are practically no longer correlated. The measurement noide is reduced
for all parameters. Yhe accuracy improvemont of the 24-position test as compared to the
8-position-test is about V2478 « 1.7,

A regression model according to equation (4.12) can be used in principle for each »f the
four gyro axes.
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4,3 Parameters for the compensation of dynamic errors

4.3.,1 General Remarks

"On the hagis of the compensation for the dynamic errors shown in Figure 6, the following

dynamic effects have to be taken into consideration:

- angular acceleration term (A/H-W )
-~ anisoinertia term((C-A)H.-w - 3)
-~ motor coupling (C/H-a&,°w)

For simultaneous harmonic motions about the spin axis uausi about one of the input axes there
further occurs the sccalled pick-off-rectification effect waich is taken in%o account for
the compensation according to FPigure 6 by measuring the picx-off angler. Due to the large
bandwidth of the gyro caging loops for aircrait applications {(large caging gain) the pick-
off angles are small in this case. Por this reason a compensatio. is often not required. As
can be seen from Figure 6 no particular parameter is involved in the compensation of pick-
off angle effects.

The parameters of the three above mentioned components axe determined by the design of the
gyro. They can be measured with a slide-gauge, so to speak and are not subject to conaide-
rable changes from gyro to gyro. Por this reason it is therefore not appropriate to speak
of sensor error parameters here. The gyro manufacturer can indicate these parameters accu-
rately. A dynamic test is merely performed for verifying the manufacturing data.

The motor coupling term should not be further considered here as its verification requi-
res special measurements in the frequency domain to discern it from the frequency-indepen-
dent anisoinertia-term. This goes beyond the scope of this paper.

For the two other components various procedures are contemplated in the following where
the application of which is based on the available test equipment.

4.,3.2 Anisoinertia-term

Again only gyro 1 (z-~gyro) is considered in the following.
The general measurement equations show that this term can be excited by simultaneousz .. :-
lar rates Wy and Wy respectively W, and & y.

For verifying (C-A)H the sensor block is oriented as shown in Figure 13 and rotaied abouc “he
vertical axis of the test table ('f3) at constant angular rate $¢ during the time T,

The thus generated angular rateswjz; and @y respectivelywz andwy excite contributions in
the torquer signals Mx/g and My/H generated by({c-p) H.

If these torquer signals are compensated for the known static error portions and integrated
the signals Ix and Iy shown in Figure 13 will result.

Let us assurme that these integrated values are avallable as pulse seguences at the output
of voltage/frequency converters with a pulse weight of 1 arcsecg.

For T = 20 sec, 5¢ =10%/gec the number of generated pulses for typical values(C-A} H is
readily measurable so that{(C-A) H can be verified as shown in Figure 13,

If £ 1 pulse is assuined as uncertainty, the accuracy for the determination of(C-a)/H 18 in
the order of it. '

The parameter A/H deternmining the angular acceleration temm is also excitad during this tese.
The reason is the angular acceleration phase necessary to obtain the constant table rate.
Its measuring accuracy is approximately 4% f£or the assumed test conditions. Anocther test
method is described in paragraph 4.3.3.

By impressing sinusoidal or uniform ular ratey Figure 14 ghows two furt
the Vorification of (CoA)f. ang I further procedures for

In this respect it i3 always assumed that the measured torquer signals are compansated for
the other error-model portions which are assumed to be known.

Fox sinugoldal excitation about the Y and Z-axis (spin-axis of the z-gyro (1)} of the sensor
block the torquer signal Mx/H contains besides the nominal term the portions proportional
to(C-A)H shown in Pig. 14,

The latter can be considered as error a@, in the measurement ofd),,.

The portions are independent of the frcq&ency of the excitation s{qnals as long ag it is
smaller than the bandwidth of the caging loops. For typical value of (C~A)H = 1077gec the
rectified portion causes a drift of aWy = 0.029h per 19/sec amplituds of the angular rate
input,

The motor coupling is algo excited by cop Lf the frequency »f the test signals is not
sxaller then 1 - 2 Hz.

Pigure 14b shows an alternative possibility for the verification of(C~A)H. The sensor block
is tilted on the test table about the X-axia through 45° so that for ¥Yj-rotations about the
vertical axis of the tast table angular rates Q)y and CJ , of the sensor block will occur,
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For constant positive and nogative rates ‘P3 = tSZthe x-torquer signal is recorded. The
sum of hoth torquer signals contains as useful information the portion (C-A)H, This lcads
with the numerical values shown in Figure 14 to an amount of §°/h for the sum of the tor-
quer signals. This value can be readily measured with a suitable test equipment,

4.3.3 Anqular-acceleration term

As shown in paragrapi 4.3.2, during the tests indicated in Figure 13 information is also
obtained about the parameter A/H which determines the angular-acceleration~term.

In order to excite this term in the x-torquer signal of the z-gyrc an angular acceleration
€ x ia necessary. In this basis Figure 15 shows two further test-possibilities.

In Piguxe 15a this term ip excited by a sinusoidal rate about the x-axis.

Sinus 4 bl Consignt Rata
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Fig.14: VERIFICATION OF ANISOINERZ IA-TERM
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a)Sinusoldal Motion b.) Constant Rate
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Fig.15: VIRIFICATION OF ANGULAR-ACCELEBATION-~TERM

The compensated torquing signal N:/# contsins a parta, according to a/li- S2, Sl-cos(R-¢)
Together with the nominal sinusoidal ratacwy maasured bg the torquing-signal My/H tals
gives rise to a pseudo-coning motion. This in turn causes a rectified drift about the

third axis (heading-drift ¥ )} which might be observed directly or from resultant velogity
errors in the full inertial navigation system.

Anh aiternative more direct meth is shown in Figure 15h, A step-rate-input about the
x~axis produccs &n observable averaged y-axis rate ocutpit aoy, which is P 'h for A step~
rate-input of 109/sac, averuged over a timo interval of 5 sec. Again this apgarent y-axis
drift could be observed directly or deduced from resulting velocity errors.

Here the velocity erroy is caused by the averagsd error rate wy. entering the cchuler-lcop
as an ispulge-pertubation.

5, Determination of the accelerometer pirangters

———

The paraxetors of the actelercmeters cii alsd ba detemsinal by a multi-poaitics tast as dos-
cribed in parsgraph 4.2.1 for the gyro.

For this purpose a linearization of the messurement equation (see Figure 7) is however reo-
quirved, The linearization provides tho following erzor-model for the x-acCelerometer:

Uy .
§;;-o,= Dxxog‘en.c?-sx,.az.Kchxz.ax {5.4)

TR T, s e e
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Pirgure 16 shows the linear regression model for a 6-position test. Por this test those
6 positions of the 24 general pusitions are selected in which each surface of the sen-~
sor block is pointing once on downward direction. These positions are specially marked
in Pigure 16. Looking at the measurement matrix shown, it contains at least five linearly

independent row-vectors so that

the parameter vector is observable.

It results from the variances computed according to (4.18) and shown in Pigure 17 for
tne elements of the paramater vector that the measurement noise § % is already reduced

performing the 6-position-test.
of 62= (1074q)2,
As in the 24-position test more

of course be determined more accurately, namely by the factor

The variances are camputed supposing a measurement-noise

redundant information is available, the paramsters can
Viije' = 2,

The variances of the 24-position test apply similary to all three accelezometers.

A relatively high correlation appears between bias and KQy (the g2 -model-term) with

the correlation coefficient of

S By, Kge) = -0,69
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Fig.16: ACCELEROMETER REGRESSION-MODEL
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Fig.17: COVARIANCE FOR THE X~ACCELEROMETER

Again this correlation is spuricus. It s bLased on the same reasons as those described
for the gyro under 4.2.3.

Some further romarks should be made hare concerning the linearization of the error-model.

'The measuresent equation of the X-accelerometer (1) (Figure 7) for instance, can be ex-
pressed in 3 somewbat different way as shown in FPigure 16,

In the linearization the gecord nonlinear part propoticnal to the scale factor error s
neglected. It can bha cohsidered as additional measurement nolse far the linear regresgion.
As asych it detoriorates Of course the accuracy of the optimal parareter-—vector estimate.

Figure 18 shows hov the nnnlinear portiun can be taken {ato acoount for the determinattoa
of the paraseter vector £ by way of iteratien.

Stareing from the linecar model an estimated value x is first deternined through lincar
regreseion. This value can now be used for estimating the nonlinear portfch of the errer-
wodel. The aeasuremant vector % 13 now corrected by th's portion, and a nev, corrected
estinated value X i¢ determined for the parameter vectsr through linear regression,
applying the corrected measurassht-vector.

This operation is repeated by iteration until the desired zccuracy is achisved which is
preset by the intrinsec messurement noise. Tests performed 1ia /)/ have shosn that 2-)
iteraticans aze sufficleat in most cases.

This procedure can of course be similarly used for taking into scocunt sonlinear portions
ia the gyvo sodel.
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Fig.18: ACCOUNTING FOR NONLINFAK PART IN ACCELEROMETER-MODEL

6., Variation of the number of model-parameters

The typical accelerometer model for the multi-position test will be used here to shortly
indicate a linear regression procedure for a variable number of model parameters. In prac-
tical operation one is of course interested in keeping the sensor models as simple as
possible. If the regression is however performed with a too simple model, larger estimated
errors will result for the parameters (cf. alsc cnapter 5, nonlinear portion).

The linear model, for instance, can be extended and recast as shown in equation (6.1).
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The following quantities can ba computed with this problem formulation:

- Estimated value gmm, assuming that only the first m-parameters of the parameter-vector
x are taken into account in the model.

-1
3m,m= (AT A A -2 (6.2)

- Estimated value Xp,; for the first m-parameters assuming that all n-parameters of the
parameter vector x are taken into account in the model.

- -1
%m0 =L mm - 1A Ar) "AmT- An-m* AT An-m-ATn-m- Am [ Ag Am ]
‘ATm'An_ml-] ATn-m {Z‘An 8m'ml

~ Estimated value X -m,n for the second (n-m) parameters of the parameter vector x;
assuming that all n-parameters are taken into account in the model of equation {6.1).

(6.3)

4 R
%n-m,n={ATn-m* An-m -Aln-mAm (ATn Am 1A An-m 17 AT 6.0

‘12-Am-Bm,m]

It is thus pessible for given measurements and accuracy requirements to f£ind the minimal
order sensor model.

7. Application of test-methods to calibrate the Modular-Strapdown-System (MSS)

7.1 Introductory remarks

So far test-procedures have been described and treated in general. The following paragraphs
are dealing with the application of these procedures for a particular system. Pirst of all
this system is briefly described.

With respect to potential applications in guidance and control of aircrafts, an experimen-
tal strapdown navigation system has been developed and built within the scope of the German
Future Alrcraft Technology Research Program (2TL).

The following requirements have been establighed

- evalution ox the attitude angles and angular velocities in digital form
= a:itonoxzous alignment

-~ flexibility with reapect to matching different accuracy categories by modular
structure

~ medium accuracy navigatlon performance of the experimental system
- poasibpility to update the system by crtornal navaids.

For calibration putrposos the #S5 has been subiitted to various position- and ratetests at
TABG test facilitins in Munjch. It ig the objective of the following paragraphs to demon-
strate the applicability and feasibility of the proposed test-pronedures to evaluate the
basic | 7saten paranoters of a strapdowm systes.

7.2 Description of the MSS

2.4.1% Inertial Meagurement (nit (IMU)

-

The Figurs 19 nhows the inertial measurement unit (INU), consisting of tuvo parts: the
electroric box, containing the caging loops, pover saplifier V/F-converters etc., anc the
inecrtial sensor anit with tw dynamicalily tuned twe degrees of freedom Teledyne gyro SDGS
and thre¢ Systron Donner acceleroideters 5D 48)3A-1PX. Pigure 20 gives a closer view of the
Sensor unic. .
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Fig.19: INERTIAL MEASUREMENT UNIT OF THE STRAPDOWN SYSTEM

Fig.20: SENSOR UNIT
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Parameter Units Specification Typical Value
Value (Mean)

G-Insensitive Bias

Absclute Value ©/ar ot 2.0 0.50

Stability

Continuous Operation OHr 1¢ | .001 Max. 0.0005

(Randos: Drift)

Shutdown Repeatability °/Hr % 101 Max. 0.0016

Temperature Cycle Our ¥ 0.0033

Stability

Temperature Sensitivity °/Hr/°F ot .002 0.00059
G-Sensitive Bias

Absolute Value %/nr /G of1.0 1.0

Stability

Continruous Opersation °/Hr/G 16| .002 Max. 0.0007

(Random Drift)

Shutdown and Tempera~ |°/nr/c w| .... 0.008

ture Cycle Repeatability

Temperature Sensitivity |°/mr/G/°F| ol .o2 0.0032
Torquer Rfcale Pactor

Absolute Value ©/Hr /M 150 Min. 160

Linearity PPM Peak 100 Max, 25

Asymmetry PPM Peak ceae 3

Temperature Sensitivity { PPM/CF .230% 20 .229
Axis Alignment

Absolute Value Sec 60 Max. 30

Stability Sec cese 10
Angular Rate Capability

Steady State ©/sec 100 100

Transient 9/sec 400 500
Aniscelasticity O/Hr /g2 ot o3 .01
Gyro Time Constant Seconds 100 Min. 200

Table %: Teledyne SDG-5 Gyro Performance Characteristics

The performance characteristios of the Teledyne SDG5 gyros are given in Table 1.

7.2.2 Computerx

The computer MIDI 2 does performance all computations of the inertsal sensor data. Within
the testconfiguration it serves as preprocessor and by its DMA as transmitter of the INU
test data.

The basic characteristics of the MIDI 2 camputer are summarized as follows:

= Pprogrammablo general purpose computer

= 16 bit serial words;addresses , operation code parallel

= @meamory expandable to 4 k words (RAM/ROM)

- 8 s/operation

- modular structure of the functional units

= programmable tims basic genarator

~ DMA channel

= TTL technology

=« MIL specified
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7.2.3 Error Model of the MSS

The error model for a single gyro resp. accelerometer has been discussed in the previous
chapters., From these equations the whole error model of the MSS has been deduced and is
presented in Figure 21, as far as the static error parameters are concerned.

Gyro 1 —%lx[hDSFx(T)] [wy s Qg Wy-Qyy W tmin) cax -'q -ay +'n.ax. 070 by(n ]

M
ﬁ-t[%DSFy(T)][wy v Qyx-Wyz - Qyz - Wy Jmim ‘ay ‘q ‘ay ¢ fn -ay-az ¢ by(ﬂ]

M
Gyro 2 -ﬁz-s['loDSFz(T)][mz o Oy -y - Qpy-Wy 2mm) ‘Az ¢ % “Qy + 2 Qg -Gy +b; (T)]
Accel .1 Y Juokem[ax ¢+ € -ay-Exy -azeKQy 0,20 By (T)]
E— Sy
u 2
Accel. 2 gFY; oKy (][ ay ¢ Eyx-az-Eyz axeKay -ay oe,m]v
u
Accel 3 &+, 0Kz (T))[ a7 * €gy-0x-Eqx -0y +KQy - 072 4By M)

Fig.21: SENSOR ERROR MODEL OF THE MODULAR STRAPDOWN SYSTEM MSS

7.2.4 Accuracy Requirements upon the Teats

Prior to the teats it is necessary to specify how accurate the error parameters have to be
determined to meet the demands put on the system performances. A common figure of merit
for inertial navigation systems is the navigation accuracy expreassed in nautical milaes

per hour,

From system analysis it is well known how single eryxor sources propagate through the systen.
For the medium accuracy of the MSS it was stated that the uncompensated part of each sig-
nificant error source should not exceed the limit of 1nm/h.

From this statement some dozens requirements upon the accuracy of determining the error
parameters by static teats have been deduced.

The most important results are summarized in Table 2 and 3. The values shown refer to an
aircoraft with an assumed velocity of 400 kn.
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ERROR NOTATION ACCURACY UNITS
BIAS By, By 3-1074 G
SCALEFACTOR | DSF 3.107¢
KQ 3.107¢ /s
MISALIGNMENT
LEVEL [ 2 XY
1.1074 RAD
oyx
AZIMUTH “xz
2,5.10~3 RAD
Xyy

Table 2: Accuracy Requirements Upon Accelerometer Parameters

ERROR NOTATION | ACCURACY UNITS NOTE
BIAS By, By 0,016 S/u NAV MODE
By, By 0,025 °/n ALIGN MODE
B, 0,28 °/n NAV MODE
SCALEFACTOR DSFK 3,9-107¢ - CIRCULAR
MISALIGNMENT FLIGHT
LEVEL Aoy 4,6°10™ RAD CIRCULAR
%yx FLIGHT
AZIMUTH Nyn
“yz -3
10 RAD NOT CRITICAL
2-AX1S ¥k
%oy
MASS UNBALANCE
GYRO 1 ! 0.7 °/u/6 ACCEL .FLIGHT
GYRO 1 N 0,1 °/u/6 ALIGN MODE
GYRO 2 u? 0,2 ©/8/G STATION . FLIGHT
QUADRATURE
GYRO 1 a! 0,7 °/u/6 ACCEL . PLIGHT
GYRO 2 Q? 1 °/1/G NOT CRITICAL

Table 3: Accuracy Requirements upon Gyro Parameters




PO R

49

7-27

7.3 Test Confiquration

\

The philosophy of calibrating a strapdown system by tests consists basically in submitting
the system to accurately known accelerations and angular velocities, observing the system
output quantities, comparing them with the well defined input ¢nantities aud explaining
the differences by the influence of various system errc¢ : sources,

In Fig.22 a schematic view of the teatconfiguration is shown how it has been built up at
IABG in Munich. The IMU of the Strapdown System is fixed to the inner jimbal of the three
axis test table. The test table is driven by the Interdata 8/32 Computar and is capable
to orientate the IMU deliberately with respect to earth gravitional and rotational vector.,
Furtheron it is possible to rotate the IMU with very accurate constant angulaxr velocitwy.

From the IMU leads a data link tothe MSS navigation computer MIDI. By DMA the preprocess=d
data are transmitte to the Interdata 8/32 Computer and are recorded then together with the
relevant data from the 3 axis test table on magnetic tapes.

The main processing of the test data runs off line on a IBM 370 Computer at Bodenseewerk
in Uberlingen.

In the sequel the essential features of the tests are described in more detail.

7.3.1 Three Axis Test Table

The three axis test table type 53 W from Contraves-Goerz Corporation is described in/3/ .

In Table 4 the performance characteristics which are of importance for the MSS test are
listed.

-6 _ 0000
e | ||©O) [
Interdata {BM
8/32 370

: /

‘MSS-NQV‘ComSute} ..__...___J
BRI

FPig. 221 TESTCONFIGURATION
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Angular Rates

Roll 400°/s

Pitch and Yaw 200°/s

Angular Accelerations

Roll 500°/32

Pitch 300°/s2

Yaw 200°/s2

Angle Accuracy

Solution 0,0001°

Absolute positioning 0,003°

Orthogonality 0,001°

Table 4: Performance characteristics of the 53 W
Contraves-Goerz Three Axis Test Table.

Data Transmission and Recording

The gyroscopes and the accelerometers torquer currents are measured by the voltage drop-
ping at scale resistors. The voltages in turn are converted in the IMU by Voltages-to-
Frequency-Converter into puls trains.In the navigation computer the pulses are accumula-
ted and read out at constant time intervals., While navigating, the computer updates every
20 msec the quaternions, and every 100 msec an updating of the navigation occurs. In the
test configuration, shown in Fig.23, the accumulated increments are transmitted every

200 mg via DMA to ‘the Interdata computer. The navigation computer drives also an eight
channel analogue recorder, which serves as a quick look instrument as it allows to observe
continuously sensor signals and various navigation quantities.

Besides the pure sensor signals all relevant data are transmitted and recorded together
with the reference data from the test table on magnetic tapes. In Table 5 the content of

a data telegram is listed.

As a plausibility check the Interdata computer looks at the navigation position coordinates
and interrupts the trial if the drift exceeds a given value.

The test records are finally sent to the Bodenseewerk at Uberlingen where the processing of
the test data with the IBM 370 computer starts.

SENSOR SIGNALS

ANGULAR INCREMENTS
VELOCITY INCREMENTS
GYRO TEMPERATURES
GYRO PICK OFFS

NAVIGATION COMPUTER DATA

& N oWoWw

QUATERNION ELEMENTS
ATTITUDE ANGLES
VELOCITIES
POSITIONCOORDINATES
ALTITUDE

- N W W s

FLIGHT SIMULATOR DATA

JEagp 2547+ FTE T MRS

¢ 3 ATTITUDE ANGLES
€ 1 ANGULAR RATE

Table 5t Content of a data telegram
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~. Gyro ~ Accelerometer

I

Increments Nav.calculation

Fig.23: READ QUT AND RECORD OF TEST DATA

7.4 Test Procedures

7.4.1 24-Position-Static-Test

The 24-position-test is used for determining the parameters of the acceleration dependent
error terms of a gyro (cf. 4.2.2)

- mass unbalance

~ quadrature term

~ dnisoelasticity

- bias

The same procedure is used to calibrate the accelercmeter parameters (cf, 5.)

- bias

- scale factor

- misalignment of the senaitive axes
- acceleration square ternm
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The 24-position-test is characterized by positioning the IMU in 24 different orientation
relative to the gravitation vector. The test starts with the first main pos;tion shown
in Fig. 10,

Por 10 minutes the sensor signals are read out, transmitted to the Interdata computer

which in its turn completes the MSS data by the sampling the attitude angles of the three

2§is test table and adding them to the MSS data. All data were temporary recorded an a
sc.

After ten minuted the orientation of the MSS is automatically changed by 45 degree until

all eight positions belonging to a main position are completed. The trial is finished by

writing the disc data on a magnetic tape.

7.4.2 Rate Test

The rate test is used to determine the parameters of the angular velocity error terms of
the gyro

- scale factor
~ misalignment of the sensitive axis.

The rate test is characterized by rotating the IMU about its three axis with accurately
known angular velocities.

Similarily to the 24-position-test, the main orientations are defined in Figure 10, in

each main orientation the IMU is rotated clockwise and counterclockwise with constant
angular velocities 0, 0.1, 0.3, 1, 3, 10 Deg/h about the vertical axis of the three axis
test table.

The measurement time is 36 sec in all cases. Start and stop of the rotation is however ocuat-
side the measuring intervals in order to avoid dynamic effects.

Data read out and recording is identical to the 24 position test.

7.5 Determination of the Error Parameters

7.5.1 Processing of the Test Data

The continuous recording of the whole set of test data as shown in Table S with a sampling
period of 200 msec generates a great amount of data, only a minor part of which is needed
for the calibration process. The major part is not yet used, but is reserved for a deeper
analysis of the overall system performance of the MSS later on.

A data reduction process is carried out with the aim to get the measurement vectors for
the following linear regression processes. A survey of handling the test data is presented
in Fig. 24. The main steps of data processing are

- retrieving the information fraom the tapes

- change into physical units

- plausibility checking of the data

- data reduction by accumulating the sensors increments

- determining the basic statistics of the data

- generating the measurement vectors

- selection of one of the preprogrammed error models

~ performance of the linear regression

- determining the confidence intervals

- printing of the results

In the sequel these steps are described in more detail.
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and reference dota

Change into
physical units

Plausibility checking

Mean and
standard deviation

, {
Disk

1 i

[ Set of rieasurements

Selection error model

Linear regression I

— _ nl
Contidence test

[Coefficient of
the error model

Fig. 2z4: PROCESSING OF THE TEST DATA

7.5.2 Data Reduction

A data file begins with a hedler which contains the marginal information about the test such
as date, trial no., initial conditions, applied angular velocity etc. Thia information is
printed as a header.

The data telegrams are then read out, piece by piece. Bach time the senscr increments and
the attitude of the test table are extra-ted, non relevant informations are omitted.

The sensor outputs fram each telegram are cc.pared with corresponding values derived theo-
retically from the attitude resp. angular vélocity of the three axis test table. When a pre-
selacted tolerance (e.g. 10 per cent) is surmounted, the coutent of the data telegram is
supnosed to be not plausible and is therefore omitted. This plausibility checking is prin-
c: lly thought as an 1id fur preserving the result: from errors in ihe data transmisaion.

With 1 one trial all sensor incrementa ave accumulated, the mean valse, the mean squars
vr' i, and the standard deviation of the mean value aAre derived.

The mean values of each trial of ten minutes are arranged in arn array which serves as a
mea. :rement vector for the following linear regression process. In this way the data of
the 24-position-test are reduced to 6 vectors {three gyros and three uccelerometer axis)
with 24 elements, the data of the rate test are reducad to 3 vectors with 27 elements. For
further procassing these vectors are stored on a disc menory.
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7.5.3 Evaluation of the Error Parameters

7.5.2.1 Linear Regqression

Por estimation of the error parameters the linear regression method (least square adjust-
ment) is applied, as ‘escribed in paragraph 4.2.2.

For application of linear regression to the rate- and 24-positions~test, the error modal
from Figure 21 has to he adapted to equation (4.13).
This is done by

- linearizing the error model equation and neglecting higher order terms (cf. chap.
7.5.3.2)

- introducing the values of the gravity acceleration ay and angular velocitywi from
test conditions into the =guation

- integrating the error mocel equations over the measurement time,

As an example, the resulting set ::€ measurement equations for the gyro x-axis is shown in
(7.1)

[ X Axis Gyro Error Modet : |

-%!z[msam][w, ¢ Oy Wy-Cyy W min -ay -9 -0y +'n.0y az¢ bein } (7.1)
[ X Axis Gyro Measurement Model for Linear Regression : 2 = Ax+ !J (1.2)
24 ha byt -l = Jy1 dzt T rl)SFl scale factor
. . . . . . . dxz | misalignment
e ayz | misalignment
- . <. . . .. e | Ym mass unbalance
. 1q quadrature terrn {1.3)
. . . . . . . tn anisoelasticity
Zn an W clzn “hn dyn Jnzn Tn bx | bios
Abbreviations.
] i h (1.4
his | Uhdt, e [ Wyl 1z =] Weat
n 0 0 0 (1.5)
Zie[ (-My/H-Wy)dl
Ji=f oudt, Jyis [ oydt, Jaizie | ayozdt (7.6
0 0 0

Sinqularities

Care mucst be taken on singularities of the inversing process of the (ATA) matrix.

Singularity occurs when a column of the A matrix is zero or rumericslly near zero. Then
the corresponding error parameter is not obervable, the linear regressior falls. In this
case the nonobservable «rror paramcters have to be omitted and the regression has to be
done with the reduced error model (cf. chapter 7.5.3.3),




7.5.3.2 Iterative Linear Regression

The application of the linear regression in a straightforwerd way, will not yield the re-
sult wanted, as the accuracy of the parameters determined will be very different.

To obtain optimal results, the covariance matrix (ATA)'1 has been analysed in detail in
paragraph 4.2.2. The result for the gyzo x-axis is presented schematically in Pig. 25.

In the rate test as well as in the 24-position test only certain parameters can be deter-
mined with sufficient accuracy. The other parameters are either not observable or only
obscrvable in a linear combination with some others, or they are observable with only in-
sufficient accuracy. Similar results apply for the accelercmeter x-~axis shown in Pig.26.
An optimal use of all information is attained when the effects of those parameters which
are not only scarcely observable are corrected by preprocessing the measurement vector z.
The vector of the known parameters then is reduces by these parameters.

This procedure can be done iteratively. The principle is shown in Pig. 27. The single steps
are as follows:

1. Determining of DSP, &Gy &;, by the rate test data

2. Correcting the 24-position-test data by DSP, o , Siy effects from step 1.
3. Determining of m, q, n, b with preprocessed data from step 2.

4. Correcting of the rate test data by m, q, n, b effects from step 3.

5. Repeating the procedure at step 1 with data from step 4

Tost Mo Pagition Paramater of the Gyeo Errce Model
OSFy [Quz [Qay [m! o' [ A | ou
) e
Rate e i Recaus .
LI 5255 AN U | Tent |unl\am Imnuuu&-m '
Test & N *
L) SN LE - L -
DRI R S NN - [ e | Gy &y 0y | 8y
Vo 1 W B %
Paiten {5 £33
Tl " 3 % >
. . —e e 223
I OF, [Qex 0y, | bat T al Ty,
n I S R T A B
ition 3 Ch G L33 RN
P leat 3 N
] Y ey :

£ig.25: OBSERVABILITY OF THE GYRD x-AXIS Fig.26: OBSERVABILITY OF THE
PARANETERS ACCELEROMETER X-AX1IS PARAMETERS
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Preprocessing of the Test Data

The knowledge of known effects or parameters allows the correction of the raw gyro test
data, denoted for this purpose as vector W', in the following manner (see Pig.28):

In first step the raw data W' are corrected by multiplying them with the best known scale
factor SCP,

In the second step the effect of the other known error parameters, arranged in the partisal
correction vector

x;=[an(n-1), k-1, ma1), qia=1) ata-1), bla-n] 7.7

are calculated by the expression If %Y and subtracted from scaled data W' ¢ SCF. The star
in gc" and A” denotes the omitting 5? the elements corresponding to the scale factor error
DSF as this parameter has to be treated smeperately.

The resulting vector

z(n) = W' - SCP(n-1) = A xg (n=1) (7.8)

is now the basic measurement vector for subsequent linear regression. The result of the re-
gression has then to be interpreted as iterative improvement of the scale factor SCP (n-1)
and the correction-vector xgz(n-1).

Temperature Compensation

The reprocessing procedure serves also to correct the test data for temperature effecta.

As can be seen from *the gyro manufacturer's data sheet, scale factor, mass unbalance and
bias show a linear temperature dependance. By known temparature coefficients these effects
can be accounted for. For this purpose the gyro temperature is ocontinuously measured and
recorded with cach data teleyram and accounted for in the preprocessing procedure.
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golution for Nonlinearities

The linear measvwrement model (7.2) was deduced from the error model (7.1) by neglecting
the nonlinear higher order error terms guch as

DSF, + (-ma, + qa, - niaxa, + by)

Y

Ffrom the values in Table 1 an estimation shows that under certain conditions this expres-
sion may correspond to a dritt in the order of C-1°/h, so that the neglection assumption
will not hold and a pure linear regression will give false results.

The iterative application of the iinear regression discussed above yleld a solution of this
problem, as in a second iteration run for which the linearity assumption i surely valid,
the false parameters are ecrrected automatically.

Scale Factor for the Real Time Erxror Compensation

In the linearized error model {7.2) the scale factor error DSF can only be determined as
coefficient to the input angular velocity of the three axis tahle.

For the real time error compensation procedure in the navigation computer, the scale fac-
tor has however to be applied to the angular velocity measured by the strapdown gyros.
This problem ig also solved by the iterative lineaxr regression, As is shown in Fig.28, by
the preprocessing procedure the scale factor is indeed applied to the gyro output and not
to the input anvular velccity of the three test table.

Variation of the Error Mndels

The linear regression software system conteins the option to use several different error
models. By selecticn of a key number the complete error model from Fig.21 can be substitu-
ted by an reduced or by an externded error model (cf. alsc paragraph 6).

The use of error models in which single error parameters are omitted is necessary when test
data are proccessed for which one or several parameters are not observable.

For these cases the calibration software allows to compensate fully the effects of the can-
celed error parameier in the frame of the preprocessing procedure.

But aisc for judging the importance of the single exror parameters it is very useful to be
able 0 omit or to add single error terms in the error model,

Confidence Test

A very helpful means for judaing wether an error parameter is significantly different from
zero or not is a statistica’ confidence test.

A test of the hypothesis that the estimated value of the erruvr ; .rameter in the regression
error modcel is significantly different frc.l zere can be checked by compe.sing the value of
the parameter x; to its standard deviation G'yy, derived from (4.20).

Under the assumption that the measurement noise jsnormally distributed the random variable
t, = xi/G;i (5-15)

obeys a Student t-distribution.

Therefore 100: (1~qj% confidence iimits for x; can be A~fined by

xi ¥ ty(o-m, 1-q/2)- {7.9)
n-m = degree of freedom
n = number of neasurements
m = number of parameter determined

(1+4/2) = percentage point of the t-diatribution,

For the 24 position test and for the rate test the value t. i3 found to be appraximately
2 for 95% confidence limits and 23 degrees of freedon.

The parawecter values from the lincar regression are now said to b2 significant differcnt
from zero, if

L3 S 1 {7.10)
2° Gxi
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Not significant values defined by
X4
2 Gyy
do .'t playv any important role provided, that the confidence limits are smaller than stated

in the accuracy requirements.
This situation is illustrated in Figure 29,

1 (7.11)

Parameter is significantly difterent from Q:

1{t)
Student Distribution
2005 ,N-M=22

Xy

7
&
It gl
f;O)q inxi
Parameter is rot significantly different from Q:

L)

Student Distribution
q=0,05,N-M=22

' Fig.29:

0x X CONFIDENCE TEST
[ e |
Nﬂx‘ BOxi

Snftware Test

In order to test ths complote software that wag written in FORTRAN IV and further to test
wethur the subroutines for the matrix inversion are sufficient accurate a set of sensor
error paraneters were arbitrary defiped. With the help of the error mxlel, fictitious sen-

sor signals were gencrates and fod to the cowputer program.

The values of the sensor parameters which were evaluated hy_;he calibration software were
in dccordance with the original values in the order of 5410 ',
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List of Symbols:

o yyr €y
m

q

n
C-a

» 0

[+

O el
iy AU,

misalignment of ith-sensor axis about jth-axis
mass-unbalance coefficient

quadrature coefficient

anisoelasticity coefficient

anisoinertia coefficient

rotor polar mcoment of inertia

rotor transverse moment of inertia

angular momentum

acceleration along ith sensorblock-axis
angular-rate about ith sensorblock-axis

gyro bias about i-th sensorblock-axis
scalefactor error of ith sensorblock-axis
i~accelerometer scalefactorw-error

quadratic errcr-coefficient of i-accelerometer
cubic error-coefficient of i-accelercmeter
cross-caupling coefficisnt of l-accelercmeter
bias of i-accelerometer

motor phase angle

tarque lbout {th gyro axis

© oautpak=-voltage of i=iccelerometor

temparature

t digtributed testvariable
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