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R-~890
DYNAMIC TESTING OF THE REARFOTT 702401030 ACCELEROMETER
ABSTRACT

A Kearfott C702401030 peﬁdulous accelerometer serial #N3
was integrated with a United Aircraft Pulse Torgque 3Servo
Assembly (PTSA) forced binary loop. The test objective was to
‘measurz2 dynamic errors due to an;soinertia and .pA " coupling
gEfects, The iustrqment and its torque loop are described and
' the' gebhnique for isblatiag. the &niscinertia ' error f:om

centripetal acceleration effects is discussed in detail.

The measured anisoinertia error coefficient was 3.0 cn,
and the testing confirmed that no rectified 03 coupling error

was present.
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SECTION 1
INTRODUCTION

éhis report presents and discusses the resulis of tests
performed on the Singer Kearfott C702801030 .pendulous, pulse
torguad accelercmeter, serial number ¥3 (hereafter called
Kearfott 24071 accelerometer), in a dynramic environment. The

accelerometer was tested with a United Aircraft pulse torque

- servo assembly {PTSA) forced binary loop.

In stabilized éldtform épplicqtions, the variéus dynamic
BrTOr sources are not‘routinely considered sincé the platfornm
functions to isolate the iastruments from undesired dynamic
forcing functions; Rowever, * in strapdown apblications the
instruments encounter the full -dynamié enﬁironﬁent and all

BETLOrC sources nust be considered.

The objective of the test prodram_was to investigate and
evaluate the accelerometerts dynamic characteristics,

specificly, anisoinertia and O0A coupling, wken the instrument

is subjected to angular oscillations and constant rate inputs.

These tests were part of a continuing study program to

fully determine expected strapdowa systasm perfdrmanceriu an




.
e e

» .

angular dynamic eavironment. It is hoped that the test results
observed will aid. the straplown system designer, siace little
data is currently available for bo&y mounted ace elenometers in

a dynamic eavironment.

The report is divided into seves sections and an appendix.
a2 -detailed description and pe:fofmance characteristics of the
Kearfott 2801 accelerometar are presented in Seétion 2. The
pulse-torque ;ehalanca 1oop. used in conjundtion with the
accelarometer, the Onited Aircraft PTSA, is described in

Section 3.

section 4 provides an introduction and background
_ tzeﬁtgént of. the accelérometer.dynamic erroOrC SOUrces ¢overeﬁ in
the test program, fhe output axis dynamic equétion is -given,
and the discussion éontinues with a detailed description of the

anisoinertia and O&F coupling dynamic error terms.,

The dynamic test facility and test procedures are
described in Section 5. A description of the results of the
tests run on the accelerometer, together with the approaches

used and difficulties .encountered, follow in Section 6.

Section 7 presents the_conclusions of the dynamic test
program and ‘makes recdmmenﬁations.fdr furthér'ihvestigation of
-other dynamlc error terms, such as sculllng, VlbropendﬁlOSltV,

and anlsoelastlclty. These effects are descr;ned 1n detall 1n




‘Appendix A together with a test plan for multi-axis oscillatory

inputs,

The results and conclusions of this report are. based upon
- a sequence of evaluation tests performed on one instrument,

They do not attempt to -categorize the Kearfott 2001

‘accelerometer family,




SECTION 2

INSTRUMEYT DESCRIPTION

THE KEARFOTT 2401 ACCELERDOMETER

The Keatfott' 2401 accelerometer is a sinéle axis, viscous
damped, linear device which wuses a hingad éendulum as the
senrsing element. Fig 2.1$ shows its outer case dimensions and
Table 2.1* lists the operational and performance- paramete‘s as
éuoted by Singe:-Keérfott. "(Publishing of this performance
data in this report ‘"does not 1nfer CSDL verification except as
‘indicated iIn the text.) The pendulum contalns both plckoff
e£citation and DC torguer coils wound on a common fo;m. It is
anchored .to an aluminum housing +through a low creep, low
hysteresis, frictionless spring suspension, An alternating
current excited, air core differential transformer type pichoff
produces a voltage due to the relative displacement, resultiag
from sensed acceleratlons, between pendulum and housirg., ¥hen
the accelerometer is used #ith an analog torque rebalance loop,
the accelerometer pickoff voltagé is amplified, ‘demodulated and
fed back to drive the torgie generator thus rebalahcing the

‘input acceleration,

= All (fig‘ures and tables are found at the end of the text



The spring suspension utiliges two integrally ‘mounted leaf
_S§rings contained in a cowomon plane, but sufficiently spaced to
reduce errors from cross 3ixis accelefation to a negligible
leri.: TD.prOVide damping and insure-satiéfacﬁory operation in

‘severe environments, the entire housing is £illed with &

éilicone fluid,




'SECTION 3

REBALANCE LOOP DESCRIPTION

THE UNITED AIRCRAFT PTSA

"a  United Aircraft ﬁorp. (UAC). forced-binary pulse
torgque-to~balance loop hereafter called PTSA was interféced to
the Kearfott 2401 accelerczeter, The PTSA is a pulse width
modulated binary_lqap.which provides digitized torguing signals
to rebalance the ipertial instrumest, -4 block diagram of the
loop is shown in FPig. 3.1, The loop-consists of ' four major

*functional componentss:

.a} applifier and ﬁeﬁodulator
b) -quantiéer

3) curfent bridge and driver
d§  current regulator

2 brief description of the loop follows.

As the accelerometer senses an input, thg’instrument'
pickoff generates a voitage which varies in proportion to the
aisplacement of the' pendulum from null. This signal is

amplified, demodulated and applied to the loop compensation




network, The output of the loop cémpensatioﬁ'netéork is then
sunmed with a refetence ramb function of 1limit cycle freguency
and amplified prior to its transmittal to the quantizer. rhé
quéntizer detects zero czoésinqs of the resultant wave and then
furnishes a signal to switch the current in the tdrguer’from
plus to minus thus produqinq a pulse~-width modulated wave of
limit cycle ftequeﬁcy. With no aééeleration-input,‘the Zero
crossing occurs at éhe miji~-time point of the linmit cycle; for
maxi&um plus or minus‘rate, the zero c¢rossirg occurs at the
beginning or end of - tha limit cyclé, respectively; The
waveform is shown in Fig. 3.2.' Thus, the quantizer genérates
an ouﬁput 'waveform whose duty cycle is approximately

proportional to the dmplitude of its input signal.

Thé.guantized signal is usgdl'to drive an H éwitch (four
transistor 'bridge) which <can reverse the. current in the
acceleﬁometer torquer, - There is a maximum of 5u' switching
points within the 1KHZ limit cycle .pericd. The polarity of
current change occurs at the zero crossing in the gunantizer,
when the next 64KHZ cloﬁk pulse occurs. The magnitude of the
torgner current is ?recisely maiatained by a'current regalator.
The net +orgque cﬁrrenﬁ suppliedl to the instrument is of a
golarity required to return the pendulum to its null position.
‘Phe PTSA loop, therefore, supplies an average value of current
over_é limit cycle to balance the tdrque generéted by the rate
_input and maintains. a nearly constant torque coil power

regardless of accelerometer input-axis rate.

-3



-

-

The quantized output is alse used to generate the obitput
"“:data; The PTSA reado"t is a.time-mbdﬁléted'A@ulse-train~whe:ef
~the number of pulses is a direct measuras of the current

'feedback - to the instrument torguer, Fach pulse represents. an

incremental linear velocity of the a~selerometer.

Y




SECTION &4
PENDULOUS ACCELERbHETER DYNANIC ERROR SOURCES

This sectiod provides a theoretical treatment of the

pendulous accelercmneter iynampic error sources which were -

neasured during +the dypamic test program. The analysis is
extensively presented in the referesnce literature and is oniy
briefly summarized " here as reference for the data presented in

the test results.

' The. differential eguation describing . the dynamics of ‘a

single~degree~of~freedom .pendulous acceleroneter in a rotating

sSystem may be-formulafei'in terms of angular-momentum and the

-

torque applied to the pendulum.

{4, 1)

Bﬂcua=fﬂdiﬁvlﬁ

where

FOA? torque_appliedita the perdulous float.
H = angular‘moméntum of the penduibus §16at,!'.
W :j&ngular'véléﬁity of 'the‘cise ;bbﬁt _the'ihput axis.




and - ‘the

0f ' interest is the output axis dynamic eguation which is

derived

here.

IOA19‘+

where:

The

.. ‘rLesponse, .

-

from the above in the various references and restated

(4.2)

C 0=Pa__ . +M —PaPHAe"IO’-&“

OA STIRA TG OR%

FIpg = A [ Wiga Wppa * (WIR A “'PR 4181

moment af7 inertia of the fiqé§ about.eaeh of its
principal axes: pénduloﬁs axis (PA},:input axis
(IA),.outpu£ axis {dﬁ)

the. viscous &amping coefficient about 04

the float bendulosity {nl)

the linear acceleration of the accelerometer along
its respective axes: ﬁenduloué :efefenée axis (PRi),

input reference axis ({IRA)

= theAangular velocity of case

angle about 04 of the float Wlth respect to the case.

commanaed torque of the torque qenerator

terms on the left correspond to the float denéﬁic

‘The first two terns on*the-right-corresppnd--to_ﬁhgys'

torque. dus to acceleromater input - axis acceleration response:

_accelernmeter cont:ol torgue. 1 The :eméininq“fte:ﬁsﬁb

10
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 represent the dynanic error torques; i.e.,

'.Pa_._PR' AB; | Cross. C‘.o’upl‘ing
IQ A ﬁ'oa A Output Axis Couphng

_Ci 

pa = ) LW

IRA WpRa ¥ (WIRA W A)el - Anisoinertia

Other terams could have been introéuced kad oné'c0nsidered
additional ﬁisalidnments of. the float abopé Vthé iﬁput  and
pendulous axes, They have been omiitedv son that a simpie
.repr'ese;ntatio'n could he shown that woull cl‘early'evidence the

nature of the desired error terams.,

ARISOILNERTIA nRROR— ThlS tecm results f*om a dlfference in.the .
- float ‘mepent -of dmertia abowt TA »and asbout P‘A. The applicable
error expression is:.

2

RA” VW pRalEl

Apisoinertia Error = (Ig, =~ T4 [ WIRA Wora + (“

(4. 3)
This egquation can be-simplified because the secondary terms:

2
| [_(IP_A _”“IRA Wprall

{“ iy
invblqingv spall mlsallgnment anglns {tvnl"ally < 1 arc mlnute}
'-fgar'ffﬁégliglblv' srall, = The-~result1ng  anisoinertia error

:nxéref:SLGn hecomes .

Amcomeraa Error = (IPA Il&) “\K'riﬁA"‘ir'PRA L | St 5)'

.'"'OA CDUPLIR" FPPOR- Thls errot tern is 1ntroduce& by the 1nertla":'

RSP




. of the float output avis, = This effect can bé viewed as the

'u‘tepﬂgnCy of the. float 'to'rémainfat- fest When.lfhe case is

"agcele:ated .ahout'pthe-éutput axis,_'Tﬁe_applicable error term

i_é':"'.-' : . _ . _ , , .
. OACoupling Error = -Ins Wops - | ‘u.gy

- [ For constant - output -axis raté_inpgts qndf_stgaﬁy;statej_

osci}lating’environments the resulting error is zero.




SECTION 5

TEST MECHANIZATION AND PEOCEDURES

DYNANIC TEST FACILITY

The dynamic test facility consisted of a two-axis ieitz
dividiﬁg head mounted om a gyro rate table and a test
instruaent console adapted for thié prodram. A block diagran
illustrating -the functional eieménts of Lhe cont?olé, various
test monitors and éugpo:t equipment is Shown in - Pig. 5.1.
L Pdgure f512'«sﬁews‘tbe»acﬂeiembmeéeraand-:dividing‘~ﬁead on the
;éte tablé.' For the 03 ¢oupling test the gvyro rate table was
converted to é singie axis angular oscillator. Thé. dividing
héad was reméved, and the accelerometér.was mounted directly to

the rate table.

in ‘oven was built around the 2401._accelerometer for -
tempérdtaré'centrol'of the instrument., Although the PTSA loop
shonld  alsc have_bEeﬁ.tempezatuée controlled, it was difficult
t0 do so, due to its bulkiness and the linited time.allotﬁeﬁ to
‘ﬁﬁe tést program;  1£ is. felt thaf, had the BTSA been .
temperature controlled, the ancertainties in éhe iést rQSu;ts

' could have been reduced by-an order of magnitude.

13




The intercohpectiﬁn . of  the acgelerometet with  the
supporting elecéranics‘_and  test _eguipmentf was carefully
&eveloge&' to assufe'-that- noiée on the signal generator and
torquer lines where minimizeﬂ. To elimigate Q;ound. loop
problems, a single-point groﬁnding scheme‘was'employéﬁ.' Lead
lengths were migimized and critical signal 1inesvwere,sﬁielded
to éssure a minimum of pick-up. Input K power was regulated to

minimize power line ~ transient effects on the accelerometer

perfofmance data,
Terperature errcrs due to the PTSA-accelerometer loop were

kept to,a'minimum' by controlling the laboratory temperature

environment to 72 +.2°F.




SECTION 6 . - -
TEST RESULTS

The tests Tun on the 2401 accelerometer are described in

thls sectlon. The measurements inclufeds:

a) Deternination of instrument scale factor { SF ) and
acceleration bias ( Ab Ye
b) Anisoinertia measurement

c) O0A. coupling measurement ’ o .
6.1 SCEEEfFﬁﬁTQR"§¥95§CﬁEEERATION’ﬁIAS

Fundamental to acbeleromater testin§ i the_otiéntation~of
the instrument with regard to the local gravity vector, %ith
the instrument input axis aligned for a -positive one-g input,
the relationship between the number of data pulses accumulated

for a selected number of clock pulses is

1 . _ 16.1)
_SF( T ) 8% % L

"where‘

SF the posztlve scale factor constant correSpondlng to

'ihé‘magnltude of the 1ncremental veloczty represented?fTﬁi'l"T

15




' vector. .
. p

3 = the - ac,elerometar bias expressed in the sane
: , e
- dimensions as the gravity term ‘g?.

P, = the number of data pulses accumulated during the

_ preset'couqt5p¢£iqd%in_the +1q;p:ientatiqn..

w

e ey = the number of data pulses accunulated during the

- Py
’ ‘preset count period in the -lg orientation,
T = the clock fregquency times the counter preset.
g = local acceleration of gravity'(980.u'cm/sé62);':

wIf the: 1nstrum;nt 1nput ‘axis is aligned in a negative

-sense W1Lh respect to the local g vector, the corresponding

5.1::(2?2 T) .- Ab'

' By addlng Eqe. 6 1 and Eq. 5 2 and sclv1ng for scale ;actor SFVI

equatlon.ls

(5 2)

. WE h_a-ve _ . _ /
| - BF = ———Ji———— | cnn/secz‘
. P : : . '
1 2 ' -

e

by each data palse for +IA aligned parallel to the g

Le The-accelerometer ‘bias can _he determlned hy suhtractlngv_vuv_;;&

' Eq. 6 2 xrom Eq.»ﬁ 1, resultlng 1n the expr9551on‘f_l,“'

crn/SéG?=

.




A_?pr7 the.'inst;ument under test, the following values were.

| ascertained for SP and A,
'--SF': 21121, cn/sec?
ol 2
By = 18.7 cm/sec

'Tést,~tnder£ainties of 0,3 Cm/'se'c2 were observed. during the

testa )

6.2 ANISOINERTIA MEASUREHENT

Th ini al approach used to ;easure anisoinertia was to
model the geometry of the testj set. up so that centrlpetal
errors could be analytlcally compénsated.. However, since the 
rate table,ax;s_of rotation did no£4 interSedt and .was nﬁt»
nordal to the dividing'rhead axis of_rota£ion, no‘siﬁple nodel

could be obtainéa which would allow accurate compensation.

The 59cond- approach 7as to reduce the-centripetal inputst
to near zero by posmtlonlng the accelerometer centet of gravzty

»gat the certez of rotatlon of the Late table Ihusr any sllght_

'Veyar;atlon~1n ,geometry from an assumed 1deal could contrmbute -

. only negligibly small errorss

’;{iﬁ the EEVlSEﬁ Lest setup, the accelarometer was mounted;»;gg,5

cn the leldmng heaﬁ such that the lnput and penduleus aXesfﬁ‘”‘



" could be rotated in a vertical plané about the output axis. -

The dividing bhead .was placed on the rate table such that the
:éécelérometgr aid not sense any centripetal acceleration input,
The accelerometer IA Was.pbsfiioned at eight positiqns relative
-té the gravity vector separated by ﬁSo incxements. The rate
'iébie was rotated at rates of 0.05 rad/sec and 1,0 raﬁ/sec for
éach acceleromneter 'posiéiona The. accelerometer ouktput was
recorded and the indicated error due to anisoinertia was
calculated for each position using FEq. 6,5. See Pig. 6.1 and

Fig. 6.2,

- Ay

Indicated Anisoinertia Error = AIN
‘ : at 0. 05 rad/sec

at'1,0 radfgec

’

, . (6.5)
Table 6.1 lists the results.

gs can be seen from the tabulated r?Sults, the error tern
agrees with theéry-in that it should 'ﬁelzero at ITA horizontal
{180 and 360 degrees) and IA vertical (90 and 270 degrees), and
theimagnitude should bé constant but change sign in accordance
with the sign of the

. PR ) b O
WLAHPA_ proauct. at  the dlfferentr 45

Aposiﬁions;' Siiqht_ deviations from an ideal model are dué to

test uncertainties.

swnce the prlmary aniSoinertia term 1nflueuc1ng the

) VV

IA IRA

responqe of the acceletometer is (IP£L L&

18 .




the amisoinertia, can be calculated by averaging the

I_ -1
] PA IA
results, Thus, for the table rate of 1.0 rad/sec and with the

acceleroneter IA set at a u5° angle from horizontal,
WIA-;”PA = 0.7 rad/sec
and

1.47 cm/sec2

UTngha ) ip 9py =

Thus, an aniscinertia error coefficient can  be defined equal

‘ to,‘IPﬁrH}X/ml, which for the 2401 accelerometer equals 3.0 cm.
&¥so, -since ml=1.12 gr-cm the corresponding anisoinertia is 3.4
gm-cm2

6.3 OAR COUPLING MEASUREMENT

The dynamic test facility was used £for the 03 coupling
measurempent, This test facility consists of a single-axis
angular oscillator and a PDP/BL minicomputer. A block diagram

illustrating the functional elements is shown in Fig. 6.3,
The accelerometer was mounted directly to the test table
with its output axis aligned perpendicular to the table. Thus,

an DA coupling input could be épplied to the accelerometer

19



{input oscillations about the output axis) when the table was
oscillated over a range of freguencies. The net'optput should
have been zero, since theoretically .there_'is no rectified .

torque due to oscillations about the output axis,.

The acceleroneter was oscillated over a range of
frequencies from 1.0 to 100 HZ with amplitudes as shown in

Table 6.2, For each input condition

(A; ) = gb+A
1 stead state b

was determined and compared to {A., ) . determined
' ' : : : M pef.

at zero input {(no oscillation of table).-

o :
The test was repeated with the table top rotated 90 about

the tilt axis ( IA up ).

Tables 6.2 and 6.3 show the steady state accelerometer
oﬁtputs with corresponding fregquencies and amplitudes of

oscillation,

The output distribution lies within the test uncertainty,

indicating no definable DA coupling error.

20



SECTION 7 .

CONTLUSIOXNS AND RECOHENDATIONS

7,17 CONCLUSIONS

The following conclusions resulted froem the -dynamic test

progran,

Te )

2.)

3.)

ﬂ».)

In order to get an accurate measurement of the anisoineriia

error term, the test setup should nrot introduce any

centripetal ' acceleration inputs,

The nmeasured .anisoinertia error coeffjcient was 3.0

Cha

It was confirmed that no rectified O0A coupling error
was present, Thus, the dynamic test results from

this instrument confirm the theoretical predictions

-for a pendulous accelerometer,

¥

A bias uncertainty of . 0.3 co/sec? cbserved was

possibly due to room temperature variation effects

on the PTSA, superimposed on .random noise and

21




errors introducei by short term averaging of data.
7.2 RECOHHENDATIONS

Any further testing of this instrument for small error
coefficients shoulid be done with a temperature controlled PTSA,
sirce the accuracy of the test results might be limited by the

lack of PTSA temperature control.

It is recommended that Ffurther dynamic tests be run with
this instrument to establish the magnitude of the remaining
dynamic error teruas, Thesse tests will require a. two axis

angular shaker and. will establish a magnitude for the

foilowing:
1. Vibrependulosity
2. Anisoelasticity

3. sculling

A discussion of these dynamic error terms and a

corresponding test plan are contained in 3ppendix R.
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APPENDIX A
MULPI-AXTS TEST PLAN PROPOSAL |

The following test 'plan is derived from referenees 2 and
3. It ?resents' a method for evaluétiﬁg the dynamic
accelercmeter response in the presence of wvibration aﬁd
rotating inouts, The iollﬁwing dvnamic characteriétics will he

determined using a two-axis oscillator

Te Vibropenlulous effect
2. inisoelastic effect

3, Sculling
A.1 VIBROPENDULOUS EFFECT

When in-phase linear vibrations are applied along the
input and pendulous axes of an undamped pendulous accelerometer
a rectification of the vibration input occurs. For the case
shown in Fig. A.1, the acceleration coﬁponent along the input
axis causes a rotation of the pendulum from its null _position.
.E.component of pendulosity thus exists along the reference IA
direction and is sensitive to an acceleration inpﬁt along the
pendulous axis. Wwhen the vibration input reverses sign, a

reversal in both the pendulum displacement, & , and the
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direction of the input acceleration along the pendulous axis
maintains the sign of the sensed input and a rectified output

results,

Assume that an input vibration a;  sinwt, is applied at an
angle ¥ relative +to the pendalum input axis in the IA = PR
plane, Assume also that the pendulun moves during.a negligibly

small time intarval to the effective threshold of the rebalance

loop employed., The rectified error is equivalent to

i

. 9 e, .2 (a.1)

a_-= KIP 2, cosy sint/ sin wt

K a2. 1 - cos 2wt
=12 7in oo | =

.2 n ey 2

where: KIP; = the inpput 'axis-penddlous axis cross-coupling
~coefficient.
o ‘

The steady state error peaks for iy =45, In addition to the

DC component, there exists a sinusoidally varing term having a

frequency equal to twice that of the vibration input.

For a vibropendulosity error to occur in a damped .,
instrument, the inputs along the input axis and the pendulous
axis must be gut-of-phase. This is true because the float

motion, due to the damping, Qill lag the phase of input along

the input arxis,
The instrument set-up for dete:ﬁininq the vibropendulous
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error is shown in Fiqure A.2. The accelerometer input axis

lies parallel &2 the oscillator Y-axis, The pendulous axis

»

lies parallel to the oscillator 2-axis. . For -low input

frequencies, the pendulum will track the resulting vibration
input zlorg the input axis due to the Z-axis oscillation. " Due
to the fluid damping, the penjulum response wili lag the
dfiving input by almost 90° . Thus,. the input alorg the
pendulous axis (due to the VY-axis oscillation) must 1lag the

first input by the same amount (X) to produce a rectified error

output.

The instrument threshold will not have appreciable effect
onlthe output obtained from the two simultaneous inputs. This
' wili be true because only oné term in tke equafion for the
_float _response to a single vibratorf' input kesults in a
rectified output in the presence of an input along the
'penﬁulous axis, This term is the sinusoidal response to the
sir.gle axis vibratory input, The other " terms in the complete
response eguation describe slow drifting of the float, or

transients associated with the torguing pulses.
A.2 AWISOELASTIC EFFECT

in-phase linear vibrations along the input and output axes
of an acceleroneter can give rise to rectified error torqgues if
unequal spring restraints exist along  the ‘input axis at

opposite ends of . the float. Pig. A.3 shows a representation

27
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of a float with hybothetical positions for the center of
gravity, center of floatation, and center of suspénsion. Under
tée action of an input acceleration, the foll?ﬁiné equilibrium
eQuation results

. _ (he2)
(mfaIA) dl—- Mgy aIAd2 -Afs ds- 0

vhere:
mf = mass of the float {graams)
Mg = Dass of the displaced fluid (grams)

dl = separation between the center of mass of the float
and the suspension zenter {cm)
d2 = separation between the center of floatation and the

suspension center (cn)

Af = difference between suspension restraining forces on
opposite ends of the float (dyne)
d¢ = separation between suspension forces {cnm)

arp= input acceleration (cm/secz)

Examining the equation, if . = mfl{perfect

flotation)

' m.z., (d. - d.)
Ap = DfP1A 1
S Cls

2

{(A.3)

28




If the pendulous member is unflpated, the buoyancy torque

is absent and

dy ‘ {A.4)

Defiring R as the suspension stif fness, the rotation of

-

the pendulous ele=ent, BR ; corresponding todﬁs is

(A.5)
BR._ Afs
T K. d
8 s
For the casza of the berfectly floated instrunent
o - Dr21ald -dy)
Rf 2 .
: Ky dg | , (2.6)

' If simultaneous vibration inputs are applied to the
accelerometer along Dboth the input and output axes, an error

analegous to that ' for the vibropendulous effect may be derived

me(dy -dy)
Eanisoelastic = - d2 a3, for the steady state error (A.T)
s s

The key vermss in the equation are (dg-4q) and Kge Sood design
will normally result in a value for ' (d, -d;} which approaches

Z@eYro, The larger Kg is, the smaller the error that fesults.

The setup for determination of the anisozlastic effect is

showa in Figure A.&4, Here the oscillating inputs are applied
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along the input asnd output axes. Agaiﬁ the threshold will have

no effect on the results.
A.3 SCULLING

The phenonsnon known as sculling occurs if simultaneous
anqular oscillation about the output axis and linear vibration
along the vendulous axis are applied to the accelerometer. The

applicable error term is

a W ' (2.8)

Sculling Error = Kap <t . 2pa

fhe interaction torque term represents the scullinj effect.

Letting
' dWw -
QA s {A.9)
—3 " ® Qp, sin bt
and
= in bt
2pA T FBpy 5P - (A.10)
3 . = . 2
the Sculling E-rrors= +Kapam a, sin bt |
K o _a (A, 11)
= R0 MR (1-cos2bt)

‘Once again the reaction torque contains a rectified coaponent
and a sinusoidal component varying at twice <the input

'freqpency.




Figure A.5 shows the setup. for the detecmination of the
éculiing "effect. An 0& couplina input is applied- about the
Z-axis. The Y axis oscillationm proviﬂés'an oscillating iaput

along the pendulous axis,
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T_able 2.1

Kearfott 2401 Accelerometer - Performance Characterisiics(l)
CHARACTERISTIC SPECIFICATION | TOLERANCE| DIMENSIONS
Pendulum
Pendulosity 1100 215% dyn-cem/g
Mechanical Freedom of Pendulum : -
with Respect to the Case +2 Minimum mrad
Output Moment of Intertia 14 £20% cl_-,rn«c:m---s.2
Flexure Spring Rate 1540 £40% dyn-cm /rad
Flexure Spring Rate 1.4 £50% g/rad
Pickoff
Pickoff Scale Factor 10 £20% V rms/rad
Input Impadance (175 + J98) +25% ohms
de Resistance - Excitation Coil 160 £25% ohms
Qutput ImpedanCe* (115 + J20) £25% - |ohms
. dec Resistance-Pickoff Coil 58 £25% ohms
Flectrical Quadrature Null : -
{(Trimmed). 200 Maximum nv
Phase Angle* (0) £10 ldeg
. 1
Torquer
Current Scale Factor . 99 £0.03 mafg
Torquer Time Constant {Tz) 0.2 to 20 -——— us
dc Resistance - Torquer Coil 160 +25% ohms
Damping
Damping Coefficient 76,400 %40% dyn-cm-s

¥ With external .2 mfd shunting capacitor.

{1} As published by Singer-Kearfott Division (Ref. 1)

PRECEDING PAGE BLANg NOT FrMEp
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Table 6.1

Error Due to Anisoinertia

1A A
(degrees)  (cm/sec?)
45 1,54
90 0.07
135 -1.50

180 -0, 32
225 1.54 . -
270 0.31
313 ~1.30
360 0. 10



Table 6.2

OA Coupling Test Output
IA Horizontal

Static~-Dynamic
Frequency Amplitude  Ouiput Difference
(Hz) (mr) (cm/sec’)
1 2,6 -0, 03
2 4.4 . ~0.07
5 ——- Sy ] |
7.5 - T T } %iztcjeriznce
10 - ——
15. 4.0 0,08
20 - 2.0 - 0.25
30 1.0 -0.21
50 0.2 | - 0. 31
B0 0.1 . =0:01
75 0.1 0.19

100 0.1 0.17



Table 6.3

OA Coupling Test Output
IA Vertical

Static-Dynamic

Frequency Amplitude Output Difference
(Hz) {mr) . (cm/secz)
1 2.0 _ ' 0.05
--- - -—-- }System
5 —— ve.-. [ Resonance
10 . 10,0 0.10
i35 3.3 0.17
20 2.0 ‘ 0.31
30 1.0 0. 02
50 0.2 0.01
70 0.1 -0. 14
100 0.1 -0, 13
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Fig. A.1 Vector Diagram for Vibropendulous Effect



. 6 = emy S}:n(wt-l-!/ﬂ
Bz - sz sin wt
/ ¥ 90° : '
Bm 0° IA misalignment about OA
4 - 8_ .= IA misalignment about PA
mp .
PA . -
ey = em.y w;os(wt + 1)
7 - = _ - + ’
O.i'& . ; ey 0 my ¥ s1n(wlj. )
~ 92=9mzwcoswt
—e Z §z =—Bmz W2 sin wt
1 Inputl) = -0 | r e we sin (wt +¢) .
T IAy mo my ’
‘ ~ g
2, Input)IAZ-remZW sin wt
3. Input) 'P Ay= - emy wz_ gin (wt +¥)
) - 2 .
4, Input) PAz - Omo© _sz w sinwt
2 .
5. Input) = -r{0__ wcos(wt+)) (centripetal
Oay my acceleration)
’ 2
6. Input ) = -r (9 w cos wt) (ceniripetal
OAz . ma acceleration)

Fig. A.2 Axis Orientation; Vibropendulous Effect



Fig. A.3 Force Diagram for Pendulous Float with Input

Acceleration Along the Input Axis



1a | | |
OAJ/ : 8 =9 . sin{wt +¢)

y  Im
. ¥y .10, = ‘emz sin wt
< ::,_z , ¥ ¥ 90°
1. Input) =-p__r@ w? sin(wt +¢)

IAy mo my

2. Input) 1Az = T €my wz sin wt

3. Input ) OAy™ T €my w2 sin (wt +¥)

4. Input )OAz =g _rg w? sin wt

mp  -~mz

‘5. Input) PAy - T (e.my W COS (v.rt + ) )2 (centriPetal acceleration)
. 2 - . .

6.. Input )PAZ = -p (emz w cos wi) {centripetal acceleration)

Pig. A.4 -Axis Orientation: Anisoelastic Effect
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1. Input ) about OAz = ~8,, W sin wt
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4. Input ) OAy = -r (emy W COS wt)2 (centripetal acceleration)

Fig. A.5 Axis Orientation; Sculling





