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VIBRATION EFFECTS ON APOLLO GUIDANCE
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ABSTRACT

This report describes the significant effects of vibration on inertial
component guidance performance. The transmission of linear and angular
vibrations from spacecraft frame through the navigation base to the stable
member is considered. Most significant vibration effects produce rectified
errors that result in equivalent bias drift or bias error in a constant vibra-
tion field. Vibration effects on trajectory cutoff errors are presented for
the different Apollo trajectories. The Appendix contains brief descriptions

of the significant vibration effects on inertial components.
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VIBRATION EFFECTS ON APOLLO GUIDANCE

Introduction

This paper is concerned with determining and presenting the signifi-
cant effects of spacecraft vibration on inertial component guidance perform-
ance for the various Apollo trajectories. We will not be concerned here with
the effects of transient acceleration or of shocks, but rather with the problem
of the effects of steady vibration of the spacecraft in the vicinity of the Navi-

gation Base.

Figure 1 is a flow diagram showing the various error-producing effects
of vibrations on the IMU gimbals and on the Stable Member gyros and accelero-
meters. This figure shows that the linear vibrations sensed by the inertial
components are functions of the transmissibilities of the Navigation Base
mounting and of the IMU gimbals. The angular vibrations sensed by the inertial
components are functions of the torque response and of the base motion isolation
response of the IMU gimbals servos as well as of the angular transmissibility
of the Navigation Base.

Table 1 lists the principal vibration effects on IMU gimbals and on
inertial components. The effects of angular vibration caused by base angular
motion perturbations and by disturbing torques to the IMU gimbal servos will
be described later.

Three of the linear vibration effects are caused by anisoelastic torques,
all of which are a function of the acceleration squared. The fourth vibration
effect is also a function of the acceleration squared, but where the two accel-
erations are 90° out of phase with each other producing a cylindrical motion.
The angular vibration effects are actually the effects of Stable Member angular
motion on the gyros. Except for gyro anisoinertia the resulting drift errors
are due to kinematic effects in the presence of both in-phase and out-of-phase
(coning) angular motions. Accelerometer sculling, which is caused by com-
bined linear and angular in-phase vibration, is a rectified accelerometer
cross-coupling error., All of the above effects give rise to rectified accel-

erometer or gyro drift errors and hence to average accelerometer indication
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TABLE 1

Vibration Effects on Inertial Components

A. Linear Vibration Effects

a. IMU gimbal anisoelastic
b. Gyro anisoelastic

c. Gyro cylindrical motion
d.

Accelerometer anisoelastic

B. Angular Vibration Effects

a. Gyro coning

b. Gyro anisoinertia and kinematic rectification

C. Combined Linear-Angular Vibration Effects

a. Accelerometer sculling

D. Cutoff Time Computation Effects

a. Uncoupled vibration effects

b. SM angular vibration effect

errors or to average gyro drift rates. The two effects in the last section are
not rectification effects and are listed for their effect on cutoff time computa-
tion. A1l of these vibration effects are individually and briefly described in
Appendix A.

Linear Vibration Transmission

Before specifically analyzing the effects of vibrations on the Stable
Member inertial components, the transmission of linear and angular vibrations
from the spacecraft to the Stable Member via the Navigation Base and the IMU

gimbals must first be considered.

Earlier mounting designs for the Navigation Base for both the CM and
the LEM contemplated the use of relatively soft-mounted vibration isolation
systems whose maximum transmissibility would be about 4 at 30 cps and which
would effectively attenuate all accelerations above 50 cps. However, present
design for the LEM (and perhaps for the CM) is a nonelastic strain isolation
system. This would maintain alignment of the Navigation Base relative to
spacecraft frame, HoWever, the transmissibility to linear vibrations would

be essentially unity.
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The transmission of vibrations from the navigation base through the
IMU gimbals and bearings to the Stable Member (or inner gimbal) should next
be considered. The resonant frequencies of the gimbal assembly are complex
functions of the gimbal stiffnesses and weights. Experimental tests show that
the first resonant frequency occurs somewhere in the 125-to-150-cps region
depending on the Vibration axis. The transmissibility of this frequency had
been determined to be about 20 for some early Block 1 systems, but lately
this has been reduced to about 10. The transmissibilities for the higher
resonant frequencies at 450, 650, and 1200 cps are all about 3 or 4. Much
of the navigation base vibration energy will be transmitted to the Stable Mem-

ber in the 125-to-150-cps region.

Angular Vibration Transmission

At present there are little data available on spacecraft angular vibra-
tions near the navigation base. With soft-mounted vibration isolation mounting
for the Navigation Base on the Command Module, the rms navigation base
angular vibration has been estimated to be about 3 mr. This can be caused by

either spacecraft angular or linear vibrations.

The effect of navigation base angular vibrations on inertial alignment
of the Stable Member is a function of gimbal servo performance. Ideally, the
three SM inertial gyros (IRIGs) together with the base motion isolation gimbal
servos will keep the Stable Member orientation fixed with respect to inertial
space in the presence of navigation base angular disturbances. Actually such
disturbances as well as torque and other disturbances may cause angular
vibrations of the Stable Member. The following table lists the principal potential

causes of SM angular vibration.

TABLE 2

Causes of SM Angular Vibration

1. Oscillatory torque due to linear vibration acting on IMU gimbal
unbalance

2. Oscillatory torque due to gimbal friction torques in the presence
of oscillatory base motion rates

3. SM oscillations due to base motion angular vibration and to
servo motor back emf,




The present design for the IMU gimbal servos incorporates the use of
high source impedance motor drives. When, for example, the IMU case rotates
with respect to the outer gimbal generating a back emf in the servo motor, the
existence of the high source impedance makes the gyro error signal effectively
independent of the back emf and hence of case rotation disturbances. Hence,
there should be no significant SM perturbations even for high vibration frequen-
cies if the three gimbal axes are approximately orthogonal. For the trajectories
studied here (except earth reentry) the gimbal axes will be orthogonal. When-
ever large middle gimbal angles develop, causing the gimbal axes to be non-
orthogonal, significant SM perturbations can result if vibration frequencies

exceed the gimbal servo bandwidths.

These considerations show that torque disturbances are the only signifi-
cant causes of SM angular oscillations for the guided trajectories studied here.
Such disturbances can be caused by either IMU gimbal unbalance in the presence
of linear vibrations or by gimbal friction torques. Figure 2 shows the torque
response (angle out for torque in) of the 3 IMU gimbal servos as a function of

frequency.

The IMU gimbal unbalance is estimated to be about 0. 06 in.oz. about
each gimbal axis in a 1-g field. However, even in a 10-g vibration field the
resulting sinusoidal torque of 0.8 in. oz. is insignificant relative to the friction
torques.

The sign of the friction torque is determined by the relative angular
rate between, for example, gimbal and case for the outer gimbal axis. The
following table lists estimates for the friction torques about the three gimbal
axes. These are representative figures for most powered trajectories. From
Figure 2 it can be seen that the peak SM oscillation for a given disturbing -
torque amplitude is reached in the vicinity of 16 cps (100 rad/sec). Table 3
lists the peak SM vibration amplitudes (zero to peak) corresponding to the

estimated friction torques.

Later these SM angular vibrations will be used to compute the gyro
coning and other errors. Note that these SM angular oscillations are inde-
pendent of navigation base linear or angular vibration amplitudes and are only
a function of frequency and friction torque. Because of the presence of vibra-
tions it is expected that starting friction (stiction) will be approximately equal

to running friction.



(D>3s/avd} ADN3INO3IAS
0000t 0001 00l

ol

_ _

4wy60°0

1 XA

142"

_

(g1-14/4w {200) ¥31NO

(81-14/4w 2500} 31QQIW

(81-14 /74w 120) ¥3INNI

0
—1000
—10°0
Am:-t V a,
Jw <<u®
— U0
— 0l

Fig. 2 IMU gimbal servo torque response curves vs frequency.




TABLE 3

SM Friction Torque Resgponse

Estim. Friction Peak SM

Gimbal Axis Torque Response
QOuter 17 in. oz. 0.009 mr
Middle 10 in. oz. 0.012 mr
Inner 10 in. oz. 0.050 mr

Vibration Data

Having analyzed the transmission of vibration to the Stable Member,

we are now ready to study and compute the effects of vibration on the SM
inertial components themselves. Before embarking on this task, the vibra-

tion data problem should be discussed.

The ideal situation would be to have vibration data (preferably power
spectral density vs. frequency) available for each of the Apollo CM trajectories
and for the LEM trajectories. These data would be descriptive of conditions
in the vicinity of the navigation base as a function of time for each powered
trajectory. Such complete data will probably never be available, nor would
they be necessary if the vibrations were of sufficiently low amplitude for all

conditions.

At present only a limited amount of vibration data is available for the
CM-SM and for the LEM configurations. None is available for earth reentry,
or for the S-IV-B (translunar injection), and little is available for the earth

launch to orbit trajectory.

In a constant vibration field most vibration effects on guidance errors
are reducible to equivalent gyro bias drifts or to accelerometer bias errors.
(See Appendix.) In order to use the error coefficients relating cutoff errors
to bias errors and so reduce computational labor, it was assumed that vibra-
tion characteristics remained approximately constant for the powered tra-
jectory duration for all trajectories studies. For the LEM and CM-SM tra-
jectories, this is perhaps a reasonable assumption, since they occur outside
the sensible atmosphere. However, for the earth launch to orbit trajectory,
where vibrations are strong functions of such factors as dynamic pressure

and velocity, the assumption of constant rms acceleration is indeed a drastic
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simplification. However, since the greater part of the trajectory is above
the sensible atmosphere such an assumption can be used as a first approx-
imation, particularly where little vibration data are available. Later, when
more complete and accurate vibration data for the different trajectories be-
come available, the error tables will be recomputed and this report will be

revised,

The following approximate estimates of rms linear vibration accelera-
tion of the Stable Member for the different spacecraft configurations were
used in computing the error tables. Approximate as these assumptions may
be, they serve the useful purposes of:

1. indicating what the effects of guidance errors are for a particular

rms acceleration level, and

2. indicating the relative significance of particular guidance error

effects.

Since the more significant errors vary as the square of the vibratory

acceleration, the effect of changing the rms acceleration level may be readily

estimated.
TABLE 4
SM Vibration Acceleration Estimates
: Estim. Rms
Spacecraft Typical Accel. Vibration Energy
Configuration Trajectory g's Concentrated at
Sat. V Earth Orbit 2.0 125 cps
Insert.
S-IV-B Translunar 3.0 125 cps
Injection
CM-SM Lunar Orbit 3.1 125 cps
Insert. Trans-
earth Injection
LEM Descent, 7.6 125 cps
Ascent
CM Reentry - _—




These acceleration estimates were based on the following available
data. For the CM asymptotic. curves for power spectral density near the
navigation base vs. frequency for atmospheric and for space flight conditions
were obtained from NAA/S&ID. Similar curves from GAEC gave estimates
for the LEM near the navigation base. Computations for Table 4 assumed hard
strain-free mounting of the navigation base to the spacecraft. Since the
primary resonance of the IMU gimbals was at about 125 cps (wherethemaximum
transimissibility was assumed to be 10), the power spectral density near 125 cps
was of primary interest. (If the navigation base were soft mounted, the mount-
ing natural frequency of 30 cps would become the frequency of interest. Sub-
stitution of soft-mounting for hard-mounting would reduce rms acceleration
transmitted to the SM by a factor of about 3. 3 if the power gpectral density
were the same at both frequencies.) The rms acceleration estimates in Table 4
were based on the power spectral density estimates for the 125 c¢cps region.
The relatively high estimate of 7.6 g's for the LEM was based on a GAEC
estimate of 0. 059 gz/cps for the PSD for this region. It was recognized that
the GAEC curve represented an ''envelope'' curve that was based on data
obtained from accelerometer measurements in a particular missile zone for
an array of missiles. For this reason the above estimate was divided by two
to yield hopefully a more representative estimate of power spectral density

to arrive at the 7.6 g figure.

For earth orbit insertion trajectory the assumed rms acceleration of
2 0-g's was computed for space flight conditions (no sénsible atmosphere)
which prevail for Saturn V from 150 secs after launch to cutoff at 730 secs.
The vibratory acceleration for the first 150 seconds is a strong function of
the dynamic pressure which reaches a peak at about 80 specs, at which time
it is about 10.8-g's rms. The time-varying acceleration implies time-varying
guidance errors due to vibration. The present computation programs do not
provide for such errors. Hence, as a rough approximation, an average 2.0-g's
rms acceleration was assumed to exist for the first 150 seconds as well as
for the rest of the flight.

For earth reentry trajectories the power spectral density of the
vibration at peak acceleration is estimated to be about one-fourth that for
atmospheric flight conditions during earth launch trajectory. The rms Stable
Member acceleration is then about 3. 4-g's. As for the first phase of earth

launch the vibratory acceleration is a strong function of dynamic pressure



and velocity throughout reentry. Because of the lack of data for reentry vibra-
tion conditions and because the assumption of constant vibratory acceleration
is a poor one for earth reentry, no attempt has been made at present to deter-

mine vibration error effects for reentry.

Vibration Effects Error Tables

Table 1 listed the significant error producing effects of vibrations
of inertial components. Appendix A describes each error effect briefly.
Therein it is shown that most error effects could be characterized as being
equivalent to gyro bias drifts or to acceleromater bias errors for constant

vibration input.

Table 5 is a typical computation table (for the CM-SM configuration
trajectories - lunar orbit insertion and transearth injection). This table
indicates for each vibration effect the computation steps for computing the
equivalent gyro bias drifts or accelerometer bias errors or other errors.'
The computation tables for the other spacecraft configurations are identical
to Table 5 except for the estimated rms acceleration level and hence are not

presented here,

Table 6 through 11 give the position and velocity errors due to vibra-

tion effects on guidance for the following trajectories:

Table 6 - Earth Orbit Insertion (Saturn 5)
Table 7 - Translunar Injection (S-IV-B)
Table 8 - Lunar Orbit Insertion (CM-SM)
Table 9 - Transearth Injection (CM-SM)
Table 10 - Lunar Descent (LEM)

Table 11 - Lunar Ascent (LEM)

These tables use the values for the average equivalent guidance errors

that had been computed in Table 5 and similar tables.

Comments on Error Tables

Inspection of these error tables shows that by far the most significant

error producing effects of vibrations are:

(1) gyro anisoelasticity,
(2) accelerometer anisoelasticity, and

(3) accelerometer sculling.

10




For gyro anisoelasticity (or acceleration-squared sensitive gyro drift
rate) the assumed drift sensitivity was 1 rneru/g2 for the error tables. This
is actually a specification value, which should not be exceeded. If this is
considered as equivalent to a 3-sigma uncertainty, the position and velocity
errors due to gyro anisoelasticity in the various tables should be divided by
three to give an rms error estimate. Gyro anisoelasticity is primarily a

function of gyro design and assembly and should not vary much from unit to

unit nor with time.

For accelerometer anisoelasticity the assumed g2 sensitive indication
error was 10 /.;g/g2 (or, equivalently, i0 ppu: ‘g or 0.01 cm/sec2/g2) for the
error tables. This is also estimated to be roughly a 3-sigma uncertainty.
This is a difficult error term to measure for the PIPA, even for steady ac-
celeration inputs, and little data are presently available. Detailed tests have
been under way for the last few months, but these have not yet been completed.
The position and velocity errors in the various error tables should be divided

by 3 to yield rms error estimates.

The other vibration effects are relatively small. Errors due to IMU
gimbal anisoelasticity (see Table 5) were insignificant and were not listed in
the other error tables. For the same reason a number of other error effects
were not listed. Computation for uncoupled vibration effects on cutoff time
were based on a rough estimate of 1-g (zero- peak) at cutoff in the 16 cps

region where this has maximum effect.

A study of the error Tables 6 through 9, giving vibration effects on the
CM's IMU for different trajectories, shows that the resulting rss error is
relatively insignificant compared to the rss error due to guidance and initial
condition errors; and the vibration error would be more insignificant if one-

sigma gyro and accelerometer anisoelasticity error terms had been assumed.

However, Tables 10 and 11 show that vibrations have considerably more
effect on the LEM's IMU. Here, because of the relatively high rms acceler-
ation estimate (see Table 4 and its explanatory paragraphs) the equivalent
bias drift is 58 meru and the equivalent accelerometer bias error is 0. 57
cm/sec2 when the 3-sigma estimates for component anisoelasticity are used.
Truer rms estimates would be one-third these values or 19 meru and 0.19
Cm/secz.. Since these are by far the dominant error effects, the rss vibra-
tion error ( for example, for the Decent Trajectory) becomes roughly a third

of the rss error due to guidance and initial condition errors.

11




A) Lincar Vibration Effceets

W nms sting, RMS Avge, | Avge, Mim. Avge. Equiwv
Lrror rror Vib, Accel, Torque| about Bias
Component Term Value at comp. ft-1bs | gimbalaxis Error
MU OCA Compliance e ineh LY 0.010 |o.20010" e -
Difference
" . . R p inch - P -3
Gimbhal MGA Compliance 11 3.1 g 0.005 §0,26(10" )mr ---
Difference
Anisoelastic 1GA Compliance 124 "‘{;’h 3.1 ¢ 0,003 10,6310 H)mr -
Difference
2 13eru
Gyro X Gyro A°D 1 3.1g --- -—- 9.6 meru
Y LANSAIX LA
A
Y Gyro ATD meru 3.1g - --- 9.6 meru
(IANSA)Y 1 T
Anisoclastic Y £
Z Gyro A"D, . meru 3.1g --- --- 9.6 meru
(IAXSA)Z 1 —g—z—
Gyro X Gyro Wheel-Float oulpeh 1 . L 0.05
Compliance -1 B + U2 meru
u s
Y Gyro Wheel-Float 10* inch 31g . .- 0.05 meru
Cylindrical Compliance
7 Gyro Wheel-Float gouinch 3.1¢g - --- 0. 05 meru
Compliance
Accelero- X PIPA NCXX 10 4k 3.1g --- --- 0.096 S0y
g sec
meter Y PIPA NCYY 10 Mg 3.1¢g - - 0.096 2y
g sec
Anisoelastic 7 PIPA NCZZ 10 48 3.1¢g —_— - 0. 096 <y
g sec
B) Angular Vibration Effects
Estim. Vib. Vib. Avge. Equiv.
Error Amplitudes Freq. Bias Drift
Bffect Component nmr, cps meru
Gyro X Gyro 0.05-0.01 16 0.10
Coning & In- Y Gyro 0, 05-0,01 16 0.05
Phase Motions Z Gyro 0.05-0,01 16 0.10
C) Linear-Angular Vibration Effects
Estim. RMS
Error Vib. Accel. Est. RMS Vib, Avge. Equiv,
Effect Component atgiven Freq. Ang. Vib, Freq. Bias Error
Accelero- X PIPA 0.3 g 0.05 mr 16 cps 0.015 L2,
sec
meter Y PIPA 0.3 ¢ 0.01 mr 16 cps 0,003 <
sec
Sculling 7 PIPA 0.3¢g 0.05 mr 16 cps 0.015 0,
s€C

Tt

Table 5

Computation Table For CM-SM Trajectories
(Lunar Orbit Insertion and Transearth Injection)
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R ll\t\(ﬁ: Posttion Brror Veloeity Error
Effect Error (‘inlnid,' in Targel Axes in rn, _ I in Target Axes in ft/sec
Class Ferm trror Alt, Track Range {f Alt, Track Range
Gyro BOX A0 mery 616 2,32
Anisoclastic BOY 4.0 meru H08 478 2,42 1. 00
9
1 meru/g) BDZ 4.0 meru 94 0. 22
R -— ——
E Gyro BbHX 0. 03 meru 5 0. 02
5
£2  |Cylindrical BDY 0. 03 nueru 4 4 0,02 0. 01
-
S BDZ 0. 03 meru 1 0
2 -
5
Accelero- ACBX 0. 04 2 340 156 1.07 0.43
meter Aniso- ACBY 0,04 314 0. 83
see”
elastic (10ugj’) ACBZ 0,04 Sﬂz 151 2179 0. 46 0.73
seC
: g w i Gyro BDX 0.10 meru 16 0, 06
e
2a9
&8 &1 Coning & In- BDY 0.05 mery 7 6 0.03 0.01
<S@
= Phase Motion BDZ 0,10 meru 5 0.01
4 Accelero- ACBX 0.01052 85 38 6.21 0.11
== S
wo 9 B4
Bad . ,
L meter ACBY 0.002 ——, 16 .04
=2 sec
hES
5 Sculling ACBZ 0.010.8m, 38 70 0.12 0.19
-1 2
sec
« r [ )
EE R Uncoupled (EW (alt)co ft/sec
% 9] vi i
us & Vibration (E)v(tk)co ---ft/sec
Bag
LEH
<] L0 0.0
50 Effects <E)v(rge)ca 0. 07ft/sec 7
RSS Error due to Vibration Effects G676 740 581 2.70 2,47 1.33
RSS Error due to Guidance & Initial Cendi-
tion Errors exculsive of Vibration Effects 3, 895 }1, 770 2,410 14,47 30,52 6.43

Table 6

Earth Orbit Insertion Trajectory Cutoff Errors
Due To Vibration Effects On Guidance Errors
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(L::‘.l‘ll‘ ]\:/’:'W osition Krror Velocity Keror
Efteot Errov l‘zm‘u'l' (su‘i I " | i 71,’03 /\'xvs in ft, in Target Axces in ft/sec
Class) Effect Term Iirror Att. T'rack Range Alt, Track Range
Gyro BbHX 9,0 meru 10y 1,14
Anisoclastic BLY 9,0 meru 105 24 1,20 0,24
P
(1 merdg™) BLZ 9.0 meru 21 0,30
S
£
8w |tyro BDX 0, 05 meru 1 0.01
238
=g [Cylimdrical BDY 0. 05 meru 1 0 0. 01 0
= )
Eu
£ BDZ 0. 05 meru 0 0
]
. g €M o . -
Accelero- ACBX 0,'09 132 60 0. 87 0,39
sec
meter Aniso- ACBY v.09 <, 141 0.90
sec
s 2 P cm . .
elastic (10ug/i®) ACBZ 0.09 S, 60 120 0. 39 0.81
sec N
L‘E @ Gyro BDX 0,10 meru 1 0.01
qn ©
=8 2 |Coning & In- BDY 0.05 meru 0 0 0 0
B0 =3
g~ K
< Phase Motion BDZ 0.10 meru 0 0
&
o Accelera- ACBX 0.015 &%, 23 10 0.15 0.08
X sec
< :: g cm
< ®« |meter ACBY 0.003 =2 4 0.03
2
L0 G sec
o
g> cm
- Sculling ACBZ 0,015 . 10 21 0,08 0,14
- SP(‘Z
© g Uncoupled (E)V(alt)co ft/sec
E‘{; @
H S olvibrati 5
o5 H Vibration (E W(tk)co ft/sec
¢ £
& 0 |Effects (E)V 0.10 ft/sec 0,10
S0 (rge)co
o]
RSS Error due to Vibration Effects 180 176 147 1.54 1,48 087
RSS Error due to Guidance & Initial Condi-
tion Errors exclusive of Vibration Effects 2,070 1, 642 lb, 300 14. 40 5.03 3.04

Table 7

Translunar Injection Trajectory Cutuff Errors
Due To Vibration Effects On Guidance
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~COFFERTTAL

é‘iglil(}v' [I}ZVE:; Position Error Velocity Error
Effect Error h‘rn;r Ggid. ’ in Target Axes in ft. _in Target Axes in {t/sec
Class Effect Term Ervor Alt, Track Range A, Track Range
Gyro BDX 9.6 meru 40 0, 38
Anisoelastic BDY 9.6 meru 42 8 0,40 0.03
2
(1 meru/g”) BDZ 9.6 meru 10 0.10
g Gyro BDX 0. 05 meru 1 0.01
E Cylindrical BDY 0. 05 meru 1 0 0.01 0
28 BDZ 0. 05 meru 0 0
> o
H
o Accelero- ACBX 0. 096 C'iz 168 66 1,01 0.38
g sec
- meter Aniso- ACBY O.OQSB—m. 176 1.04
sec
elastic ACBZ 0. 096 <2, 66 163 0.40 0,98
(10g/g”) sec
g w
s § Gyro BDX 0,10 meru 1 0.01
;]
:3,55 Coning & In- BDY 0. 05 meru 1 0 0.01 0
< [Phase Motion BDZ 0. 10 meru 8 o
&
3 g o|Accelero- ACBX 0.015 2 26 11 0.15 0.06
R sec
el
< a8 meter ACBY 0.003 <%, 5 0. 03
% .0 Rl sec
e em
k] Sculling ACBZ 0.015 —— 1t 26 0. 06 0.15
w BeC
o 8 Uncoupled (E)V ---ft/sec
EC . P talt)co
S wy
o 22 |Vibrati (EW ft
% g_..m,. ibration " (o co ---ft/gsec
“o
Q 0.10
8} Effects (E)v(rge)co 0.10 ft/sec 1
RSS Error due to Vibration Effects 188 180 179 1.17 1.10 1,07
RSS Error due to Guidance and Initial Condi-
tion Errors exclusive of Vibration Effects 2, 550 1,075 7,870 5.53 3.23 2,94
Table 8

Lunar Orbit Insertion Trajectory Cut:fi Brrors
Due To Vibration Effects On Guidance
(CM-SM Configuration)
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gt‘l‘i“i‘v' t::,]ﬁ(w Position Error Velocity Error
Effeetd Error Error Guid. in Target I_\_x_e_a_ in, ft in Target Axes in ft/sec
Class N Term Error Alt, Track Range | Alt, Track Range
o rerm ] krror A _ Range | A g
Gyra BDX 9,6 meru 3 0.11
Anisoelastic BDY 9.6 meru 3 2 0,11 0. 03
(1 m(:ru/gl) Bz, 9.6 mern 2 0.03
g Gyro BDX 0,05 meru 0 0
= Cylindrical BDY 0.05 meru 0 0 0 0
[+
8w BDZ 0.05 meru 0 [}
= § i ..
[
S5 . cm
o Accelero- ACBX 0,006 ~— 21 3 0,37 0, 05
5 sec
- N CIN
meter Aniso- ACBY 0. 096 y 21 0, 37
sec
elastic (10ug/df) ACBZ 0. 096 "—“‘—2 3 21 0. 05 0,37
sec
§a
§€§ Gyro BDX 0.10 meru 0 0
=33 E Coning & In- BDY 0.05 meru 0 0 0 0
[=i
€5 | Phase Motion BDZ 0.10 meru ) 0
=
2 Accelero- ACBX 0,015 c_m? 3 1 0.08 0.01
ge
<5 5 meter ACBY 0. 003 £ 1 0.01
E-’EE sec
&5 | Sculling ACBZ 0.015 <, 1 3 0,01 0. 06
-1 sec
e
E,g @ Uncoupled (E)V(alt)co ft/sec 0.03 0
=89 ; .
P g_é Vibration (E)v(tk)co ft/sec 0
2 gH
3 0
0§ | Effects (E)V(rge)co 0.10 ft/sec 0 0.10
RSS Error due to Vibration Effects 22 22 22 0.40 0. 39 0,45
RSS Error due to Guidance & Initial Condi-
tion Errors exclusive of Vibration Effects 370 543 , 554 2.21 1,48 0.95
Table 9

Transearth Injection Trajectory Cutoff Errors
Due To Vibration Effects On Guidance
(CM-SM Configuration)
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Equiv. . s
Gg;ldv 2(‘;551 Position Error
Effect Error Error Guid, in Target Axes in ft,
Class Effect Term Error Alt. Track | Range
Gyro BDX 58 meru 842
Anisoelastic BDY 58 meru 898 178
(1 meru/gz) BDZ 58 meru 346
Gyro BDX 0.1 meru 3
g Cylindrical BDY 0.1 meru 3 1
= BDZ 0.1 meru 1
5
a2
Q -y
i.g Accelero- ACBX 0.57 9—‘-“—2 1, 870 375
8§ sec
£ meter Aniso- ACBY 0.57 &m 1, 825
~ sec”
elastic (10uglg®) | ACBZ 0.57 22, 375 1,775
sec
§
3;3 a | Gyro BDX 0.10 meru 1
—
£% o | Coning & In- BDY 0.05 meru 1 0
o
<> i | Phase Motion BDZ 0.10 meru 1
E
®E | Accelero- ACBX 0.065 <2 215 42
[ - ey
<55 sec
L 5% | meter ACBY 0.015 5™ a5
@ o sec”
A Sculling ACBZ 0.065 <%, 46 205
sec
o
°é.9
S -
'E':““; g Uncoupled (E)V(alt)co ft/sec
et Loy : . _——
:§ ?;?5 Vibration (E)V(tk)co ft/sec
5 ,
0 e .
O Effects (E)v(rge)co ft/sec
RSS Error due to Vibration Effects 2,120 2, 040 1, 840
RSS Error due to Guidance & Initial Condi-
tion Errors exclusive of Vibration Effects 2,150 1. 840 2,000

Table 10
LEM Lunar Descent Trajectory Cutoff Errors
Due To Vibration Effects On Guidance
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Equiv. i:’ﬁ:v Position Errov Velocity Error
Bffeef  Frror (‘.ulid ' in Target Axes in ft, in Target Axes in ft/sec
Class ffect rror Alt, Track Range Alt, Track Range
Gyro BDX o8 meru 464 4.9
Anisoelastic BDY 58 meru ERR) 150 4,68 0,84
(1 mer'u/gz) BL? 58 meru 84 0,19
o
k) Gyro BDX 0.1 meru t 0.01
E Cylindrical BLY 0.1 meru 1 i 0,01 V]
a
Ze BDZ. 0,1 meru 0 0
& - PR— -
g Accelero- ACBX 0,575 1, 095 159 6. 45 1.03
| sec”
meter Aniso- ACBY 0.57502 1,085 6.17
: sec
elastic em
(lOug/gZ) ACBZ 0.57 2 169 1, 066 1,03 6,17
sec
Sau
% £ BlGyro BDX 0.10 meru t 0.01
=R
\E‘,;E Coning & In- BDY 0,05 meru i 0 0.01 0
2
<> {Phase Motion BDZ 0,10 meru 0 0
= -
8 cm
A Accelero- ACBX 0,065 g 127 20 0.75 0,10
cg sec
<8 w
L% S|meter ACBY 0.015 ﬂz 30 0,15
gn g sec
£Z Wisculling ACBZ 0,065 S0, 20 124 0.10 0, 54
1 2
sec .
55
£ -{é ojUncoupled (E)v(alt)co ---ft/sec 0 0
o 5 Slvibrati E)/
.% E‘S.: Vibration ( (tk)co ---ft/sec 0
8
V
68 Effects (E v(rge)co 0.08 ft/sec 0 0.08
RSS Error due to Vibration Effects 1, 200 1,185 1, 095 8.10 7.65 6.35
RSS Error due to Guidance & Initial Condi~
tion Errors exclusive of Vibration Effects 1,635 2,110 2, 060 4.35 4.25 2.55

Table 11

LEM Lunar Ascent Trajectory Cutoff Errors
Due To Vibration Effecis On Guidance
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APPENDIX A

A.1 Linear Vibration Effects

A.la IMU Gimbal Anisoelastic Effect

Gimbal anisoelasticity relative to a particular gimbal axis will,
in the presence of linear vibration, give rise to a rectified disturbance torque
about this axis. The resulting average Stable Member misalignment is a
function of the gimbal servo torque constant and of the gimbal angle configura-
tion. The average disturbance torque iteself is a function of the compliance
difference (difference between the stiffnesses measured relative to the princi-

pal bending axes) and is proportional to the vibratory acceleration squared.

A.1b Gyro Anisoelastic Error

This gyro error is identical with the acceleration-squared sensi-
tive drift rate error. It is caused by unequal stiffnesses of the gyro wheel
assembly relative to the float along the principal stiffness axes. These axes
are not necessarily colinear with the nominal gyro input and spin axes, al-
though experimental tests show that they are not too far separated from these
axes. ©Specifications for this error state that it may not exceed 1 meru/g2
for accelerations along any direction. Experimental runs show that the average
anisoelastic torque, and hence average gz sensitive drift, is close to maximum
when the acceleration vector is at 45° relative to the gyro IA and SA axes.

This average drift rate can be considered as equivalent to a gyro bias drift
for a constant vibration input. Expressions for the three acceleration-
squared drift rate terms follow:

2
2 _ m _ .
A"Dayaay = 2 (K - Kp) sin 2w

2
2 _ -m _ .
A D(SA)(SA) = =@ (K1 K2) sin 2u

0 2
A°D =2 (K

(IA)(SA) ~ 2H - K2) cos 2u

1
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where
m is float assembly mass
H is wheel angular momentum

(K, - K2) is compliance difference in inches/1b

1

u is angle between principal stiffness axes and nominal gyro IA axis

Corresponding to the above stiffnesses are the gyro wheel-float
natural frequencies, which are at about 1600 cps. Theoretical equations show
that as vibration frequency approaches these natural frequencies the aniso-
elastic torque increases to several hundred times the zero-frequency value.
However, this should not be a problem, since vibrational energy should be

very low at these high frequencies

A.1c  Gyro Cylindrical Torque

This effect occurs when a gyro is subjected to a two-axis vibra-
tion normal to its output axis. If the two accelerations are equal and 90 degrees
out-of-phase, the output axis is made to describe a cylinder in space. The
net effect is a rotating acceleration vector. At or near zero frequency the
net average torque, due to the deflection of the gyro wheel relative to the float
lagging the acceleration vector, is zero. However, as the first resonant
frequency is approached (see previous section) a net cylindrical torque develops,
since the deflection lags the acceleration vector by about 90°. A peak cylindri-
cal torque is reached at the first natural frequency and again at the second
natural frequency. However, since the vibrational energy is low at these
relatively high frequencies, the average cylindrical torque, and the corres-

ponding average gyro drift, is relatively low

A . 1d Accelerometer Anisoelastic Error

This accelerometer error is identical with the acceleration-
squared sensitive indication error. It is proportional to the difference of
the two PIPA float stiffnesses along principal axes normal to the output axis.
Vibratory acceleration normal to the output axis will produce a rectified
torque about the output axis that is a function of the compliance difference.
The average indication error due to this effect can be considered as equiva-
lent to an accelerometer bias error, as long as the vibration environment

remains constant.
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A.2 Angular Vibration Effects

A.2a Gyro Coning Due to SM Quadrature Motion

When a gyro input axis is made to describe a cone in space,
there will be net angular velocity about the ideal input axis that will be
sensed by the gyro. Since the gyro ideally is not rotating about its input
axis, this net angular rate must be considered an error or drift rate that

is not caused by any property of the gyro itself,

This net drift rate is given by

W = d)am d)bm

2

w

where ¢am and ¢bm are the angular vibration amplitudes about orthogonal

directions normal to the input axis, and where w is the vibration frequency.

As vibration frequency is increased, there is an attenuation of
the gyro float's response to the vibration input and also a phase shift. Be-
cause of these effects the drift rate due to coning motion rises to a peak at
a frequency equal to the reciprocal of the gyro time constant (about 210 cps
for the Apollo IRIG) and then falls off with increasing vibration frequency.

A.2b Gyro Anisoinertia and Kinematic Rectification Due to SM

In-Phase Motion

For in-phase angular vibrations about the gyro input and spin

axes a rectified torque will develop about the output axis proportional to the
differences in float moment of inertia about the spin and input axes. This
rectified torque will produce an average drift rate. The drift rate caused by
anisoinertia is insignificant for vibration frequencies under 200 cps, and

becomes the dominant drift rate factor for frequencies over 400 cps.

In addition to the anisoinertia effect there is a kinematic recti-
fication effect due to in-phase vibrations about the gyro input and spin axes that
also results in an average drift rate. This is also insignificant at frequencies
less than 100 cps. For a detailed study of this and other vibration effects
the reader is referred to MIT/IL Report E-1399%,

>FWeins‘cock, Robert, The Effects of Vibration on Gyroscope Instruments,
M. I.T. Instrumentation Laboratory Report E-1399, August 1963 (U).
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The peak response of the Stable Member fo oscillatory friction
torques is at about 16 cps. At this frequency the coning effect, which can
only occur with quadrature motion, is by far the dominant drift rate contri-

butor.

A.3 Combined Linear-Angular Vibration Effects

A 3a Accelerometer Sculling

Accelerometer sculling is a combination of linear vibration along
one direction normal to the accelerometer input axis combined with angular
vibration about a third axis normal to the first two. When the linear and
angular vibrations are in-phase, the accelerometer output will include an
average indication error due to rectified cross-coupling. For a constant
linear and angular vibration environment, this average indication error can

be considered equivalent to an accelerometer bias error.

A.4 Cutoff Time Computation Effects

A . 4a Uncoupled Vibration Effects

Ideally the accelerometers should measure the acceleration of

the spacecraft center of gravity. However, since the Stable Member is
mounted on gimbals in the IMU attached to the navigation base that is in turn
mounted on the spacecraft frame, the accelerometers will actually sense
linear vibration due both to linear and to angular vibrations that are not
sensed by the spacecraft center of gravity. An error in cutoff time compu-

tation can be caused due to the presence of these decoupled vibration effects.

A.4b Cross-Coupling Due to SM Angular Vibration

If the Stable Member is undergoing angular vibrations the
accelerometers, which are oriented approximately normal to the thrust
acceleration vector, will include as part of their output an oscillatory indi-
cation error that is equal to the product of the instantaneous SM angular
vibration amplitude and the thrust acceleration. This instantaneous cross-
coupling error can cause an error in cutoff time computation. This error
should, however, be insignificant unless angular vibration amplitudes are

much greater than anticipated.
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