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Analysis of the Anisoelastic Errors of a Floated

Single Degree of Freedom Integrating Gyro*

By Masao OTSUKI**, Hirokimi SHINGU*¥, Jyoji TABATA*¥*¥,
Takao SUZUKI** and Shigeharu ENKYO**
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SUMMARY

A floated single-degree-of-freedom integrating (SDF) gyro is used to sense angular rates
of vehicle motion, but senses the errors called ¢‘drift rates”” by applying the acceleration
whose direction is perpendicular to its output axis. The drift rate, which is proportional
to the square of acceleration magnitude, is caused by a difference in compliance of the
gimbal between the input axis and the output axis, and is called “‘anisoelastic error’’.

In this paper, the anisoelastic error was analyzed theoretically and experimentally
through derivation of the theoretical formula, tumbling test, vibration experiment and
simulation. When vibrational accelerations were applied to the gyro, the anisoelastic error
grew remarkably over a certain frequency range because of a difference in natural resonant
frequency depending on the anisoelasticity, and was the same as that caused by steady
acceleration at the frequency without the influence of natural resonance. The experimental
results of the anisoelastic error were closely proportional to the square of acceleration mag-
nitude and their frequency characteristics showed a tendency similar to the simulations.

1. PREFACE

When the acceleration is applied to a single-degree-
of freedom gyro, the acceleration causes a slight
elastic deformation on the gimlal system containing
spin rotor bearings, the center of gravity of the float
deflects from the center of buoyancy, and so the
error called “‘drift rate” occurs. The direction of
the deflection of the center of gravity has a com-
ponent perpendicular to the applied acceleration for
the nonuniformity of the gimbal rigidity, and a tor-
que is generated. The component along the gyro
output axis of this torque causes the drift rate,
which is proportional to the product of the square

* Received March 4, 1972.
** Instrumentation and Control Division.
*#%  Formerly instrumentation and Control Divi-

sion, present National Space Development
Agency of Japan (NASDA)

of the acceleration magnitude and the difference
between the compliance of gimbal structure along
the input axis and the one along the output axis.
This drift rate is called ‘‘anisoelastic error’”’. So
far, in the case of treating this kind of error the
effect of steady accelerations has mainly been con-
sidered. However it is necessary to study theoreti-
cally and experimentally the drift rate caused by
vibrational acceleration in order to develop the pre-
ciser gyro under the vibration environment which is
given by the motion of a space vehicle.

In this paper at first the theoretical formula on
the drift rate, which presents the steady acceleration
term and the vibrational acceleration term, is derived
from the elastic model of the gimbal showing the
deflection of the center of gravity of the float due to
the elastic deformation of the gimbal system contain-
ing spin rotor bearings when steady and vibrational
accelerations act on the gyro in different directions
at the same time. After that, experimental results
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2 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-188T

of drift rates caused by steady and vibrational ac-
celerations from tumbling test and vibration experi-
ment are shown.

From the results of above-mentioned, theoretical
and experimental investigations, it is clarified that
the drift rates vary depending on the magnitude,
direction and frequency of acceleration in the case
of the gyro with anisoelasticity of the gimbal system
containing spin bearings.

2. NOMENCLATURE

C: Viscous damping coefficient between
the gyro float and the gyro case.
Damping coefficients along x; and 2o

Cx2y Ca2°
axes in the elastic deformation of
gimbal.
f: Frequency of vibrational acceleration
(Hz)
Fo,Fpy Components along xj, 21, 22 and z,
Iy, Fzz} axes of the forces which act on the

center of gravity of the float.

g: Gravitational acceleration (980 cm/
sec?)

G: Center of gravity of the float

H: Angular momentum of the rotor a-
bout its spin axis (9.931x 104 gr.cm?/
sec)

J: Moment of inertia of the float about
its output axis.
K: Elastic restraint constant.
M: Float mass (75.9 gr)
O: Origin of the coordinate (Center of
buoyancy of the float)
0-xq¥aZa: Case-fixed coordinate system
O0-z1y12:: Gimbal-fixed coordinate system
0x3,0y1,0z2;: Input axis, Output axis, Spin axis
0x,025: Axes of compliance
Tpyr: Disturbance torque which acts on the

float about output axis
X1, Y1, 21, L2, Y2 and z, components of
the deflection of the center of gravity
in non-accelerated state.
Magnitude of steady and vibrational
accelerations
8: Difference angle of 0x3, 0z, directions
from 0z, Oz; directions
r: Gyro output angle
311,021\ . X1, 21,23 and 2, components of the
O3, 6,,2}' deflection of the center of gravity
of the float caused by applied accele-
rations.
09,60: Direction angles of steady and vibra-
tional accelerations from z, axis.

16, Y16y zlG} .
La@) Ya2a> 2@

@y, o

£z1,£n) Coefficients of compliance in z3, 21,
Kzg, kz2) o and z, directions
Apos Azat  Aga==cCaa/M, Ap=cp/M

¢: Phase of vibrational acceleration
©Yz2, ¥z2: Phase differences between the force
which acts on the center of gravity
G and its displacement
¢: Latitude of the test place (35°43)
or4: Input rate of gyro
wg: Acceleration-insensitive drift rate (Bias
error)
op: Total of drift rates caused by accel-
eration (Wp=wy + 0gy+wg)
oy: Mass unbalance drift rate
Anisoelastic drift rates caused by
steady and vibrational accelerations
Natural resonant frequencies depen-
ding on the gimlal deformation along
x2 and 2, directions

3. THEORETICAL ANALYSIS

3.1 Derivation of theoretical formulae

WDg; Og *

f227f22:

Fig 1 shows the cross section perpendicular to the
output axis of gyro. When steady acceleration «
acts on the gyro, the center mass of float is affected
by the force Mw, which has parallel and opposite
direction to @y. This force and compliances k41, £21
cause the deflection of the center of gravity from
that of buoyancy, and then the torque about the
output axis is generated. If we consider [r|<1,
z; and z; components of the force, Fz; and Fy,
and those of the deflection, d8,; and &,; are as
follows.

Fyy=—Muysin(6p—71) = —Maysin 8, (1)
Foyy=—Muagcos(0—71) =~ — Moy cos by (2)
Or1=Fkp1F o (3)

Fig. 1 Cross sectional view of gimbal
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Anisoelastic Errors of an SDF Gyro 3

0n=tnlFy ( 4)
The generated torque, 7'py, is as follows.
TDy1=5lex1’—5xlel ( 5 )
From (1)~ (5), Tpy: becomes as follows.
1
Top =--é-M3ar(,z (kz1—Kz1)sin 26, (6)

The drift rate is caused in proportion to this
torque. If kz=t,, then T'p,;=0; so that, the
torque is not generated. This drift rate is called
‘‘anisoelastic error” because it is caused by the dif-
ference between x;; and «;;.

Usually steady and vibrational accelerations are
simultaneously applied to the gyros mounted on a
vehicle, and so we have to consider the effect of
these two kinds of accelerations. Axes of com-
pliance of the gimbal are not necessarily coincident
with geometrical x; and z; axes, and there exists
the damping due to the hysterisis of gimbal material
Based on these
conditions, the elastic model of Fig 2 is determined.

We consider accelerations, compliances and dam-
ping coefficients only in the x;2; plane which is
perpendicular to y; axis, because the deflection of
the center of gravity in y; direction is not related to
the drift rate. Coefficients xz3, k53, ¢z and ¢ vary
with deflections, but those are regarded as constant
because we treat a very slight deflection. Suppose
steady and vibrational accelerations act on the gyro
at the same time. These accelerations cause the
forces which deflect the center of gravity of float.
Phase of the force is different from that of accelera-
tions. Phase difference is 180 deg with regard to
the steady acceleration and is assumed to be (180-p)
deg in the case of the vibrational one. The deflection
of the center of gravity of float due to the elastic
deformation of gimbal is equivalent to that of the

and the deformation of gimbal.

asin(27ft-¢) Yo g

Fig. 2 Elastic model of gimbal

mass M sustained by spring and dash pot according
to the elastic model shown in Fig 2.

The force is in the direction of acceleration;
however, the direction of deflection of M is gener-
ally different from that of acceleration because of
the difference between two compliances. Deflections
of M in x, and =3 directions are proportional to the
acceleration magnitude of their directions. When
kza=kKz3 and Cgre=Cys, the proportional coefficients
are eyual and the directions of the deflection and
the force are the same. 1f the direction of deflec-
tion of M is different from that of the force, the
torque which is equal to vector product of the de-
flection and the force is generated about y; axis.
Then, its torque is equal to the vector product of
the vector sum of the deflection of M and that of
the force in x5 and zg directions. Since the float
has freedom about y, axis, it rotates slightly accod-
ing to the torque, producing the drift rate.

When the direction of the deflection of M and
that of the force are the same, the vector product
of those is zero; then the drift rate is not caused.

Refering to Fig 2, the forces —Mwa, and —Me
sin2zft act on M in the directions of steady and
vibrational accelerations respectively. Considering
[rl€ 1, we can resolve those forces in xs and =z, di-
rections.

Fag=—M{aysin(0p—p) +a sin 2zt sin (6 B)}

(7)
Fyg=—M{argcos (0o~ B) 4+ sin 2rft-cos(0—pB) }
(8)

The eg'uations pf motion in xs and 2z, directions are:
Mfzz+0zz¢3_xn+5x2/fcx2=Fx2 (9)
MBys+ ca90pn+050/Kpa=Fyy (10)

In the case of solving 8z3 and 8,5 from (7)-(10),
there exist transient and steady solutions, but we
neglect transient one because we consider only the
deflection in steady state.
Oga=— {Mkgaagsin (0p—p)
+Azs(f)asin(2nft+ez)sin(@—p)}  (11)
049=— { Mk 200 cos (6g— B)

+ Az (f)asin(2rft+ @) cos(0— B} (12)
Aza(f) ={4r(f2—f20) 2+ Ao f2} 12/ 2
Ana(f)={4n?(f2—f20) 2+ W f2} Y2/ 2
S22=1/288 Mhzs, fa=1/22Miz
Aza=czs/M, Xzz’-'-‘czz/M
tan ppo==Azs /28 (f2— f219)
tan @u=2,f /21 (f2— f*:3)

Relations between zig, v1g, zig and Zag, Yag, 22¢ are
as follows.

Zag=2T1¢ COS f—21gsin (13)
Y2a¢=V16 (14)
Zag=2X18in B+ 215 cos B (15)

From (7)-(15) we determine the torque 7p,; about
y1 axis which is caused by steady and vibrational
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4 TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-188T

accelerations.
Tpypn=F2z3(0s+220) — Fr2(0z2+ x20)
=Muq (16 cos y— 216 sin by)
+ Mo (1 cos 0—z1¢ sin 0) sin 2nf¢
+ M?ao? (kzn—kg2)sin 2(6o—B) /2
+ MPacto {3 sin (0— B)cos (9p— )
—Kzgcos(0—B)sin(6y—pB) }sin 2nft
+Ma Ay (f)cos(8—B) [aosin(2rft
+ze)sin(Gg—B) —a{cos (4 ft+¢z2)
—C08 @za}sin (0—B) /2] —Ma Az (f)sin(0
—B) [aosin (2t +@z2) cos (Go—p)
—a{cos(Anft-+@zs) —COS @z} cos (0
—B)/2] (16)
The equation of motion of gyro is approximately
represented as follows.
Ji+Cr+Kr=014H+ Tpy 17)
When the disturbance torque T'py; is generated,
the steady value y; of output angle 7 is not zero
even if input rate wy4 is zero, and the torque Kyg
acts on the float about output axis y; and the output
signal is detected as drift rate wp, wp is the value
of torque Ky, divided by angular momentum H and
can be obtained when steady solution 7; of 7 is
obtained by substituting zero for w;4 in equations
(16) and (17).
wp=H"1Ky,
=I"May(x1¢ cos 0y— z1gsin Og) {ag+ Kq1 ()
Xasin(@rft+en)} +HMAz(f) [Kags(f)
Xsin(2xft+@za+ps1)sin(0—B) +0.25a2
X {005 ¢z —Kas () cos (4nf2+ a3+ pra)
xsin2(0—§) 1l — H-"MAy ( f) [Kagy(f)
Xsin(2nft+@za+¢p) cos (0—B) 40.25 a2
X {cos $za—Kga (f)cos (4nft+@u+¢;2)
Xsin2(0—8)}] —0.5M3aq(kza—k2)] [0
+ K1 (f)asin(@rft+en)sin2(0—8)]
where,
H1=1/H
@1 (f) ={(K—4r2f2])2 +4n2f2C2} -2/
ga(f) ={(K—162f2])? 4 16z22C2} -1
as(f) =472 F 229 { (K —4n2f2]) 2+ An2 202} ~1/2
@ (f) =4nf2xya{ (K—4n2f2)) 2+ 4a2f2C2} -1/2
2zfC
K—4n2f2]

K—16r2f2]
=TT

tan ¢, = —

Thus @p contains vibrational terms and varies
with time. But this is the solution in the case
where gyro behaves according to (17) theoretically.
We need determine wp based on the actual condi-
tion because it is not always possible that wp varies
according to the vibrational term of Tpyr and is
detected. Frequency f of the vibrational accelera-
tion which is actually applied is more than several
hundreds hertzes and the gyro equipment used in this
study can not respond to the torque varing with such
high frequencies. Moreover, the carrier frequen-

cy in the signal detection is 400 Hz and so the
amplitude modulation of the signal of frequency f
higher than the carrier one is not possible. Con-
sequently op is detected according to the mean
value pr of T'py1, and also in the actual equipment
op is detected in this manner. The theoretical
formula of drift rate is established by modifing (16)
and (17) as follows.
TDm:Mao (z1g cos p— 216 sin bg)
+ M2atg? (k33— Kg2)sin 28— B) /2
+Ma®{Az(f)cos pza—Azs (f)cos @us}
Xsin 2(0—B) /4
=Mauy (x16 cos 0y— 21 sin Gy)
+ M?ag? (k3 —kz2)sin 2 (6o—B) /2

Ma? fz_fzn
4 {4752 (% =f22) 4 22 f2
fz_fzxz -
_47r2(f2—f2x2)Z+22x2f2}sm2(6_‘8)
(18)
Ji+Cr+Kr=Tpy (19)

From (18) and (19), the steady solution y; is as
follows.

wp=Ky/H= TDyl/H=wM+wa0+wa (20)
where

oy =Moo (x1g cos 0g—=z1¢sin by) /H 1)
Wao=M?00? (kzo— k) sin 2(00— ) /2H (22)
_ Ma? S
w“_m{émz(f2_f222)2+32z2f2
fz'-j?.w

e fz}sinZ(H—ﬂ)

(23)

This @y is derived from the deviation of the
center of gravity in steady state and called ‘‘unbal-
anced mass drift rate”’, because Mzxiq and Mzq are
unbalanced mass along input and spin axes respec-
tively. . and o, are terms due to steady and
vibrational accelerations respectively, and they are
independent each other. It is clear from the equa-
tions that if kza=k, and cza=c,2, then fra=f;s and
Aza=24, and both . and ®; become zero: Both
0o and ®, are proportional to the square of the
acceleration magnitude and their periods are 180°
with respect to 6y and 6. We can forcast that .
varies with f and shows a remarkable frequency
characteristic in the neighborhood of natural resonant
frequencies fys and fi3 of gimbal.

3.2 Comment on theoretical formula

We consider the variation of w, (frequency char-
acteristic) by substituting actual values into the
equation (23) which represents the drift rate w.
caused by the vibrational accelerations.

M=75.9gr and H=9.931X10* gr.cm?/sec are the
fixed values of the experimented gyro.

The frequency characteristic of w, is calculated
by substituting «=0.5g, fz2=1250 Hz, f,3=1500Hz,
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Anisoelastic Errors of an SDF Gyro 5

W,

/h) £ 125012
S, = 1500Hz
10 Ac-10° 10 201 /gec)
TA:=10% 10 20( 1/sec!
5 { /AsinZ(H'-/J’)ml
ol1000 1200 e’ \ 1600 1800

“w\ 1400 | .~ (Hz)/
75 "

x
x

|
—
<
T

Fig. 3 Frequency characteristic of wq
(simulation)

Sin200— =1 2;3=10"2~10-20 and 2,;3=10-2~10-20.
In this
case @, does not vary so much according to 4y and
22 whose values are in the range of 10-2-10-20,
For the values of A;; and 2,; more than 10-2, w,
becomes smaller (even if £ is in the neighborhood
of fz2 or f33).
becomes inverse in the same frequency. w. is esti-
mated to be proportional to the square of . It is
clear that w. grows remarkably large when the
vibrational acceleration whose frequency f is in the
neighborhood of fi and f3, is applied. The values
of fzs and f, are difficult to be obtained analyti-
cally, but are estimated by the frequency charac-
teristics of w, obtained from experiments. We
did the simulation by a digital computer for some
values of parameters fio, fz3, 4z2 and 25, and ob-
tained theoretical results similar to experimental
ones. We will mention those contents afterward.

The calculated value is shown in Fig 3.

4. EXPERIMENTAL ANALYSIS

In the previous chapter the tendency of drift rate
is theoretically analyzed, but it should be compared
with the experimental values under the action of
accelerations on gyro. We measured the values of
drift rates by acting steady and vibrational accele-
rations seperately on gyro and compared the results
with theoretical analysis.

\¢ Latitude

If sin2(6—p)=-1, the sign of .-

4.1 Method of the experiment

We obtained the values of drift rates caused by
steady and vibrational accelerations from tumbling
test and vibration experiment respectively.

The tumbling test is done by rotating the gyro at
the angular rate of 200~300 deg/bour about its out-
put axis set parallel to the polar axis of the earth.
In this case input rate is zero because the gyro does
not sense the earth’s rotation. It is shown from
Fig 4 that the gravitational acceleration which acts
on the gyro in the direction perpendicular to the
output axis is gcos¢, and this acceleration acts on
the center of gravity of the float as steady accelera-
tion.

In the vibration experiment the gyro is shaken
horizontally by setting its output axis vertically. By
this method the component of gravitational accelera-
tion which is perpendicular to the output axis be-
comes zero and we can mearure the drift rate wp
of equation (20) in which ay is set as zero. By
regarding the output which is obtained in the non-
vibrational state of the gyro (#=0) as zero standard,
the measurement is done in the state of excluding
both the component of the earth’s spin rate (input
rate) and the drift rate independent of acceleration,
and only ws component of wp can be measured. w.
is a function of variables «, § and f, and we can
experiment for various values of these variables.
The photograph shown in the page 5 is the exterior
view of the shaker of the vibration test equipment
used in this experiment.

4.2 Tumbling test

Action of gcos$ on the center of gravity of the
float is equivalent to accelerating the gyro case with
gcosd and we can set apy=gcos¢ in the theoretical
formula if we take 6, as shown in Fig 5.

The test is done by rotating the gyro clockwise
about its output axis and 6,(=360°—0) is checked
instead of 6, for the convenince of the operation
of equipment. The drift rate was measured by
varying 6, every 5 deg from 0 to 360 deg.

Substituting ag=g cos ¢, §p=360°—8; and a=0 into

Earth’s polar
axis

yeose

Horizontal plane

Fig. 4 Gyro output axis set parallel to earth’s polar axis
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I TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-188T

Photograph of Equipment for vibration experiment

equations (20)—(23), and including acceleration-in-
sensitive drift rate .. the total drift rate wp, under
the action of steady acceleration is as follows.
Wpo=We+ O3 + W
=we+ My cos ¢ (i cos 0y +zipsindy)y /11
+ {MM2g? cos? ¢ (k pg—K,9)sin 23} cos 20, /211
+ (M

Co8% G (K po—Ky)cos 23}sin 20, /211
(24)
The result of tumbling test is shown in Fig 6 and
Fourier analysis of Fig 6 results in the next equation.
wpo=4.14—2.18 cos 0,4+ 12.94sin 6,
10.31 cos 20, — 1.06 sin 26, (°/h) (25)
By substituting the values of A, ¢, ¢ and /7 which

X,

yeos

Fig. 5 Plane figure of gyro seen from

the polar star

are shown in the nomenclature into equation (24),
we, 1. 2y and 3 are obtained from equations (24)
and (25).
w,=4.14%/h
L1=—0.174x 10"t em, 2,6=0.116 X 10"3cm
3=—28deg
The anisoelastic error caused by steady accelera-
tion 1s usually expressed as the value of the coef-
ficlent of second harmonic wave in equation (25)
divided by cos?¢ so that the value can be normalized
under the action of 1g acceleration and the value is
1.7°/h/g® in this case.

4.3 YVibration experiment

Vibration experiment 1

Frequency / must be a proper constant value in
order to measure w, corresponding to the variation
of @ and 0. We chose 580Hz as f, because the
vibration wave form of the shaker was not deformed

in this frequency. Fixing f=580Hz, ¢ was varied

400 0.

dey

Fig. 6 Result of tumbling test

This document is provided by JAXA.
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Fig. 7 Relations between @, and «

every 15 deg from 0 to 180 deg, and in each 6 w.
was measured at the increment of 0.5g of « from
0tobg.

Fig 7 shows one example of the experimental
values of w. corresponding to @ for several values
of . It is clear from equation (23) that w. is pro-
portional to a? and the quadratic curves which are
obtained from the experimental values by the method
of least squares are shown in Fig 7.

Fig 8 shows w, versus ¢ in the same experimen-
tal values as Fig 7, where « is a parameter. o, is
proportional to sin2(f—p). The curves of Fig 8
show the fundamental waves (the term proportional
to sin2(0—pB) and obtained from the exprimental
values by Fourier analysis).

Vibration experiment 2

The gyro was experimented under the vibrational
accelerations whose frequency f was swept in the
range of 100 to 3000Hz in 6=0°, 45° and 135°
holding @ constant (=0.5g). Fig 9~11 show the
experimental results of @, for f. It is found from
the obtained values that the remarkable variation

w, f=58011z
(‘/h) 0 @2y .
204 wa-=3g
o =4y
La=5g
15+
101
5 -
0 45
\I W
> x\)‘ﬁr’
5%
AN
AR~
~10 |- A ‘
L u
u u
~15+ A
_‘20 -

Fig. 8 Relations between w, and 8

of frequency characteristic appears in the domain of
900 to 1700Hz. The sign of w, in the case of
0=135° is the inverse of one in the case of §=45°
because the period of w, is 180° with respect to @
in the same frequency. The value of a should not
be increased because the gimbal will be destroyed
for larger value of @, but we could obtain the dis-

Wy T
(Y 9=0
10 a=05g
5 .
900 1000 1250 1500 1750
0p: ; m—" : /(oc—'—
\x\x,.;gkx /‘ f ( I"I Z)
st
._5 -
_lo<
_.15...
Fig. 9 Frequency characteristic of w,

(Experimental result)
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Fig. 10 Frequency characteristic of wa

(Experimental result)

tinct frequency characteristics for =0.5g.

5. CONSIDERATIONS

It is examined how the results of vibration ex-
periments done according to each variable of the
theoretical formula are similar to the theory.

5.1 Considerations on the vibration experi-
ment 1

Characteristic of @, which is proportional to a? is
in accordance with the theoretical formula because
the experimental results in Fig 7 show the tendency
of quadratic curve concerning a. Positive and nega-
tive values of ®, with respect to 6 are foreseen from
the proportional characteristic to sin2(—p). Ex-
perimental values of w, vary in proportion to sin 2(¢
—B) as seen in Fig 8.

W,
(7
10f- 0=135°
a=0.5g
51}- P
\
; WY
Obenazs 22N 1250 1. 1750
900 1000  “Sear* 1500 T )
-5l K/"’«
7/
-10- /
/

Fig. 11 Frequency characteristic of @«
(Experimental result)

5.2 Considerations on the vibration experi-
ment 2

Theoretical analysis shows that the value of we
grows remarkably in frequency f near fzs and fo,
and we compare theory with experimental results
about various parameters fgzs, fz3, Azz and A;. Fig
12~15 show simulation results of frequency char-
acteristics of ®, in the parameters shown in table 1.

The values of «, M and H used in the experiments
are used in this simulation. Magnitude and sign of
. varies with sin2(6—8).

The values of . grow remarkably at the fre-
quencies near fzs and fp, and also vary with 2,
and A,3.

If we choose the values of 2;3 and ;3 as the
calculated values of w, consist with the experimental

Table 1. Parameter values in simulation
? Fig 12 Fig 13 Fig 14 Fig 15 Uit
! Sz 750 1, 000 1, 250 1,750 Hz
: Jn 1,500 1, 500 1,500 1,500 Hgz
2za 1026 1026 1026 1034 1/sec
A3 10-1~10-20 10-1~10-2% 10-1~10-20 | 10-1~10-20 1/sec
sin 2(6-8) 1 1 1 , 1 ] 1
mﬂ
(“h) f.= 7501z
J.=1500Hz
10+ Ax=10*1/sec)
: =107~ 102 (1/sec)
5l sin2(6—3)=1 «
ol400 600 T ket _x_\,.x-\-*/ 1600 1800
T e 800 1000 1200 1400 | e (Hz)f
._.5 b
...10 [

Fig. 12 Frequency characteristic

of @, (simulation)
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@ £,=1000H>
(70 £,=15004z
2.=10%(1/sec)
101 2:=10'~1020(1/sec)
sin2(0-48)=1
5 N
x/
ol800 1000 | 1600
ey 1200 1400 /x‘*”‘ f(H2)
_5 -
_10 ~
Fig. 13 Frequency characteristic of @,

(simulation)

@ £,=175011z
(7 £, 150011z
h L=10%(1/se¢)
10k A:7=10"~10"% (1/scc)
. sin2(0—p)=1
5t |
}
N 1600 o 2000
1200 1400 | ey d 1800
\’:‘ f(Hz)
...5_ X
—10} -

Fig. 14 Frequency characteristic of o,
(simulation)

@l f=1250Hz
(A £,=1500Hz
' A:=10°%1/sec)
100 A,=10"~10"29(1/sec)
sin2(6—8)=1
il f\
b
1000 1200 r—x—= | 1600 1800
Ors o 1400 e
f f(Hz)
__5-
X
.._.10_

Fig. 15 Frequency characteristic of o,
(simulation)

values all over the frequency, A2 and 2; become
102-¢ and 1071~10-20 respectively. Because fys,
Az2 and fis, 4,2 are shown seperately in the formula
of w., if we exchange them, sign of w. becomes
inverse. When we exchange the value of f,, for
that of f,, the values of @, show the exchanged
magnitude at f near fys and fis.

The theoretical formulae were derived by regard-
ing each parameter as constant and theoretically
calculated values (simulation result) show more re-
markable frequency characteristics in comparison
with the experimental results near the resonant
frequencies. However, as those show similar ten-
dency, it is clear that frequnecy characteristics ob-

tained from experiments show natural resonance of
the gimlal as predicted in theory.

5.3 Evaluation of Gyro errors

We usually represent the magnitude of anisoelastic
errors in the vibration experiment by the value
obtained in the state of acceleration with frequency
less than 1000Hz and the magnitude of 1gr.m.s
(root mean square) where there does not exist natural
rosonance, In this study resonant frequency is
higher than 1000 Hz and maximum absolute value of
®, which we obtained is 1.7°/h/g?ms in the state
where the frequency of vibrational acceleration f is
580Hz. This value is very similar to the rusult of
the tumbling test and so it is clarified that the gyro
anisoelastic error can be generally evaluated only by
tumbling test. The anisoelastic errors of the gyro
used in this study are very large, but it is our aim
in the development of recent gyros to decrease their
values in less than 0.1°/h/g?, and it will be possible
to realize such a small value.

6. CONCLUSION

Theoretical formulae and experimental results show
similar tendencies with respect to the magnitude
and the directions of vibrational accelerations, and
with respect to the frequency characteristics.

Therefore, the theoretical treatment is appropriate
about gyro errors caused by deflection of the center
of gravity (under the action of acceleration) accor-
ding to elastic model of Fig 2 and we could clarify
the characteristic of anisoelastic errors by vibrational
accelerations. It is necessary to decrease the aniso-
elastic effect of the gimbal system containing spin
rotor bearings for improving the accuracy of a gyro.

We acknowledge Mr. Kazuo Higuchi, the head of
Instrumentation and Control Devision of National
Aerospace Laboratory who gave us proper guidance
to promote this study.
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APPENDIX
A SINGLE-DEGREE-OF-FREEDOM GYRO

1. Nomenclature

We derive the equation of motion of a single-
degree-of-freedom gyro considering the motion of
rotor, gimbal and vehicle respectively. Gyro case
is rigidly fixed in a vehicle, the center of rotor and
that of gimbal are coincident at the point 0, and
the rotor is rotationally symmetric about its spin
axis.

251 TG
RﬁijOtOI‘ L”’l v
|

T
SG - ~\\.‘~«;

Gimbal

O

~Gyro case

O—x17121
0:::1 i Oylv Ozl
T,

T

Ty

T,

Tp

szl: szl

is, Vehiche-fixed coordinate system)
Gimbal-fixed coordinate system
Input, output and spin axes
Driving torque given to the rotar
by gimbal for rotation

Torque caused by the drag of rotor
to gimbal

Frictional resistance torque between
rotor and gimbal

Torque given to the float by the
vehicle

Disturbance torque acting on the
float

z; components of Tg and Ty

Tz Tayt» Tan 1,71 and 2; components of Ty
Tpz1, Toyr, Tosr 21, 1 and 21 components of Tp

T.

To

@y, W1, W,

Wox1y Doy1, Dozl
D1x1s D1y1, D121

WDaz1, Payt) Dazl

Damping torque between float and
case (Element of Tgy1)

Torque given to the float by torque
generator (Element of Tgy1)
Qutput angle of gyro

Angular velocity vectors of rotor,
gimbal and vehicle to the inertial
space

1,9 and 2; components of @
x1,¥1 and 2; components of @
Z1,41 and 21 components of g

Fig. A

H, Angular momentum vector of rotor

H, Angular momentum vector of gim-
bal

H Total angular momentum vector
of float (H=H,+ Hy)

Hyy (=H) Component of H, along spin axis
(Hozl’—_Iozlﬂ)

i: jar ka Unit vectors along x4, ¥4 and 24 axes

i, j1, ks Unit vectors along 3, ¥; and 2; axes

IOxl: onl: Iozl

Il:cl: Ilyl» Ilzl

Moments of inertia of rotor about
x1, 1 and 27 axes
Moments of inertia of gimbal about
Zx1, ¥; and 2; axes

I, I,(=J) Moments of inertia of float about
z; and y; axes
Im=lLni+Iiz1, Ipn=Ion+Iipn
I Output current
K Spring constant of gyro control
system (Elastic restraint constant)
Kgq Sensitivity of signal generator
K, Amp gain
Krg Sensitivity of torque generator
n Spin velocity of rotor and n=wo,
O-zq¥azq Case-fixed coordinate? system (that

Oaza Payar ®aza Ta» Ya and zq components of wq
Dra Input rate of gyro

(0 4=0gz17=0141)

2. Equation of motion
We resolve angular velocities @,, @, @, into
components respectively.

Wo=gz1i1+ oy1j1 + Gozrk: (1)

W= 015101 -+ O1y1f1+ 0120k (2)

Wo=0gzala+ Payaja+ Oazaka

=Wgz1l1 + Gay1f1+ Cank: (3)

By relations of degree of freedom

WDzl =011 =0Wqz1, Doy1=P1y1 (4)
gz is the spin velocity of rotor, and

Woz1=7 (5)

If we express 0141, @141 and @y by using compo-
nents of @wq and 7,

@121 =0qzq COS —Wgzq SIN Y (6)
W1y1=0gy1+7=aya+7 (7)
@151 =®qga SIN T+ Paza COS T (8)

H, and H; are angular momenta of rotor and gim-
bal respectively,
Hy=Iyz1002101 + Ioyn@oy1i1+ Toz100z. K1
=Inoizii+Iproyi+loanks  (9)
Hy =11 5101000+ Liypnoyaji+ L0k (10)
H=Hy+ Hy=I1015:151+ [jnoyn

+ (Hoyz + 1) k1 (11)
As the rotor is rotational body
Iym=Iopn (12)
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The time 'variat_ions of Hy and H, are as follows.
Hy=(Ho)1+ o XHy=T1+Te+T;  (13)
Hi=(H)1+o, X Hi=—T+Te (14)

Rotor and gimbal are influenced by disturbance
torques derived from air flow and deflection of the
center of gravity. Of course, the assumption in
deriving the equation of motion cannot be realized
if the center of gravity deflects, but we need not
consider the angular momentum and its variation
because its deflection is very small.
torque caused by above-mentioned defletion is gener-

However, the

ally large, and so we need add its torque to the
equation of motion.
When 7 is constant,
#=0, Tat+Tr=(Tdu+Tsm)=0  (15)
From (9)-(15), we set the the cquation of motion
by resolving into each component and add the com-
ponent of 1.

L6121+ I'I()zlwlyl — (Iyl"‘llzl) @W1y1W121

= ’Faxl‘}‘ 71‘D:vl (16)
L1o1y1— Hop10151 + (Lz1— 1121) 91210121

=Tan+Tpp amn
L1011+ (liyr—I1z1) 9101910

= Tazl+ TDzl (18)

By using (6), (7) and (8), equations (16), (17)
and (18) are expressed as follows.
I (d)axa, COS 7 —@aza siny) + {Hozl - (Iyl*‘llzl)
X (@gzq SN 7+ ©az0 COS T) } Oaya+ {Hyz
— (i + Ilyl - Ilzl) (waza sin 7+ wgzq cOS 193¥¢
=Tom+ Ton (19)
IZ/ F+ d’aya) + {—I_IOzl‘*' p—1I151) (Waza siny
+ 0g7a 08 T) } (Waza COS T—Wqza SINT)
= ,Tay1+ TDyl (20)
L1 (@azasiny+@gze cos ) + (Liyr—1I1z1)
X (g za COS ¥ —Wqza sin7) Bayat (Iin+ Ilyl
—I121) (Waza COS T —@aza SN y) §
= Ta.zl‘|" T.Dzl (21)

3. Gyro equipment
We apply the equation of motion to the gyro used
in this study (a floated single-degree-of-freedom
gyro). This gyro, whose input rate is @qz1, is de-
vised so that wr4 is obtained by measuring output
angle 7. Among (19), (20) and (21), the equation
(20) is important in getting wgz1 by applying them
to the gyro equipment. Adapting to the practical
state we derive the approximate equation of (20)
under the following assumption.
Wayaq=const (22)
Hyzr> (Izi—I1z1) (©apa Sin 7+ @aza €08 7 (23
From (20), (22) and (23)

Iyl?—I{()zl (®arq COS ¥ —Wqzq Sin 7) = Tayl
+ TDyl (24)

Bearing friction between gimbal and case is gen-
erally unavoidable in the gyro. In order to reduce
this friction and stabilize the output indication we
use the method how the gimbal in which the rotor
is hermetically contained is floated in the viscous
oil. This kind of gyro is called a floated single-
degree-of-freedom gyro and the gimbal (with rotor)
is called float. The float rotates at the angular
velocity 7 about y; axis and is given torque 7%,
proportional to —j by the frictional resistance to
the oil.

Output angle 7 is converted into electric voltage
in S.G. (signal generator) and becomes output cur-
rent I in T.G (torque generator) after being
amplified by the amplifier. T.G generates torque
T'¢ proportional to—~Ig and gives it to the float. If
each characteristic of S.G, Amp and T.G is linear,
T¢ is proportional to—y. As T¢ and T become
the component (7T4y;) along ¥, axis of the torque
T, which is given to the float by a vehicle,

Tay=To+ Ta=— (Ci+K7) (25)
K=KseK 4Krg (26)
From (24), (25), (26)
11+ Ci + Ky=Hyz (0aza cos
—Wgz08iny) + Tyt (27)
From (4), (6), (27)
Ji+Ci+ Ky=Hwgmn+ Tpypr=wr4H
+ Ty (28)
w14 is described as w;4=wgr=WgzqCOS T —WgazeSiny
but 7 is very small (|y|€1) in the practical equip-
ment. Freedom of y is +3deg in the gyro used in
this study and we can effectively use 7 in the range
of maximum value +0.1deg in practice. According-
ly we can regard siny as zero and cosy as 1 and
take approximate equation wy4=151=0gz1=0gzq.

If Tpy=0, the equation wys4=Krg Ig/H is sta-
tionally realized and w;4 can be known because H
and Kpg are foreseen in the gyro. If Tp,#0,
we cannot know input rate wy4 through Ig, but
can know the input rate which containes error.
This error is called, ‘‘drift rate’.

Thy,
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