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In 1850 the eminent French physicist, Jean Foucauli, first utilized the ability of a rotor’s spin
axis to remain fixed in space in seeking a method to demonstrate that the earth rotated.
Foucault also coined the word by which we now designate devices based on the properties of
a spinning rotor. He chose the word gyroscope from the Greek words ‘‘gyros,” meaning rotation,
and ‘‘skopein,” meaning to view. Hence, the word gyroscope literally means to view rotation.

Today, gyroscopic devices remain the most convenient and practical reference instruments
for attitude and rate sensing. However, their design characteristics and performance capabilities
have traveled a long way from Foucault’s laboratory device. This publication presents the under-
lying principles associated with gyroscopes, together with typical characteristics of such instru-

ments.

THE

The gyroscope is basically a mechanical device, the
essential element of which is a flywheel rotating at high
angular velocity about an axis. The flywheel is mounted
within gimbals which allow it one or two degrees of
freedom.

Gyroscopes derive their basic applications from two
inherent properties, namely precession and gyroscopic
inertia. These properties are described below.

A force (F) is applied to a non-rotating body that is
free to move about some axis O. If the line of force does
not pass through that axis, rotation occurs. Rotation is
a function of a torque (T) which is defined as the product
of the force and the perpendicular distance between the
axis of rotation of the force line of action. This is dia-
gramed in Figure 1.

P

mh

Figure 1

When a force (F) is applied to a gyroscope, rotation
does not occur about axis O-O’ but in a direction normal
to the applied torque. Applied torque causes the gyro
spin axis S-S’ {the axis about which the rotating body
spins} to move into the torque axis (O-O’) about axis P-P’
at a rate ». (See Fig. 2). Skewing motion of the spin
axis 5-§” is called precession, and axis P-P’ is called the
precession axis.
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Figure 2

This behavior is entirely consistent with Newton's Laws
of motion. The moment of inertia (1) of a solid body with
respect to a given axis is the sum of the products of the
masses and the square of their distance from the given
axis:

n

I = fﬁdm: Z mr;? (1)

i=1

The angular momentum {H) of a rotating body is the
product of its moment of inertia and the angular velocity
Q of the rotating body when both refer to the same axis
of rotation.

H=10 (2)

A vector quantity has both magnitude and direction in
contrast to a scalar quantity which has only magnitude.
When a vector is represented by a line with an arrow,
the line length represents magnitude while the arrow in-
dicates the direction of the vector quantity. Graphically,
vector length is proportional to the magnitude of the
quantity being expressed.



Torque and angular momentum are vector guantities.
Angular vector quantities can be represented by a right-
hand screw rule. The vector is drawn in the direction that
a right-handed screw would advance when rotated in the
manner of the quantity being considered.

For a rotating body, Newton's Second Law is written as:
T = la (3)

where:
Il = moment of inertia
angular acceleration

a =
T = resultant torque
do IdQ
= T = —— .
However, « O , therefore a ;
dQ dH dH
= = {4
but | ™ " soT i {4)

Angular momentum of the rotating body in Fig. 3 is
represented by H. When force F is applied to the rotating
body, a torque T results which can be represented by AH;.
These two vectors have a resultant vector to which the
spin axis aligns itself by rotating about axis P-P’ at a rate
w. This rotation is precessional motion. The relationship
between H, T, and o is given as:

T=mXH (5)

Figure 3

Torque is the vector cross product of « x H. (The cross
product of two vectors yields a vector whose direction is
perpendicular to the plane of the two constituent vectors
and so sensed that a right-handed screw, turned from the
first to the second vector, advances in the direction of

the resultant vector.) The magnitude of the resultant.

vector equals the product of the magnitudes of the con-
stituent vectors and the sine of the angle between them.
Precession is always in such direction as to align the
direction of rotor rotation with the direction of applied
torque rotation.

Though this publication deals principally with gyroscopic
instruments and their application, one should not overlook
the fact that gyroscopic phenomena are not concentrated
only in special instruments. Wherever rotation and torque
are simultaneously present, gyroscopic action may occur.
For example, our spinning earth itself may be considered
to be a massive gyroscope, and is therefore subject to
precession. In Figure 4, the moon exerts a slightly greater
gravitational attraction on the earth's point A than on
point B because the distance between A and the moon is
a little shorter than that between the moon and point B.
Hence, a forque is generated which attempts to pull the
earth’s equator into the plane of the ecliptic, thereby acting
to erect the earth’s axis. Because the earth spins, it reacts
to the torque by precessing. This precessional “‘wobble,”
though, is very slow, requiring a period of 25,725 years
to complete a single cycle.
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Figure 4

The precession law is a reversible one. Just as a torque
input results in an angular velocity output, an angular
velocity input results in a torque output along the corres-
ponding axis.

The expression for » for torque input T is:

_ HxT

A gyroscope has three mutually associated axes. These
axes, illustrated in Fig. 5, are used in describing inputs
and outputs of the gyroscope.

PRECESSION AXIS
OR OUTPUT AXIS
OA

INPUT AXIS OR
TORQUE AXIS
1A

-]

AXIS Figure 5



Gyroscopic inertia is o fundamental property of a gyro-
scope. The gyroscope spin axis fends to remain fixed in
space, making the gyroscope an inertial reference. Cor-
rective torques must be applied fo a gyroscopic instru-
ment if it is to be used as an earth reference. 'Inertial
space’ simply means a system of coordinates which is
unaccelerated with respect to ‘'fixed stars.”

Having very briefly considered the fundamental prin-
ciples relafing fo gyroscopic instruments, attention may
now be directed fo the various resirictions and modifica-
tions applied to the simple rotating body to convert it o
a useable reference instrument. Gyro design begins by
controfling the restraints acting upon the rofating boedy
or rotor. These restraints are expressed either as torques
or limiting angular freedom of the spin axis, and are pro-
vided in the form of precession torque input and gimbal-
ling.

Gyros are classified in this publication by the degrees
of freedom which they possess and by their use. Mathe-
matically, degrees of freedom are determined by the
number of coordinates required to define the position of
a point or body. In gyroscopes, degrees of freedom refer
to the restraints imposed upon the gyro rotor spin axis.

A gyro has @ maximum of two degrees of freedom
wher two angular coordinates can specify its exact
orientation. These angles are usually given by the angu-
far positions of the supporting gimbals. Hence, a gyro
supported by two gimbals has two degrees of freedom.
A gyroscope supported by one gimbal enly has the posi-
tion of its spin axis (momentum vector) determined by one
angle and is therefore called a single-degree-of-freedom
gyro. It is customary to consider this type of gyro as a
special case of the general two-degree-of-freedom con-
figuration.

It is useful to know that inputs about the precession
axis as well as those about the input axis cause a pre-
cession axis output. Three such cases are considered
here:

1. Torque Applied af Input Axis

The basic gyro equation is reversible. An input rate
produces a torque and an input forque produces an
angular rafe precession of the float about the output
axis. Thus, a gyro is a rate-to-torque and torque-to-
rate converter:

T = Hop {7}
. T
$ = T {8}

2. Torque Applied at Output Axis

A torque can be deliberately applied about the out-
put axis by using a torquer. This forque can also resulf
from mass unbalance, aniscelastic deflection under vi-
bration, spring restraint associated with pigtails, pick-
off reaction, etc. As a result of the torque, the gyro
precesses about the input axis. Such precession is
opposed by the pivots that bear against the bearings.

A reaction torque is developed about the input axis.

Although this is an induced torque, it affects precession
about the output axis, where 6 = o.

H {9}
Thus o torque applied af the oufput axis produces a
precession about the output axis.
3. Angular Rate Applied at Qutput Axis
An angular rate applied at the output axis induces

a torque T, about the input axis due to reactions at the

bearings: .
earings o= Hp (10}

The induced torque develops o precession © about
the output axis:

. T
0 = e {11y

Equating expressions (10) and (1 1)

& Hé,’) 19
= TH {12)
or & = ¢ {13}

Thus, the rotor and frame have the same velocity,
and the gyro follows the input rate ¢.

GIMBAL ERRORS

Gimbals are used as means of isolating a device from
motion by providing various degrees of rotational freedom.
A number of geometrical phenomena associated with
gimbal systems exist which are called gimbal effects. The
gyro designer and user dre most concerned with the
effects known as gimballing errors. Gimbal errors occur
when the angular motions of gimbals do not correspond
to the actual motion occurring about their reference axes.
When a gimbal axis transducer is used, its output meas-
ures relative motion between gimbals, which is not neces-
sarily the actual angular motion of the base.

The gimballing error encountered in a directional gyro
is known as inter-cardinal tilt error. When such a gyro is
tilted about the outer axis and then turned in yaw, the
azimuth indication will be in error. In a stable platform,
the desired gimbal sequence from innermost to outermost
is azimuth, pitch, and roll. Altering this sequence can
lead to a variety of gimballing errors.

Gimballing errors can be analyzed by means of spheri-
cal trigonometry, and by reduction to kinematically equiv-
alent mechanisms.

NUTATION

A two-degree-of-freedom gyro is also susceptible to a
phenomenon known as nutation, which is simply a wob-
bling of the rotor spin axis. It is in effect a self-sustaining
oscillation which physically represents atransfer of energy
from one degree of freéedom to another and back again.
In contrast to precessional mofion, nutation needs no ex-
ternal torques to sustain it.
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Figure 6

An input torque, T, will cause gyro precession, wig,
causing a reaction torque, Toq, which in turn produces a
precession w.y. Setting up the equations as follows will
provide an expression for the natural frequency of this
interaction between torques and reaction torques which
causes the spin axis to sweep out an elliptical path.

By the gyro precession law:

Ty = Huog {14)
—Tog = Huwiy {15}
While by Newton’s Second Law:
d (wig)
T;q pu ';q Qig —_— l”}_‘a;)——. (]6)
d (m,,}.)
Tog = log asg = Loy df - (17)
Equating {14) to {16) and {15) to (17) yields
d {ig)
T;g = H Wog == l;g ““"a‘;(l“‘ ”8)
d {weq)
Tog = —Hoy =l -—d;gl (19)
Solving for wig
- 'oq d (‘”or})
Wig = ° - 20
© H dt (20)
Differentiating (20) yields
dloig) —log d o) .
= . 21
dt H di? (z1)
Substituting (21) into {18)
log  d2{weg)
H(ugg — —-——I;Q _H‘L'——d-t'i—-“ (22)
Solving for o, where », = natural frequency
H2
( D2 4 -————) wog == 0 {23)
'ig loq
H

oy =™ (24)

\/ log lig
Avoiding or minimizing the occurrence of nutation is of
concern to the gyro designer and user. In a frictionless
system, nutation would persist indefinitely. In reality,
however, gimbal bearing friction serves to damp out

nutation. In an oscillating system having friction, energy
dissipation varies proportionately to oscillation frequency.

Hence, it is desirable to have as large an angular
momentum as possible in conjunction with gimbals hav-
ing low moments of inertia.

GIMBAL LOCK and TUMBLING

The two-degree-of-freedom gyro cannot have complete
360 degrees of freedom about both its inner and outer
gimbal axes because of the phenomenon known as gim-
bal lock. When the gyro spin axis coincides with the
outer gimbal axis, the gyro no longer has two degrees of
freedom. If a yaw input is then applied, the outer gimbal
begins to spin. Once such spinning has begun, the spin
axis remains locked to the outer gimbal regardiess of
the attitude assumed by the gyro thereafter. To prevent
gimbal lock, mechanical stops are incorporated into the
gyro design to limit motion. Usually, stops permitting
#+ 85 degrees of motion are placed about the inner axis.
{Gimbal lock can also occur in three-gyro, three-gimbal
stable platforms if stops are not provided).

The use of stops, however, causes another problem.
When the inner gimbal strikes one of the pitch axis stops,
the outer gimbal turns through 180 degrees about its
gimbal axis. This outer gimbal motion is called tumbling.

ADDITIONAL REFERENCES

Preceding comments on gyroscope theory have been
purposely simplified to ease the novice's introduction to
the subject. Those seeking o more definitive mathematical
approach should refer to publications listed in the biblio-
graphy. In doing so, the reader will note that different
authors prefer different mathematical expressions to de-
scribe the same physical phenomena. Hence, gyroscopic
behavior is described in terms of Cartesian coordinates,
Lagrangian equations, vectors, Laplace transforms, Euler-
ian angles, and matrices, depending on a particular
author’s preference.

RELATIVE MERITS OF SINGLE-DEGREE
AND TWO-DEGREE OF FREEDOM
GYROS

Single Degree of Freedom Gyros

Three gyros needed to establish triad reference system.
Gyro not subject to nutation.

Constant angular momentum essential.

Not subject to gimbal lock.

Caging for only one degree of freedom required.

Case reference may be restored by in-flight caging.
Errors occur due to coupling for large gimbal deflections.

Two Degree of Freedom Gyros

Two gyros needed to establish triad reference system.

Gyro subject to nutation.

Angular momentum {rotor speed) tolerance loose.

Subject to gimbal lock; unsatisfactory performance near
gimbal lock position.

Caging for two axes is required.

Lost reference cannot be regained without external
reference source.

Striking mechanical stops causes “'tumbling’ and loss of
reference.

Balancing and production problems many times greater
than for single degree of freedom gyro.

Gyro rotor speed less critical.
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A rate gyroscope is constrained to one degree of free-
dom, and its displacement about the oufput axis is pro-
portional to the angular rate input to the input axis. The
rate gyro ufilizes the precession phenomenon in which an
angular velocity input produces an cutput torgue. A rate
gyro is so called because it is used to measure angular
rates of motion about a selected axis. It also provides a
means for introducing artificial damping inte a vehicle's
control system. The exact amount of damping is a func-
tion of the vehicle's aerodynamic characteristics.

A mathematical analysis of the behavior of the rate
gyro is made by using differential equations. The fime
solution is found by using either classical methods or
LaPlace Transforms. The latter are used here.

To reduce vibration about the output axis, the gyro is
provided with a damping mechanism of some sort. Damp-
ing may be provided by hydraulic dashpots, eddy current
devices, or viscous shear of a fluid.

The torque H¢ induced by precession must maintain
the angle 6, accelerate the gimbal assembly about the
torque axis, and overcome the axis damping moment.
This is expressed by:

d20 do — —
jwa}-BT-{—KO—-Hq’) b= o {25)

d20 B doO Ko _ H .
o g t g T ¢ (26)

Using the LaPlace Transform, equation {25) can be re-
written as:

Ofs) H
Hls) T Js2 4 Bs 4 K (27)
H .

ra p{s)
or Ofs) = {28)

Js2 Bs

+ 1
K K

To investigate the response of 6ls}), a step input velocity
i . . .
—— for ¢{s) is applied. This step input represents a con-
s

stant velocity since a small transient disturbance would
have little effect.

H i
ols) = JK ;s als) (29)
§2 K 4+ K 4+ 1

To find the steady state response, the Final Value

fims F(s) = lim (1)
s == f—

(29) and the following is obtained:

Theorem ( )is applied to equation

ofs) = ——l—;——d)(s) {30)

H .
or 6 = Kq’; {31}

which shows that if the input to a rate gyroscope is an
angular velocity ¢, the output is an angle © which is
directly proportional to ¢.

A time solution of equation (25) yields

AT “"J"ft:(-i“)"} (32)

ot} =

YK T

For rapid damping should be large. Hence de-

sign practice is to maintain a high B/J raotic where
possible.

B y2 . . .
( ) is usually negligible in comparison to

2] T
hence the natural frequency of the rate gyro is essentially
K (33)

J

In designing a rate gyro, certain parameters can be
controlled and specified. These parameters are:

I Rotor moment of Inertia

It h

ws Rotor angular velocity
J = Moment of inertia about precession axis
K = Spring constant of restraint element
On = Maximum allowable precession angle
B = Damping coefficient about precession axis

They are the controlluble parameters on which the
derived parameters depend.

RATE GYRO

SPiN
ANGULAR

1
vELoctTv\ -T-T0 axis
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VISCOUS DAMPING
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i
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Figure 7




SPRING RESTRAINED RATE GYROS

Two types of rate gyros are in extensive use. One fype
provides a voltage output proportional to the input rafe
and the gimbal displacement. The other type acts as a
switch which closes a circuit when the rate reaches a
predetermined vaive. The latter is called a rafe switch.
Both unifs may be mounted in any position which correctiy
orients the input axis.

APPLICATION
Rate-measuring gyros are widely used to provide
voltage outputs proportional to rates of turn in the follow-
ing applications:
Aircraft autopilots
Fire control systems
Telemetering systems

Oscillation dampers
Missile stabilization

Gyro rate switches are used to cut out erection in
vertical gyros and stable platforms during turns, or to
cut out slaving voltages in directional gyros during furns.
It has been shown that the output of a rate gyro is a
voltage proportional to the derivative of the input angle.
Hence, any drift of this angle is of litile importance.

CONSTRUCTION

There are many types of rate gyro configurations. Most
commonly, rate gyros consist chiefly of a motor supported
on ball bearings or torsion bars, a pickoff or switch, and
a viscous damping device. Typical construction features
of Kearfolt gyros are described below.

Gyro Motor The gyro motor has a rotor which is
dynamically balanced. This rotor is driven at synchronous
speeds of either 12,000 or 24,000 rpm on permanently
lubricated precision ball bearings mounted in a rigid
housing. A maximum inertia-to-weight ratio is achieved
in the rotor design, and various 400 cycle, two or three-
phase excitation voltages are used.

Pickeff Mounted on one end of the rate-measuring
gyro assembly is an AC induction or resistance potentio-
meter pickoff that furnishes o voltage signal proportional
to the angular precession of the motor assembly. The in-
duction potentiometer is most widely used where high
accuracy and linearity are desired. In the induction
potentiometer, better resolution is achieved with no re-
straining friction, for there are no wiper contacis. Yoltage
outputs as high as 4.5 volts per mechanical degree, with
a linearity of better than 0.25 percent at three degrees
displacement, are obtained with the induction pickoff.

Switch The gyro rate switch utilizes a single-pole,
double-throw switch in place of the pickoff to close a
circuif at an input rate as low as 12 degrees per minute.
Switch contacts can safely handle 1/2 ampere at 28
volts DC.

Damping Device In the rate measuring gyro the
damping device and the rate switch consist of a cylinder
attached to both the motor assembly and o machined
cylindrical surface on the supporting frame. The gap
between the rotor and the machined surface on the
frame is filled with silicone fluid of a viscosity sufficient
to provide damping ranging from 20 to 70 percent of
critical, depending upon requirements. Damping is varied

by varying fluid viscosity. Provision for compensaling
viscosity change as a result of temperature is required
and can be achieved by special damper geomsiry or
external heaters.

Springs Restraining springs are attached to the motor
assembly and to the frame in which the motor precesses.
Manufacture and handling of these springs {which are
made from low hysteresis materials) require extreme cure
to withstand the high "'g" vibration accelerations experi-
enced in certain missile and aircraft applications. Springs
may be linear or torsional. The torsion bar spring pro-
vides both gimbal restraint and gimbal suspension.

Bearings Bearings supporting the motor assembly in
the frame are selected for minimum friction to provide
high accuracy and maximum resolution. These bearings
retain their low friction characteristics even after the unit
has been subjected to shocks up to 80 g’s and vibration
accelerations up to 15 g’s. Torsion bars at one or both
ends are also used us suspension.

Stops  Stops located approximately #=3° from the
null position minimize cross coupling errors inevitably
caused by abnormal input rates about the normal spin axis
line when excessive precession occurs.

Case A hermetically sealed cylindrical case filled
with dry inert gas encloses the gyro, effectively preveniing
corrosion and contamination and providing meore uniform
heat distribution. Floated rate gyros are fluid-filled and
hermetically secled.

Electrical Connections  All internal circuits are con-
nected through mulii-terminal, hermetically sealed term-
inals at one end of the case assembly. Connectors are
available as an option.

Mounting The unit is suitable for “bracket” or bulk-
head mounting. Three or four tapped holes in the mount-
ing surface, which is parallel to the spin axis, are
provided. Flanges or clamp mounts are also suitable.

TESTING

Mass unbalance is tested by observing the pickoff nuli
value while rotating the gyro unit through 360 degrees
about the output axis.

Natural Frequency, Phase, and Amplitude Response
Tests are performed on a frequency response analyzer
which applies oscillations of various frequencies about
the gyro inpuf oxis. The phase angle and the amplitude
of the gyro pickoff outputs are compared to the phase
angle and amplitude of the input oscillations to establish
phase and amplitude characteristics. Natural frequency
and damping are sometimes measured by recording the
output voltage of the pickoff with a step function applied
about the sensitive axis.

Accuracy and Linearity of Output Voltage Versus
Rate Input A rate table and voliage-comparing device
are used to obtain output versus rate information. Quiput
voltages for increasing, decreasing, counterclockwise,
and clockwise rates are observed, and deviations from
the average and theoretical values are calculated. The
resclution or minimum recognizable rate change is also
observed. Data are obtained by mounting the rate gyro
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with ifs input axis parallel to the rote table axis of rota-
tion ond plotting the gyro output as the rafe lable input
is varied. The plot of this response is linear within the
gyro's range to the accuracy specified for the unil
BRATE SWITCH

Inspection Tests

These tests include:

Time for switch to close ot a prescribed rate.

Time for switch to open offer a prescribed rote.

Oscillation about sensitive axis,
{This test is performed to insure that the switch
does not close during normal low frequency in-
flight aircraft oscillations.)

Rate to close switch.



A rate integrating gyroscope is consirained to one
degree of freedom, ond its displacement about the axis
is proportional to the integral of the angular rate input.
This type of gyro is an application of the precession
principle.

PICKOFF
Kp
L OuTPUT
TORQUER
Kt {
8, B
0 N H
N sPin AXIS
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POSITION
49,
VISCOUS '
DAMPER
(8)
- VEHICLE RATE
@ %1 gt
\ . My 8 T 90(1‘! - Efo(u.
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H = ANGULAR MOMENTUM OF ROTOR
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w = INPUT ANGULAR RATE

CHARACTERISTIC TIME « J/8
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Figure 8

Rate gyros ond rate integrating gyros are similar in
their theory of operation. The difference between the
two liss in the nature of their respeciive precession axis
restraints. In rate gyros, damping restraint is kept as
low as practicable, whereas in rate integrating gyros,
spring restraint is as small as possible.

The differentiol equation of motion common to both is

Jjd26 , Bdo
‘&T”ﬁ“'ﬁ“ + KO = Ho {34)

where O is precession axis motion and o is the velocity

rate input
P T

For a rate integrating gyro, the spring restroint term
K is set equal to zero, hence equation {34} becomes:

Jd26 Bdo
an e pn = Hu {(35)
Using the LaPlace Transform, equation {35) becomes:
ofs) H == {Js + B} 6(s) (36}
Rearranging:
Ols) = sl (37)

{Js <+ B)

[0}

Apply an input rate of for w(s}) and observe the

response Ols). The step input represents a constant velo-
city o. Also rearrange the form of (37}

s(?*‘%‘“i)

The inverse transform of [38) yields the expression:

O {s} {38)

. H i B
O = 5 o T o 4 (3¢}
However, as time [t} approaches infinity, squation {39}
bacomes:
. H
S o ?& 0] M@}

By integrating both sides of eqguation [40}:

Twe points are of interest, Since the j o di represents

| angle, the precession angle output O Is propor-
tional to the lotal input angle ¢. The porameter deter-
mining the behavior of an integrating gyro is the lime
consiant 1/B. This fime constant is called the character-
istic time of the gyro. As was the case for the rate gyro,
a large value of B/J is desirable for good hronsient re-

a tolo
|

3pOnse.

Rate inteqgrating gyros are very often built in ¢ design
version known as a flooted rate infegrating gyre, which
is used where exceptionally high-level performance is re-
guired. Should the rotor mass of a gyro wheei having an
angular momentum of 1.0 x 10% gm. cm.?/sec, shift by
as little as one micro-inch, a drift of 0.1 degree par hour
could result. The difficulty in achieving ultra-high pre-
cision and accuracy in this respect is therefore apparent,
hut the necessity for obicining low drift gyros is of para-
mount importance.

FLOATED RATE INTEGRATING GYROS

Over iwo thousand years ago Archimedes discovered
that o body immersed in a fluid is resisted by a buoyant
force equal to the weight of the displaced fluid. This
principle, utilized by floated gyroscopes, is implemented
by enclosing a gyro's rotor in a can, which in
turn is immersed, or “floated,” in another container filled
with a fluid of such density that the resultant weight of
the rotor and the can is effectively reduced to zero.
Under such an ideal theoretical condition, the gyro rotor
exerts no load on precession axis supporis. Consequently,
frictional torque — the product of normal load, coeffi-
cient of friction, and the moment arm of the support —
is theoretically zero oo, since the normal load itself is
zero. In actual practice, however, it is never possible to
reduce the load o an absolute zero, so some friction



torque, though slight, is always present. By utilizing the
damping restraint of the flotation fluid, an integrating
floated gyro may be produced.

DESIGN FEATURES

The floated rate integrating gyro most commonly used
consists of a gyro motor, induction pickoff, torque motor,
gimbal assembly, flotation fluid, and case assembly. In
this type of unit the gyro motor is sealed in a cylindrical
float. The microsyn pickoff rotor is located at one

end of the assembly while the torque motor rotor is lo-
cated at the other. Density of the gimbal assembliy is the
same as the surrounding fluid in the instrument case. With
this arrangement, very small diameter pivois and jewels
are used to locate radially and axia!'ly the gimbal assem-
bly in its surrounding case. The buoyant effect of the fluid
supporting the gimbal assembly not only reduces friction
to a minimum, but also provides effective damping.

The fluid-floated rate integrating gyro's accuracy is
responsible for its widespread use as an inertial guidance

TYPICAL FLOATED RATE INTEGRATING GYRO

system sensor. In earth-referenced systems and similar
applications, corrective signals must be fed to the preces-
sion axis torquer of such a gyro. Recalling that T == » x H,
it is essential that gyro rotor angular momentum remain
constant, for should the same torque be applied to a
rotor having varying motor speed, gyro response will also
differ, thus compromising computational accuracy. For this
reason, precise floated rate integrating gyros employ syn-
chronous hysteresis motors to spin the gyro wheel at a
constant rate. Such a motor has three elements consisting
of (a} a wound pole stator that is integral with the gyro
float, (b} the gyro wheel itself which serves as the hystere-
sis motor rotor, and {c) a magnetic hysteresis ring at-
tached to the gyro wheel.

Motor speed is expressed as:
2
N = —f— f (60) (42)

where ¢ == number of phases

p = total number of poles

f = excitation of frequency in cps

N = revolutions in cycles per minute

Unless specified otherwise, gyro motors used by Kear-

fott for floated rate integrating gyros are three-phase,
six-pole components which rotate at 24,000 rpm when
excited from a 400-cycle source. Wheel speed depends
solely on excitation frequency. In situations where beat
frequencies must be avoided, a motor may be operated
at a lower frequency. With sufficient power supplied, for
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example, o motor may be operated at 350 cps instead of

400 cps, in which case angulor momentum is reduced by
vion of 350

a proportion of 7.

Another attractive fecture of the synchronous hysteresis
motor lies in its ability to maintain ot synchronous speed
any load which it can accelerate initially from a dead
stop. The gyro wheel incurs only those loads owing fo
windage and bearing friction. Synchronecus hysteresis
motor efficiency is about 50%, which is the ratio of load
to inpuf power.

Mounted on one end of the gyro is the pickoff. The
output axis signal generator is an induction type pickotf
or microsyn device providing o signal proportional to
the angular precession of the motor assembly. These
pickoffs are designed for minimum reaction torque and
a large signal-to-noise ratio, and can be used over a
considerable excitation frequency range. Resolution is
better than one second of arc with o minimum range of
+ 59,

Though o variety of devices are used on the gyro pre-
cession axis for signal pickoff and forquing purposes, o
special type, known as a microsyn, is widely used. This is
an electromagnetic device having an vnwound rotor and
a wound stator whose function is determined by the man-
ner in which its windings are connected. A microsyn pro-
ducing o voltage proportional to the rotational displace-
ment of the rotor from iis zerc position is a signal genera-
tor. One producing o torque as a function of currents
flowing through its primary and secondary windings is o
torque generator. Ancther, producing magnetic forces
causing fthe rofor to remain af the stator bore's geometric
center both axially and radially, is known as a magnefic
suspension.

St S2
3 L:
A Y
2
4 3
Py, P : PRIMARY WINDING

Sy, So = SECONDARY WINDING

Figure. 9

Figure 9 shows a stator having four wound poles and o
two-pole rotor with o slight air gop between them. A low-
voltage alternating current passing through stator pole
input windings when the rotor is at the null position in-
duces voltages in stator poles 1 and 3 that are equal in
magnitude, but 180° out of phase with voltages induced
in poles 2 and 4. Any rotor rotation generates a greater
voltage in one pair of poles than that in the other pair,
the difference in voltages being the signal output of the
microsyn. The voltage change is caused when the moving
rotor presents greater pole area io one stator pole pair
than to the other. This change in areas creafes a corres-
ponding alteration in magnetic flux lines. between the
poles which resulis in altered voltage output.

Except for the number of turns in stator pole windings,
and the substitution of the terms reference and control
windings for stator and rofor windings, a microsyn torque
generator is the same in construction as a signal genera-
tor. When current is applied to the reference winding
alone, no torque results because the four poles exert
equal magnetic forces on the rotor. Control windings are
so wound that when they are energized, the field of one
pair of poles is strengthened while that of the other pair
is weakened, thus producing a torque that is proportional
to the product of reference and control winding currents,
and which is in o direction depending on current phases.
A microsyn torque generator characteristic is measured
in dyne cm/ma?. Note that while a microsyn signal gener-
ator is an AC instrument only, a microsyn torque genera-
tor may be excited by either direct or alternating current.
Signal generator and torque generator functions can be
built into a single device, called a dualsyn, which em-
ploys an eight-pole stator and o four-pole rotor. To pre-
vent interaction between torquer and pickoff functions,
the torque generator is excited by direct current, while
the signal generator operates on alternating current.

In floated rate integrating gyros, damping is provided
by a small gap between the cylindrical float and the inner
case, which is filled with fluorolube and temperature-
stabilized within &= 1°F. Temperature control is essential
because flotation fluid density varies with temperature.

Pivots and jewels are used which are strong enough to
support the entire gimbal weight during assembly prior to
filling with fluid. After fluid flotation to better than 99%,
and as o result of fluid lubricity, friction is reduced to less
than 0.05 dyne-cm.

Operation of the DC torque generator is similar to the
operation of a D’Arsonval meter movement. A permanent
magnet is fixed rigidly on the gyro housing so that all
torque couples have their axes coincident with the pre-
cession axis of the gyro. The return path of the flux is
part of the float and is made of steel chosen for minimum
hysteresis. A coil form rigidly fastened to the outer hous-
ing has its windings placed in an air gap with exiremely
uniform flux distribution. Any passage of current through
the coil results in a torque about the precession axis of the

gyro.

The precession angle is usually limited to = 2° by spring
stops which reduce cross coupling errors induced by rates



about the normal spin axis line that become significantly
greater with an increased precession angle. Pigtail dis-
tortion is also prevented by the stops.

Having its functional parts secled together with the
floating and damping fluid in an inner case, with a bel-
lows to allow for fluid expansion, the floated rate inte-
grating gyro is equipped with o sufficiently heavy outer
case to guard against transmission of any significant am-
bient pressure differentials to the bellows. This outer case
is hermetically sealed, and all internal circuits are con-
nected through hermetically sealed terminals at one end
of the case assembly. The flotation fluid is an organic-
halogen fluid.

A heater and temperature sensing elements are also
provided to assure stable ambient temperature. To ener-
gize heater elements, an external amplifier is required.

Mounting is accomplished through use of o flange
located either at the base or center of the unit. An accu-
rately machined diameter face and an indexing notch
provide proper orientation of the input axis. Trunnion
mounting is also available.

SELF-TEST FEATURE

In many situations, it is desirable to be sure that the
gyro rotor is running properly. To meet this need, a self-
test feature has been built into some models of gyros
made by Kearfott. This feature permits a check to be
made quite simply. In the initial construction of the gyro
rotor, o magnetized bar is inserted near the rim. A con-
ductor is built into the gyro case in such a manner that
the rofor rotation causes a voltage to be induced in the
conductor. An external inductive test probe can measure
the induced voltage and relate it to gyro rotor behavior.

TESTING

Performance characteristics of floated rate integrating
gyros are determined by performing drift rate, torquer
linearity, damping, transfer function, characteristic time,
mass unbalance, and null tests.

Drift rate is measured when the unif is mounted with
the input axis vertical on a servoed table which is free to
rotate about a vertical axis. A servo motor and a pickoff
are attached to the servo table, and the servo table itself
is mounted on an accurate rotary table. When an ampli-
fied signal from the gyro excites the servo mofor, the
servo table turns at some rate depending on the signal.
Input signal to the servo motor depends on the earth’s
rate and upon any unbalances or restraints within the
gyro. Drift rate is then determined by turning the rotary
table through a definite angle (after the table has turned
through null), and measuring the time interval required.

The same test arrangement is used in determining
torquer linearity, in the following manner: the torquer is
excited with enough current to maintain the gyro at null,
and this current is then increased and subsequently de-

creased by the same amount. Turn rates of the servo
table are measured for both the increase and decrease
in current.

Damping values are determined by cbserving the input
case angles for definite outputs, and fransfer functions are
obtained by observing oufputs for definite input case
angles.

APPLICATIONS

Floated rate integrating gyros are widely used as basic
sensors of angular rate and angular position.

Some of their applications include:
Flight control systems for reference stabilization
Flight control systems for navigation

Aircraft fire control systems (stabilization and
tracking)

Shipboard fire control systems

Rate measurement

A rate integrating gyroscope is always used as the
sensing element in a closed loop servo which is devised
as a null seeking loop whose error signal is provided by
the gyro precession axis output. Accordingly, rate inte-
grating gyros are customarily built so that very little
angular motion takes place about their precession axes.
In fact, the amount of permissible angular motion about
the precession axis of such a gyro serves to categorize
the application of rate integrating gyros. In their con-
ventional use as sensors for a gimballed stable element,
precession angle motion rarely exceeds three degrees for
a non-floated rate integrating gyro nor more than +2
degrees in floated rate integrating gyroscopes.

v

However, a newer method, called "'strap-down system’
or "gimbal-less platform,” in which gyros are mounted
directly to a flight vehicle's frame instead of being stabi-
lized in space by gimbals, is coming into wider use.
Since a flight vehicle's response to input perturbations is
slower than the response of a gimballed platform, error
angles of several degrees can occur before the necessary
flight corrections are made. This means that the gyros
must have greater angular freedom about their output
axes than gyros used on conventional gimballed plat-
This requirement has led to the development of
rate integrating gyros known as ‘‘wide angle' gyros.
Since such gyros are required for guidance they are
almost always floated gyros with very low drift rafes.
Wide angle gyros usually have an angular freedom of
+ 10 degrees or more.

forms.

When very accurate measurements of angular rate are
required, a rate integrating gyro can be used as a rate
gyro. This is done by incorporating the gyro in a null
seeking servo loop which is closed upon itself. An input
to the gyro's sensitive axis causes a precession motion
about the output axis which is measured by a pickoff, the
signal from which is fed to an amplifier whose output is
applied to a torquer physically located on the gyro's pre-




cession axis. Torquer current required to drive the gyro
pickoff signal to null is a direct measure of the input angu-
lar rate. Characteristics of the loop are a function of both
the gyro and the associated amplifier, which permits the
user a reasonable degree of design flexibility.

RATE MODE: The differential equation describing the
integrating gyro in a rate mode is expressed as:

Jd26 do .
di? +B?+AKPKTG:HM;Q:¢ (43)

Using the LaPlace Transform, for zero conditions at
fime zero, the equation becomes:

Is26(s) + BsOls) +AK,Kr0Ofs) = Huwls) (44}

H
— © 4
or  Ols) Js? 4 Bs 4+ AKK; (<) (43)

Note that equation (45) is identical to equation (27)
on page 5 if AK.Kr is made equal to K. In effect, by
closing a rate integrating gyro's loop on itself, an elec-
trical rather than a mechanical spring is produced. Further
analysis of gyro rate mode characteristics is analogous
to that for a conventional rate gyro. By using an integrat-
ing gyro in a rate mode, lower input threshold sensitivity,
wider dynamic range, and greater accuracy is obtained
than is possible with a conventional rate gyro.

A s AMPLIFIER GAIN
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RATE MEASUREMENT WITH RATE INTEGRATING GYRO

Figure 10

BALLISTIC MISSILE APPLICATION

Because floated rate integrating gyros have inherent
high accuracy capabilities, they are favored as reference
devices in ballistic missile inertial guidance systems. A
rocket-propelled ballistic missile develops high-g acceler-
ations, high vibration, and much acoustical noise, so any
meaningful inertial guidance system error analysis must

consider gyroscope behavior under a high-g environment.
A mathematical error model representing a typical gyro-
scope in such an environment appears below, in which
R is a fixed drift rate term, U represents mass unbalance
terms, and S indicates compliance effects like aniso-
elasticity, ali of which are referred to as error coefficients.

Figure 11
wi = R 4 Uy 4 Ua, <+ Saa, (46)
o = gyro drift rate about input axis

a; = thrust acceleration component along
input axis

a, = thrust acceleration component along
spin axis

It is readily apparent that resultant accuracy depends
on the magnitude of both error coefficients and applied
acceleration, the latter being a function of missile trajec-
tory. Although the gyro designer initially minimizes each
error coefficient, the gyro user can achieve optimum gyro
accuracy by orienfing the gyro to a position in which it
is least susceptible to the adverse effects of trajectory
acceleration. Preferred orientation depends on the rela-
tive magnitude of individual error coefficients.

Gyro drift rate depends largely on the physical orien-
tation of gyro axes relative to the flight trajectory. For
example, drift caused by compliance coefficients, S, can
be eliminated by orienting the gyro such that no acceler-
ation acts upon either input or spin axes, a condition
which can be approximated by positioning the gyro so
that its output axis lies in the trajectory plane. Mass un-
balance coefficients, U, may also be eliminated through
gyro orientation refinement. By orienting the gyro, with
its output axis still within the trajectory plane, a position
will be reached at which mass unbalance coefficients
either disappear or become minimal. This is the position
that is best for minimum effect from both § and U co-
efficients.



In @ ballistic missile inertial platform using three single-
degree-of-freedom rate integrating gyros, the proper
orientation of each gyro relative to the othars guarantees
maximum accuracy. To achieve this, the inpuf oxis of

EVALUATION AND TEST PROCEDURES
Because performance evaluations and test procedures
on floated gyros are often conducted differenily by one
manufaciurer as opposed to another, it is useful to know
the exact methods by which gyro operaiing characteristics
are established. Applications in which floated rote inte-

&

grating gyros are used demand precise performance
levels throughout the life of these instruments. Conse-
guently, a test and evaluation method must be employed
which can faithfully reflect o component's operating
characteristics under conditions identical fo those which

will be encountered in actual use.

Generally, two fundamental methods are used in fest-
ing gyro performance, namely o “closed loop test’” and
an “open loop test.” In the former, the gyro's torquer is
slaved to the signal generator and holds the gimbal at
null. Under this condition, gyro performance is reflected
by the amount of torquer current required to maintain the
gimbal null position. In open loop tests a servoed test
table is slaved to the gyro signal generator and holds the
gimbal at null by rotating the gyro about its input axis.
Gyro performance under these conditions is reflected by
the table rates required to maintain the gimbai null posi-
tion. Actual performance of a gyro used in a stable plat-
form is simulated by the latter test method.

Testing a gyro thoroughly in each of six positions has
an advantage in that detrimental effects caused by un-
detected flaws are readily discovered, for gyro failure or
poor performance generally become more apparent in
some orientations than in others. Hence, the six-position
mode of testing usually exposes any such defects early in
the gyro's life.

SIX-POSITION SERVO TEST PROCEDURE

A servoed test table mounted on a rotary tilt table is
a combination which not only simulates actual platform
operation but also permits o gyro placed in the servoed
table 1o be oriented in any of six positions desired. As
the gyro drifts freely through a precise angle, it is timed.
To obtain five consecutive time recordings, the gyro is
torqued back to its original position and aliowed to drift
through the same precise angle five times. This pro-
cedure is repeated for each of six orientations, and each
group of six-position tests, is, in turn, repeated five times.
Between each series of six-position tests, the gyro is in-
operative for the length of time required for cooling.

Mass unbalance along spin and input axes, restraint
levels in six positions, and day-to-day repeatability of
these parameters are the data obtained. Short term
repeatability is also taken at each position.

i3
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each of the three gyros must be normal to each other,
forming an orthogonal triad. Two of these input axes
should lie in the trajectory plane, with the third perpen-
dicular fo if.

SIX-POSITION SERVO TEST ANALYSIS

The time required for the gyro to drift completely
through the precise angle mentioned earlier is termed
the "'servo table rate” and is o measure of the sum of
the torques acting about the gyro’s precession axis. These
torques, schematically iHustrated in Figure 12, are the re-
sult of {1} a component of earth's rate, Eg, along the input
axis, (2) a mass unbalonce, My, of the motor float assem-
bly about the precession axis, and (3] o constont spring
restraint, R, about the precession axis.

Ez
( COMPONENT OF
EARTH'S RAYE) !

SUT AXIS

R

A

WU
( MASS UNBALARNCE)

Figure 12

FORMULA DERIVATIONS

In the derivations shown on page 14 the following is
assumed:

9.843°/hr = component of earth’s rate along @
vertical axis, at o latitude of 41.9°N.
11.372°/hr = component of earth’s rate along a

horizontal north-south axis, at o lati-
tude of 41.9°N.

Earth's rate, Eg, is positive when it causes a positive input
to the gyro.

Mass unbalance along the spin reference axis, Myssay
is positive when the positive spin reference axis is heavy.
Mass unbalance along the input axis, Myya;, is positive
when the positive input axis is heavy.

Restraints are positive when acting in a counterclockwise
direction about the positive precession axis.

The component of earth’s rate along the gyro input axis
is greater than the algebraic sum of mass unbalance and
restraints.



031

w2

R2

\2

4 INPUY AXIS UP

-+ SPIN AXIS
WEST

-+ PRECESSION
AXIS

i

table rate in position 1

il

table rate in position 2

i

table rate in position 3

i

table rate in position 4

table rate in position 5

Rr2
Ry

table rate in position 6
restraints in positions 1 and 2
restraints in position 4
restraints in position 3

restraints in positions 5 and 6
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SIH-POSITION RATE TEST

The six-position rafe test method of floated rate infe-
gyro evaluation most closely simulates the actual
ns the gyro will encounter in operation. A gyro
forms satisfactorily under the conditions imposed
perform satisfactorily

grdfing
Condiﬁo

thot pef - o
by the six-posifion rate fesf‘ 'wn < !
under virfually any fest conditions. The rate test is also
vastly superior To the servo test in that performance can be
monitored and recorded instantaneously, and ;ihe most
minute discrepancies noted immediately. In addition, com-
plete evaluation of the gyro can be accomplished through
the use of relatively few test orientations.

The possible number of orientations in which a gyro
may be tested are many: with Output Axis Up the Input
Axis could point North, East, West, or South; with Cutput
Axis Down there are also four positions for input Axis
{North, East, West, or South); with Output Axis South,
Input Axis can then be oriented Up, Down, East, or West;
for Ouiput Axis Morth, Inpuf Axis can be Down, Up,
Fast, or West also. Altogether there are 24 positions, and
similarly there can be another 24 orientations with respect
to Earth's polar axis. For example, with Ouiput Axis paral-
lel to Earth’s axis, Input Axis can be East, West, 49° from

vertical, or 131° from vertical.

Using all of these combinations would result in unnec-
essarily excessive testing. Experience has shown that a
relatively few of these can be used for compleie evalua-

tion and analysis.

If each axis is oriented in more than one orthogonal
position and in both headings in each position, the effects
of magnetic and gravitational fields in any conceivable
position can be determined. Design criteria predicated on
operating characieristics obtained from such tests then
apply to any positicn in which the gyro is placed in actual
use. Because these gyros have three adjustments {input
axis mass unbalance, spin oxis mass unbalance, and re-
straints) at least four positions must be tested to prevent
calibration from obscuring drift. Although either the six
position servo or rate test satisfies these requirements, the
rate fest is more feasible because it provides a practical
solution to the problem of designing fest equipment for
today’s high performance gyros.

For example, a gyro with a short term drift of 0.005° /hr.
would precess through o one-degree angle with Input
Axis Up in a matter of approximately six minutes fime,
corresponding to an Earth's rate component of 9.846° /hr.
If the fest equipment employed in a servo test is to be an
order of magnitude better than the gyro fested, it must
measure fime to 15 milliseconds, and the one degree of
arc must be repeatable to 0.18 seconds of arc, the latter
being a Primary standard level of accuracy. It is obvious-
ly impractical to test this way.

In rate or closed loop testing, 0.01% power supplies
are feasible and qvailable. The gyro is fixed on a fest

stand and the current in the torquer required to capture
the gyro is proportionate to its drift rate. Knowing the
torquer scale facior and Earth’s rate component, the error
can then be computed.

The principal objection to rate testing has previously
arisen because of the reaction torque resulting from tor-
quer current. However, in Kearfott gyros, air core pick-
off and forquer rotors operating on several noninteracting
frequencies are used, and this virtually eliminates reaction
torques. These high-performance gyros have provided
identical results whether evaluated by either rate or servo
testing. These instruments, irimmed af one location for
one type of test and subjected to completely different
environments or fests at other locations, hove performed
equally well regardiess of test conditions.

DESCRIPTIONM OF SIX-POSITION RATE TESY

The gyro is captured by forquer current in each of the
following positions:

i OA North, 1A West, SA Down
} OA North, 1A East, SA Up

) OA North, IA Up, SA West

) OA North, |A Down, SA East
} OA Up, IA North, SA East

) OA Up, A South, SA West.

SPIN VECTORS FOR SIX-POSITION TEST

POSITION | POSITION 2 POSITION 3
F1A WEST voa koRYH  TSAUP. tiaue
+0A NORTH +OA HORTH
F
+54 WEST
=
+38 DOWM HA EAST A = IHPUT WIS
0A s OUTPUT AXiS
SA + 5PIM AXIS
POSITION 4 POSITION 8 POSITION &
+0A NORTH 08 UP
+04 up
+HA RORTH
+SA EAST +S4 WEST
Vetn oown
+SAEAST +1A SOUTH
Figure 14

The relation between drift rate and torquer current
depends on the relation between gyro torque and pre-
cession rate (T = Ho) and between torque and electrical
current in a permanent magnet field. The relation is meas-
ured by reference to the simultaneous equations in posi-
tions five and six.

The simultaneous equations are:

Ky = —MUix +Rsay (47)
Kl2 = +MUn +Rsav (48)
Klz = —MUsa +=Riay 4o, sin lat (49)
KJ4 = +MU5A +R<,\v — (g sin lat (50)
K.}s pusont +Ro/\v + we COS lat’ (5])
Kls = “4Roav —we cos lat {52)



where —

fieys

o [°/hi)) = inertial drift rate for gyro in position ™
K {°/hr./ma) = torquer scale factor.

J {ma) = capture current fo hold gyro at null in positicn

RN

e SIRA OF w, cosA (°/hr) = Earth’s rate componeni along

gyro input axis.

MUc (°/hr.) = Mass unbalance along the spin axis (input
axis vertical) positive when positive spin reference axis is
heavy.

MU.. (°/hr.) = Mass unbalance along the input axis (spin
axis vertical) positive when positive input axis is heavy.
R.av, Roay, and Reayv {°/hr) = Restraints {non-g-sensitive]
drift as determined from data in position indicated posi-
tive when its vector is directed olong the positive oulput
axis.

Combining equctions {51) and (52} yields torquer
scale factor, X, and restraints (non-gravity-sensitive drift

rate}, Roav, as follows:

Js - Je

_2%\ COsA Roony =
Js — Js 2

With K thus determined ond capture currents J; meas-
ured, all gravity-sensitive (MU) and non-gravity-sensitive
(R) drift rates can be separated by working eguations [49)
with(50) and (51) with (52).

{53}

K =

Jo—1s Ja—1J3 .
MU, = K MUcq = K dou, sin\ [54)
Z 2
ho+ )2 J3 - s
Rg/xv poay K“"’:ZE”—_‘ | A GV — K——_Q‘””' (55)

Short-term variation is easily determined from an in-
stantaneous fype test. A sample of poinis from one-hour
runs is taken and the corresponding rates used to cal-
culate short term variations. Sample traces are shown in
Figure 15.

Typical plots in Figures 15 through 17 demonstrate that
variations from day-to-doy and position-to-position are
auite small. Obvicusly, controlled position determinations
can be made quite accurately in almost any type of iner-
fial reference system.
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KING SERIES GYRO DRIFT RATE
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TUMBLE TEST

The tumble test is a quick and simple means for deter-
mining gyro drift coefficients.

in addition it also indicates adjusiments necessary to
enable the gyro to meet rigid specifications. Optimum
flotation temperature, mass unbalance, and constraints are
established simply and directly, providing a necessary
service at nominal cost. )

The test table is oriented such that its axis is parallel to
the polar axis of the earth {see Figure 18). The gyro un-
dergoing test is mounted with its output axis parallel to
the table axis. Thus, no component of earth’s rate can be
sensed by the gyro. Hence, any gyro drift is due jo the
effects of gravity and constraints alone.

NORTH

TURNTABLE SRA

ANGLE

LATITUDE

I ]

Figure 18

Unbalance resulting from a tumbling test may be ex-
pressed:
U == R+ gUspa cost siny 4 gU 5 cosh cosy—Kg? cos?L (56)
where:

R = fixed restraints

Uqa = mass unbalance about spin reference axis
Usr = mass unbalance about input axis

A = latitude

vy = turntable angle

K = g? sensitive coefficient

g = local gravity.

The gyro is captured by amplifying the pickoff signal
and feeding it to the gyro torquer. Torquer current is fed
to a recorder to which the gyro scale factor is applied.
The table is driven at a constant rate usually equal to ten
times earth’s rate.

INFORMATION REVEALED BY THE TUMBLE TEST

Mass Unbalance — equal to the amplitude of the first
harmonic. For example, when full scale is 2°/hr., drift

rate due to mass vnbalance is 0.2° /hr. Baolance weights
are adjusted to reduce this effect.

|KPUY AXIS BALANCE WEIGHY

/
S spim Axis
BALARCE WEIGHT

b § -

—
TORQUE — { W — B ) ap
[ #-8 ]2
W = WEIGHT OF FLOAT ASSEMBLY
B = SUOYAHT FORCE BUE TO FLOTAVION
3 = ACCELERATION OF GYRO CASE 1M GRAVITY UBITS

¢ = ECCERTRICITY OF MASS WITH RESPECT 10 OUTPUT AXiS
BASS UKBALANCE

Figure 19
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GYRO TUMBLE TEST,
SHUHIRG HASS UNBALANCE OF 0 2°/HE
Figure 20
Constraints — equal to the displacement of the trace

zero axis from that of the chart. A shift of 0.2 indicates
a drift rate of 0.2°/hr. due to constraints. Flex leads can
be adjusted to reduce this effect.
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Anisoelasticity — evidenced by the appearance of the
second harmonic. The effect is due to anisoelasticity as-
sociated with the bearings and floot.
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Figure 23
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Figure 24

Eriction and Binding — evidenced by somewhat erratic
drift-rate pattern for short fime. When this occurs many
times during o one-hour cycle, it is attributed fo dirt. Flo-
tation fluid is renewed and jewel pivots are cleaned.
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Figure 25

Gas Bubble — indicated by a single cyclic variation
whose period is much shorter than one hour. This condi-
tion is manifested when the bubble, rising to the top of
the fluid, must pass through the narrow opening offered
by gyro stops or other discontinuity. Fluid is drained

and replaced as a remedy.
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Figure 26

sass Shift —- displayed as an abrupt change in drift
rate. The obrupt shiff, which occurs once per cycle, indi-
cates that @ part may be loose or that bearings are nof
sufficiently tightened. The gyro is opened, inspected, and
the causa remedied.

ITIOR eE 1

THRE IR HOURS

GYRD TUMBLE TEST,
SHOWIRG EFFECT OF
HASS SHIFT

Figure 27

Optimum Flotation Temperature — determined when
the gyro drift rate follows the normal curve under the
disturbing influence of periodic slewing signals. The ability
to follow the normal curve indicates that flotation fluid is
at the optimum temperature. Thermostat adijustment is
locked at this sefting.

v/, NP LitE0

GYRD TUMBLE YEST,
SLOTATION FLUTD AT
OPTIMUM TEMPERATURE

Figure 28
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A free gyro is a two-degree-of-freedom gyro whose
gimbal displacements about the output axes are a mea-
sure of input angular motion from a predetermined refer-
ence about corresponding axes, i.e., the roll axis motion
is a measure of roll input. By application of the principle
of gyroscopic inertia, the free gyro tends to maintain the
orientation of the spin axis fixed in space. This instru-
ment is so named because the spin axis may be set fo
any desired position rather than referenced only to
earth’'s gravity or north. An inherent requirement for
such use is provision for a caging mechanism which locks
the rotor to the case until released.

This type of gyro is usually caged initially so that the
spin axis, the inner gimbal oxis, and the oufer gimbal
axis are mutually orthegonal. It has 360 degrees of
angular motion about the outer gimbal axis and at least
+ 85 degrees of angular motion about the inner gimbal
axis. To preveni 'gimbal lock’ which occurs at a %0-
degree position of the inner gimbal, mechanical stops
are utilized to restrict angular motion about the inner
gimbal axis. However, if the rotor sirikes the mechanical
stops, tumbling” resulis and reference is lost. There-
fore, careful attention must be directaed to initicl orienta-
tion of the spin axis reference.
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Figure 29
APPLICATIONS

Free gyros are used in those applicaiions which require
information indicating displacement from some specific
reference attitude. The gyro is uncaged when the desired
initial orientation is attained. Thereafter, deviation from
the initial orientation is indicated by pickoff devices on
the gimbal oxes. Two common methods are used to
reference the free gyro initially. The first method uses
gimbal axis torquers fo drive the gimbals to the proper
orientation while the second cages the gyro by mechani-
cal or electrical means and then uncages it for use.

To use a free gyro properly, two tenets must be recog-

nized. First, a free gyro is a case-referenced device

whose reference is not reset once the unit is uncaged.
Secondly, the free gyro is a displacement device which
indicates amount of input moticn rather than rates.

Basically a short term device, a free gyro usually func-
tions accurately for less than five minutes because of
relatively high drift rates. A typical free gyro drift rate
is 0.5 degree/minute. The instrument is commonly used
in air-to-surface tactical missiles to avoid deviation from
a predetermined flight path. It can also be used as a
stabilization device which is able to sense deviation from
desired positions.

DE5SIGN FEATURES

A typical Kearfott free gyro consists of a motor mount-
ed in two gimbals supported by ball bearings, a single
synchro pickoff on the outer axis, and o caging mechan-
ism. This gyro has no torquer. Major components are
described below:

Gyro Motor The gyro motor consists of a squirrel-
cage motor excited by a 400-cycle, 3-phase source. Mo-
tors are available for either 26 or 115 volts and attain
an operating speed of approximately 22,300 rpm in 30
seconds. The rotor is made from Mallory metal and is
designed to achieve desired momentum while maintaining
a favorable weight-to-inertia ratio. The rotor is mounted
on permanently lubricated precision bearings mounted in
a rigid housing.

Gimbals Gimbals are precision-cast units designed
to give maximum sfiffness and rigidity to the gyro so that
it can withstand the high degree of vibration and shock
to which it is subjected. Gimbals can be floated or non-
floated.

Pickoffs  Pickoffs are usually three-phase synchros
located on the outer axis of the gyre, and have an output
proportional to the sine of the displacement angle of the
case about the axis. Excited from a 26 volt 400 cps
single-phase source, various outpuis can be obtained by
slight modifications. Typical maximum open-circuit stator
voltage is 11.8 volts, with a voltage gradient around a
null of 0.208 volts per degree. Synchros can be supplied
as control transmifters or control transformers.

Caging and Uncaging Mechonism  The gyro can be
refurned to its original position with respect to its case by
means of the caging mechanism. Excited by a 26 volt
400 cps single-phase source or a 28 VDC source, the re-
motely controlled mechanism can cage the gyro from any
position within 30 seconds. The axes are caught and held
by lever arms in a gear train which assures return of the
gimbals to their original position within very close limits.

Means are also provided to uncage the gyro remotely
for operation. Such uncaging is accomplished in 0.1 sec-
ond and does not cause displacement of the outer axis
by more than 0.1 degree or of the inner axis by more
than 0.5 degree. The uncaging cycle may be energized
from an external 28 volt DC source.

Incorporated into the caging train are two switches
which provide a means for indicating externaily whether
the unit is caged, uncaged, or at mid-cycle. Torquer



caging is also used. This replaces mechanical complexity
with interacting electromugnetic fields.

Bewarings  Both gyro mofor and gimbals are support-
ed on bearings chosen to give minimum friction, resulting
in low static drift rates. These bearings are designed fo
maintain their low friction level even after subjection to
shocks as high as 50 g's and vibration up to 10 g's. A
design assuring minimum aniscelasticity is used.

Case A cylindrically shaped cover, consisting of fwo
parts, is soldered to the gyro case and provides a herme-
tic seal. The unit, containing one atmosphere of a dry

inert gas, is unaffected by moisture, dust, stc., increasing
life and reliability.

Electrica]l  Electrical leads, none of which are common,
and all of which are insulated from the case, are brought
through the cover by means of a hermetically sealed mulfi-

terminal header.

Mouniing A typical mounting arrangement uses a
mounting flange, located approximately at the center of
gravity, with four holes for insertion of mounting screws,
and o reference surface perpendicular fo the spin axis.
Special mounting conditions can accommodate o cusiom

design.
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OR GIMBAL RING

VERTI
DESCRIPTION

A vertical gyro is a two-degree-of-freedom instrument
whaose gimbal displacements about each oufput axis con-
stitute o measure of angular deviation from the local
vertical axis. The rotor spin axis is maintained parallel
to local gravity vertical by a gravity sensing device. The
term vertical gyro derives from the fact that it is used to
measure displacement from the vertical reference. A verti-
cal gyro effectively serves the same purpose as a pendu-
lum, with the advantage that ¢ maneuver does not cause
it to oscillate. This advantage is particularly desirable
since attitude information is most needed during man-
euvers.

A vertical gyro usually has 360 degrees of angular mo-
tion about the outer gimbal axis and *85 degrees of
angular motion about the inner gimbal axis. Restriction of
motion about the inner gimbal axis is accomplished by
mechanical stops which are necessary since ®90 degrees
of displacement of the inner gimbal with respect to the
outer gimbal causes ‘‘gimbal lock.” Since roll motions of
340 degrees are more common than pitch motions of =85
degrees, the conventional proctice is fo use the inner
gimbal axis for measuring pitch and the outer gimbal for
measuring roll. At the zero reference position, the spin
axis, inner gimbal axis, and outer roll axis are mutually
orthogonal to one another.
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INNER GIMBAL
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PICKOFF SIGNALS

OUTER GiMBAL

\ VERTICAL REFERENCE

LINE SCHEMATIC DIAGRAM
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Figure 30
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APPLICATION

Vertical gyros have found numerous applications in the
aviation, marine, or ordnance fields, where position rela-
tive to a gravity reference is essential to precise and
accurate operation of many indication, control, and stabil-
ization systems. They are also employed as control units
for numerous panel-mounted indicating instruments which
display roll and pitch attitudes. These cortrol units may be
integral parts of indication instruments or may be re-
motely positioned if the immediate space limitations are
severe. VYertical gyros have found extensive use in
antenna platform stabilization where a continuous vertical
reference is necessary to provide accurate search and
height-finding data and also where precise gunfire con-
trol is a necessity. Where an antenna stabilization system
is involved, the vertical gyro may be mounted either di-
rectly on the stabilized element or located remotely. The
vertical gyre has also been extensively used in airborne
camera mounts, which must be precise during high-alti-
tude operation.

When a vertical gyro is used in conjunction with a di-
rectional gyro in various autopilot control units, heading
or course, roll attitude, and pitch attitude information are
all available to make airborne autopilot operation pos-
sible. Vertical gyros are now being used as the primary
control unit for many types of autopilots, and have been
incorporated into the control systems used in helicopters.

The vertical gyro, relatively simple in construction, can
be inexpensively produced in large quantities, and is
sufficiently accurate to perform many operations. How-
ever, extreme accuracy requires a stable platform.

DESIGN FEATURES

In normal operation, three principal gyro axes are
aligned as follows: the roll axis is aligned parailel to the
vehicle's fore-aft axis; the piich axis is parallel to the
transverse axis, and the gyro spin axis is parallel to the
vertical axis.

In Kearfott's vertical gyros the gravity-sensitive element
is rigidly attached to the inner gimbal. Mounted along
the roll axis and the pitch axis are transmitters which are
sources of the intelligence obtained from the instrument.

Also mounted on the pitch and roll axes are torque
motors which align the spin axis to gravity vertical on
initial starting and which maintain this spin axis position
during operation. Provision may be made for external
torquing.

The gyro motor consists of a housing, flywheel (or
rotor), and motor stator. Common design practice incor-
porates three desirable features into a gyroscope motor.
These include low power consumption coupled with an
angular momentum that is as high as possible within the
limits of weight standards. The latter two features are
often expressed together as a momentum-to-weight ratio
{which should be as high as possible}. Motors may be of
several types (induction, synchronous, etc.). The synchron-



ous, hysteresis fype used in most Kearfolt vertical gyros
has a flywheel that is either symmetrical or umbrella-
shaped, depending on the overall requirements and size
and weight limitations.

The gravity-sensing element, or vertical reference mech-
anism, is a pendulous, liquid-damped device which may
operate by electromagnetic or electrolytic means. Both
types are equally reliable, but each differs basically in
concept and in the accuracy obtainable. The electro-
magnetic type is the more accurate of the two and con-
sists of an E-bridge circuit and a pendulous mass. The
electromagnetic vertical reference mechanism requires vol-
tage and power amplification to facilitate overall gyro-
scope performance.

An electrolytic vertical reference has a pendulous mass
which is suspended in an electrolyte, making overall
operation possible without external amplification.

The process whereby a vertical gyro is initially aligned
to gravity is termed erection, and usually employs o
gravity-sensitive device such as an electrolytic switch.

A vertical gyro is susceptible to the accelerations in-
duced by turns of the aircraft in which it is mounted. Roll
reference would be subjected to @ centrifugal force of:

dR

F o= mV —— {57)
dt

where

m =— vertical sensor reference mass

V = aircraft velocity

dR

——— = rate of turn

dt

Since a vertical sensor cannot distinguish between gravity
and acceleration, errors in verticality will result unless some
means for correction is provided. Turn error compensa-
tion can take two forms. The first is simply fo provide a
switch which disconnects the vertical reference during @
turn. This is known as erection cufout. The other form of
compensation maintains the vertical erection circuit but
modifies the erection signal. One such scheme is called
pitch bank compensation. 1t is based on the fact that it
is usually only the roll reference which is affected during
a turn. Accordingly when the turn is detected, the roll
reference is disconnected and the roll erection system is
controlled by the output of the pitch reference. Still an-
other means of turn compensation is accomplished by
initially building into the gyro an intentional inclination of
the pitch reference, which in turn causes a corresponding
inclination of the gyro spin axis. This compensafion is
accurate for only one bank angle.

Transmitters mounted on the pitch and roll axes to pro-
vide the intelligence output are of two basic types, and
are selected according fo the definite form of information
required. Either synchro transmitters or resolvers are used.
Synchro fransmitters furnish an electrical AC signal out-
put voltage proportional fo the sine of the displacement
angle, whereas resolvers provide dual output voltages —
one proportional to the sine of the displacement angle
and the other proportional to the cosine. Special appli-
cations may require a linear AC signal output or even a
linear or functional DC output signal proportional to rela-
tive displacement angle. In the latter case, precision
potentiometfers are incorporated into the gyro design.
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Potentiometer devices, however, introduce friction torque
caused by the sliding of a wiper arm in contact with a
resistive element. Motors mounted along the pitch and
roll axes to drive the gimbal elements to reference verti-
cal are referred to as “‘torque’ or '‘precession’’ motors.
These components are essentially two-phase, sguirrel-
cage motors. One phase is excited with a fixed voltage
of a certain phase and magnitude {the fixed phase} and
the other phase is excited by the output signal from the
vertical reference mechanism (the control or variable
phase). Control phase excitation should be in quadrature
with the fixed-phase excitation veltage.

Construction of the frame, outer gimbal, and inner
gimbal should be such that maximum strength, rigidity,
and thermal stability are provided.

In practice, Kearfoit vertical gyros incorporate pre-
cision-cast inner and outer gimbals, and either die-cast
aluminum frames or precision-cast steel frames. A com-
plete, positive hermetic seal of the entire gyroscope is
an advantageous feature which assures accurate perform-
ance under extreme environmental conditions.

Originally, rigid caging of gimbal elements was thought
desirable, but experience has shown that with such a
system the disadvantages outweigh the advaniages. The
complexity of such a caging sysfem usually results in
diminishing performance and reliability. Further, rigid
caging may also be the cause of impressing large shock
loads on ball bearings and other elements. The com-
pletely elecirical erection system utilized in Kearfott verti-
cal gyros has proved to be more than adequate as a
replacement for o mechanical caging system.

TESTING

Certain performance features of vertical gyroscopes,
when correctly determined ond evaluated are definite
and conclusive indications of gyro characteristics and the
suitability of particular gyros to perform specific functions.
These features are defined, and determination methods
are described in the following paragraphs.

Eree Drift is the term defining the rate at which the
spin axis departs from its reference position when all
erecting voltages are removed. Commonly expressed in
degrees per minute, degrees per five minutes, or degrees
per hour, free drift results indicate characteristics of fric-
tion, and static and ‘dynomic balance of a gyro. To ob-
tain these characteristics, a gyro moving in an oscilla-
tory manner simulating aircraft or marine vessel motion
{with allowances made for earth’s rotation) is operated
for a predetermined length of time, but without torque
motor excitation. At the conclusion of a prescribed time
interval, excursion from the gyro's initial reference posi-
tion is observed, usually by noting roll and pitch trans-
mitter output signals.

Vertical repeatability of a gyro is one of the most
important features to be determined and is discovered by
first establishing a vertical reference and then displacing
the gimbal elements by electrical means. Precession is
provided by torque motors. Gimbal elements are then
allowed to re-erect under control of the vertical reference
mechanism. Precession and erection are accomplished
about roll and pitch axes and a.reference position, to-
gether with four other erected positions, is noted for both



roll and pitch axes. The exireme positions observed de-
fine the maximum limits of o cone. Gyro-established
vertical is now assumed fo be midway between the ex-
tremes, and the repeatability error is defined in terms of
half-cone angle — the error being half the spread be-
tween the extreme settling positions. A fest to determine
repeatability characteristics is performed with the instru-
ment subjected to an oscillatory motion simulating vehicle
movements. Overall frictional and balance characteristics,
and the accuracy designed and built into the vertical
reference mechanism may all be determined by the test
described above.

“Mormal” ond “fast” erection rates may be detfer-
mined by measuring the length of time required for the
pitch and roll elements to fraverse a definite angular
distance while known voltages are applied to the torque
motors. FErection rates are usually expressed in degrees
per minute, and serve to determine friction and balance
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characteristics and also to re-establish the torque motor
features as they affect overall gyro performance.

Though o high erection rate results in good repeat-
ability, it makes the gyro more susceptible to those dyna-
mic errors which accompany aircraft accelerations. For
example, during turns the pendulous erection device
senses nof only gravity, but centrifugal forces as well,
and assumes a position which is no longer parallel to the
gravity vector. in this case, the higher the erection rate,
the more rapidly will the gyro be driven to this undesired
“dynamic vertical.” Thus, the selection of an erection
rate in any particular application is a compromise be-
tween repeatability and dynamic error.

Naturally, any testing carried out to determine vertical
gyro acceptance includes numerous additional tests. These
consist of continuity and insulation resistance checks, and
tests to establish that the electrical components are func-
tioning properly and are providing the desired output in-
formation in the correct form.



COMPASS TRANSMITTE
FOR GYRO SLAVED TO
NORTH )

A directional gyro is «a two-degree-of-freedom gyro
which indicates the motion of a flight vehicle in azimuth
measured from a heading reference. This heading refer-
ence is established by the initical orientation of the gyro
spin axis which is maintained level in a plane parallel to
a tangent to the earth’s surface and usuolly aligned to
point to o north, magnetic or otherwise.

Gimballing serves the dual purpose of keeping the spin
axis horizontal and aligned to north and indicating angu-
lar motion of the flight vehicle in azimuth as measured
from the spin axis reference heading. A directional gyro
has 360 degrees of angular motion about the outer gim-
bal axis and *85° angular motion about the inner gim-
bat axis. The restriction of motion about the inner gimbal
axis is accomplished by mechanical stops. These stops
are necessary because = 90-degree displacement of the
inner gimbal with respect to the outer gimbal causes
“gimbal lock.” Since gimbal stops are provided on the
inner gimbal, the outer gimbal axis is used fo sense yaw.
At a zero reference position, the spin axis, inner gimbal
axis, and outer roll axis are mutually orthogonai o one
another.

A line perpendicular to a plane tangent fo the earth’s
surface constitutes a vertical reference {disregarding
earth's ellipticity and gravity anomalies). Hence a con-
ventional vertical reference gravity sensor can be used to
provide initial erection of the directional gyro. Torquers
mounted on the gimbal axis provide a means for initial
erection when controlied by the vertical reference, elec-
trical caging when fed by o caging current, and direc-
tional slaving when fed by an external reference signal.

A pickoff is used on the outer gimbal axis to indicate
azimuth and is usually an inductive type of component
rather than a potentiomefer, which causes undesired
friction torque due to the contfact of the wiper on the
resistive element.
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The three most common operating modes of a direc-
tional gyro are identified as free, latitude corrected, and
slaved. A free directional gyro does not have torquers
and is not slaved to any sensing device. lts spin axis
accordingly acts as an inertial reference rather than an
earth reference; (conversion to an earth reference device
entails the use of external correction signals). This oper-
ating mode is used for navigation in polar regions where
magnetic headings are likely to be erroneous. Input
signals are usually inserted manually by the pilot.

The lotitude corrected mode permits the gyro to be
precessed by an amount sufficient to cancel out the
effects of earth's rotation, resulting in a gyro whose spin
axis is stationary with respect to the earth. Any constant
heading then describes a great circle course.

The slaved mode of operation uses an external refer-
ence such as an aircraft flux gate transmitter to provide a
continuous azimuth torquing signal. This arrangement
keeps the gyro spin axis aligned with the magnetic mer-
idian. Specifically, this is accomplished by using the flux
gate signal to torque the inner gimbal axis which pre-
cesses the gyro about the outer gimbal axis. Similarly,
the erection system maintains o horizontal spin axis by
torquing the outer gimbal axis which precesses the inner
gimbal until the spin axis is horizontal to the earth. The
gimbal axis pickoff measures the angular displacement
between the gyro spin axis and the roll axis of the flight
vehicle. In the slaved mode, the spin axis is aligned to
magnetic north and the roll axis indicates aircraft head-
ing. The pickoff signal indicates the heading of the air-
crafi with respect to magnetic north.

Directional gyros can be made which have interchange-
able modes of operation. For instance, a disconnect
switch can remove the torquer input signals to a slaved
directional gyro which would then behave as a free
directional gyro.
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Figure 31

24



B ’mx

ROLL STABILIZED DIRECTIONAL GYROS

Directional gyros may also be provided in o special
configuration known as o rell stabilized directional gyro,
which is designed to circumvent the form of gimbal error
described earlier on page 3. Gimbal error is most severe
when o conventional directional gyro's spin axis tilts at
= 45° from the flight vehicle's roll axis. During roll of
an aircraft using a conventional directional gyro, gimbal
error results in an apparent change in azimuth which in-

™~ I~ AN

creases as the roll angle increases. Such apparent azi-
muth error reduces fo zero only where the roll angle be-
comes zero. When integrated into navigational equip-
ment, any change in azimuth resuvlting frem gimbal error
represents an undesirable permanent navigational error.
Figure 32 shows the magnitude of azimuth error in a con-
ventional directional gyro having its spin axis 45° from
the aircraft's longitudinal axis for roll angles of 30°, 45°,
and 60°. Figure 33 is a plot of azimuth errors relative
to spin axis orientation versus roll angles.
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ROLL-STABILIZED DIRECTIONAL GYRO
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To eliminate roll-produced gimbal errors and conse-
quent apparent azimuth errors, the roll-stabilized direc-
tional gyroscope proves most useful. This type of gyro is
essentially a conventional directional gyro mounted with-
in an additional outer gimbal that is free to rotate about
its roll axis. Usually controlled by o position servo slaved
to the roll signal fransmitted by a vertical gyro, the extra
gimbal maintains the directional gyro's azimuth axis such
that it is always parallel to local vertical through 360°
of roll rotation.

The USAF J-4 Directional Gyroscope, a typical Kear-
fott-designed and built instrument, is provided in both
conventional and roll stabilized versions.

J-4 DIRECTIONAL GYRO




Gyroscopes considered in this publication are instru-
ments used to provide references for navigational, guid-
ance, or stabilization purposes. A reference must be either
inherently invariable or predictably variable. Hypotheti-
cally, an ideal gyro remains immobile in inertial space.
However, aciual gyroscopes do nol mainfain absolute
immability but deviate from their initial fixed position.
The rate of deviation is a measure of gyro performance:
the lower the rate the betier the gyro. “Gyro drift rate”
is the best and most important single figure of merit used
to describe the performance of a gyroscope. The discus-
sion which follows has two distinct facets, namely {1} na-
rure and source of gyro deift and {2} description of gyro
drift.

Since all motion is relative, displacement musi always
be referred fo some initiol point which is assumed fo be
fixed. Although the earth is assumed o be the fixed ref-
erence for mosi conventional purposes, this assumption
cannot be accepted for a gyroscope. A gyre used OS5 U
space reference wnd viewed by on observer on earth
appears fo be drifting, clthough in reality it is the earth
that is rotating about its axis. This particular form of drift
is known as Farth's Rate Drift.

Since the ecarth rotates about ifs axis 360 degrees
every day, its rate of rotation is 15 degrees an hour.
However, the gyroscope is an inertial device, and it is
therefore necessary to consider the rotation of the earth
with respect to inertial space rather than in relation to the
sun. Any given point on the earth foces the sun 365 times
a year. But the earth also revolves once about the sun in
the same time, which means that the point faces the fixed
stars of inertial space 366 times. This mofion, known as
the sidereal rate, is siightly greater than one furn per day,
being 1.00274 turns in each 24-hour period, or 15.0411
degrees per hour. It is this value for sidereal earth’s rate
which should be used in gyroscopic computations. Usually
a gyro is located in a plane paraliel to a plane that is tan-
gent to the earth’s surface. Therefore, depending on the
orientation of its spin and input axes, ¢ gyro senses vairi-
ous components of the earth’s rate as an angular input as
shown in Figure 34,

This angular input appears when the gyre case is
fastened to a bench and rotates with the earth.
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Figure 34

we sin A

GYRO LIES IN TANGENT PLANE
TO EARTH

For the azimuth-gyro orientation, the azimuth earih
rate component {refer to Fig. 34) is the input.

In Figure 34

w. == earth's rotation rate
A = latitude of gyro location
¢ = heading angle measured clockwise from North
¢p = input rate-azimuth = o sin A
&, = input rate-roll == w, cos A cos ¢
{spin axis north for ¢ = Q)
$p = inpuf rate-pitch = w, OS A sin ¢
[spin axis east for ¢ == 0)
) = precession motion

Using rote integrating gyroscopes for vesical gyro
orientation with the input axis pointing north, the gyro
senses the earth's rofe component in the tangent plane.

Then:

H
()V = T Wa COS A sin (/) i\:’%é
o

For azimuth gyro orientation, the gyro senses earth's

rate in the tangent plone os:

H
o sin A (59)

When the gyro is mounted in a pivoted fixture such that
i is not forced to rolate with the earth, it remains siation-
ary with respect to inertial space, and appeors to be ro-
tating with yespect to the earth. This “apparent’ drift is
equal to the component of earth's rate along the gyro
input axis.

Mote the difference. When the gyro is fixed to the

earth, it precesses at a rale equal to times the

componant of earth’s rate. When it is mounted in o
pivoted fixture the gyro is free, and appears to be rotat-
ing at a rate equal fo the component of earth’s rate,
while the pick-off signal is zero. Both of these effects are
defined as drift. The first induces gyro precession, and
the second appears when the gyro functions as an inertial
reference.

GYROCOMPASSING

The gyrocompass is a gyroscopic instrument which
senses the earth’s rotation and utilizes that information to
precess the gyro uniil its spin axis lies in the earth's axial
plane. Such an instrument is distinctive in ifs ability to in-
dicate true geographic north independent of the earth's
magnetic field.

A north reference device can utilize the earth’s appar-
ent drift, for when a single-degree-of-freedom gyvo is
oriented so that its input axis lies in a plane tangent o
the earth's surface, its apparent drift varies with heading.
When the spin axis is colinear with the horizontal earth’s
rate component, drift is zero. When the input axis is co-
linear with the earth’s rate component, drift is equivalent
to full earth’s rate. Hence, zero drift occurs when the
gyro's spin axis points north.

The input rafe o = w, €Os A sin ¢ is the same for both
single-degree-of-freedom and two-degree-of-freedom gy-
ros.
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\\"le cos A

#Wa sin A

COMPONENT We cos A staACTS 70
DEPRESS NORTH END OF GYRO.
PENDULOSITY COMBINED WITH We cos A sing
TENDS TO ALIGN GYRO TO WORTH.

\ Figure 35

Hence, it is apparent that a gyrocompass may be in-
strumented in a variety of forms, all of which employ the
same principles. The pendulous gyrocompass was invent-
ed by Dr. Hermann Anschutz-Kaempfe in 19046, Since
term ‘‘gyrocompass’’ has been exponded to in-
clude a variety of north-indicating devices. The pendulous

then the

gyrocompass consists of o spinning roter ond o mass un-
balonce such that the equilibrivm position of the gyro
spin axis under its combined effects of gravity and earth’s
rate tends to be horizontal, pointing fo geographical
north. To produce a gyrocompass, an additional mass is
added to the botiom of o directional gyro's rofor so that
it effectively becomes pendulous. While the spin axis re-
mains horizontal, the unbalance has ne effect, but any
spin oxis deviation from that plane moves the weight,
which in turn causes a torque about the tili axis. Earth's
rate input couses spin axis motion, which is then corrected
by the pendulous mass to keep the gyro in a north-
seeking position. Mathematica! analysis shows that pen-
dulous gyros oscillate. Therefore, damping must be intro-
duced info actual designs.

A more sophisticated method utilizes the gyro as part
of a null-seeking servo loop in which the gyro’s drift pro-
duces the error signal conirolling the loop. A more de-
tailed description of this technique will be found on page
45 of this book in the section dealing with stable plat-
forms. Gyrocompasses require an accurate knowledge of
northerly velocity and are therefore usually limited to use
in vehicles traveling af relatively low speeds, such as
those associated with surface vehicles and ships. Gyros
having exceptionally low drifis are required for in-flight
gyrocompassing.

Portable gyrocompassing instruments have been de-
veloped which can determine north with a degree of
accuracy comparable fo that obtained by means of star
chservations, and are commonly used for establishing
base lines and heading data for mobile missile units.
Kearfoit’'s GYTAR (Gyro Theodolite Azimuth Reference)
sysfem is such a device, and can rapidly orient to north
with an accuracy of less than 15 arc seconds.

An accurate gyro, mounted beneath a theodolite such
that its input axis is horizontal and lying in the same ver-
tical plane as the theodolite telescope axis, detects a
component of earth's rate motion. Both gyroscope and
theodolite are coupled to rotate together. The earth’s rate
component is proportional o cos A sin ¢, where A is lati-
tude angle and ¢ is the angle between the gyro input
axis and an easi-west line. When the inpuf rote is zero,
the gyro’s input axis lies on an easi-west heading.

GYTAR

DRIFT IMNPUTS
In addition fo the apparent drift caused by esarth's rate,
drift rate is o consequence of spurious and undesired
torquas which cause motion. Systems using gyros cannot
distinguish between precession which results from o mo-
tion of the flight vehicie and that from an unbalance
moment, aniscelasiic moment, or flight trajectory.

Ceitain errors, which must be recognized and com-
pensated for when using o gyroscopic reference, are
caused by apparent motion resulting because a gyro is
an inertidl reference on or above an earth that is moving
continuously in relation o inertial space. Since these types
of error are independent of gyro design or construction,
they would be present even if o theoretically perfect
gyro were used. Vertical gyros and stable platforms are
particularly susceptible to such errors because they em-
pley vertical sensors which are inherently incapable of
distinguishing between gravity and acceleration. Indeed,
the development of an instrument which could distinguish
hetween gravity and acceleration would revolutionize
navigational instrumentation, to say nothing of the effect
that such o discovery would have on our knowledge of
physics.

Turning errors, discussed earlier under "‘Vertical Gy-
ros,”’ are cenirifugal and Coriolis force phenomena for
which compensation must also be made when navigation
relative to the earth is considered. The latter, named for
the French engineer and mathematician Gaspard Gustave
de Coriolis, can be defined as an acceleration affecting
any particle moving over a rotating surface.

Since the earth rotates, an object on its surface is al-
ways subjected to a centrifugal force whose magnitude
may be expressed as:

F = mwlR cos A {60)
where R = earth’s radius

m = plumb mass .

0. == earth’s rofation

A = latifude




A vertical established by o stationary plumb bob is really
a resultant of this centrifugal force and the earth’s mass
attraction. However, should the plumb bob move over the
earth’s surface, the effect is that of o change in the
earth’s rotational velocity, for which a correction must now
be applied. Referring to Figure 36, in which the earth’s
axis passes through the geographical poles, resultant mo-
tion of the plumb mass, m, is referenced to the east-west
north-south grid established by latitude and longitude
lines. In a rhumb-line flight from west to east, the resultant
angular velocity of the plumb bob about the earth’s axis
relative o inertial space becomes:
Ve

vt TR s h
A rhumb-line path is one which crosses all meridians at o
constant angle. Referring to equation {60), cenirifugal
force now becomes:

{Ve = VY sin o) (61}

- mV2 .
F o ma2 Reos A 4+ Zmo.Yr + Reos n {62}
cos )

where the first term is earth’s rotational centrifugal force
cited in equation {60), the second term is Coriolis force, and
the third is additional centrifugal force introduced by
plumb bob velocity. The Coriolis effect is a conse-
guence of the earth’s motion relative to the flight vehicle
when both are referred to inerfial space.

"o, F = mweR cos A

CORIOLIS EFFECT AND CENTRIFUGAL FORCE

Figure 36
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If the earth did not rotate, o vehicle flying a straight
ground course would also fly a straight-line path in spoce,
and no Coriolis correction would be required. But since
the sarth turns constantly, the flight vehicle must continu-
ously change iis velocity and heading if it is to maintain
a straight ground track on the earth's surface. Because
any change in velocity is an acceleration, and the product
of acceleration and muss is a force, the flight vehicle is
subjected to the apparent force described earlier as the
Coriolis effect. When an accurate vertical reference is
desired, or whenever a navigation computer is used in
conjunction with o stable element, correction for this
Coriolis effect must be made. Since Coriclis effect is man-
ifested as an acceleration, it is customary to provide the
correction to the vertical reference of a vertical gyro, and
to the accelerometers of o stable plafform.

A simple example serves to illustrate clearly just how
imporiant the Coriolis effect is. Suppose a vehicle having
no Coriolis correction in its guidance system were launch-
ed at an average velocity of 5300 ft/second from the
North Pole and initiclly aimed toward New York. During
the vehicle's flight of about one hour, the earth will have
rotated about 15 degrees {a distance of approximately
900 miles at the latitude of New York). Consequently,
since no Coriolis correction was made during the course
of the flight, the vehicle would sirike the Chicago area
rather than the Mew York target originally selected.

DOTTED LINE 1S TRAJECTORY REQUIRED TO CORRECT FOR
CORIOLIS IN TRAYELING FROM 1 TO 4.

Figure 37
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Gyro drift is usually measured in terms of drift rote,
which is expressed as a measure of displacement per unit
fime.

The most widely used expression for gyro drift is
degrees per hour, although the MIT Instrumentation Lab
has devised an aliernate unit of drift colled o "meru.”
This is o milli-earth’s rate unit or 0.015 degree/hour.
Since rate is displacement per unif time, the interval of
time over which drift is measured assumes rather great
importance. To describe gyro drift rate adequately, «
corresponding time interval should be stated. The aver-
age rate of a gyro over some specified interval is sought.
An example is shown by the curve in Fig. 38 which repre-
senis the drift performance of o gyro. The fime infervals
ab, a’b’” and a”b” are all the same, vet there are three
different rates; for o’b’ the rate is zero; for a”’b” and
ab, the gyro would not conform to specification. For «
large time interval 1, the displacement is only d” from the
initial position and is equal to the displacement <. Yet
for the some displacement d”, the two different times,
a’’b” and t give vastly different rates. There is no single
best way to describe gyro drift. insiead o variety of
methods are considered which permit a realistic appraisal
of gyro performance.

Since time is the critical parameter, one means of cafe-
gorizing drift is by establishing ''short term drift rates”
and ‘long term drift rates.” "'Short term drift"’ is defined
as drift measurements made for o one-hour interval of
continuous operation. This is the time interval for the
test run and is independent of the manner in which the
data is presented. That is, the data may be the standard
deviation drift rate, maximum drift, or integrated drift.

Simifarly, ‘'long term drift rate” is defined as drift
measurements made for an eight-hour interval of continu-
ous operation.

Since attention must also be directed to the change in
drift between successive tests, a gyro remains inoperative
for the length of time required for cooling before it is re-
started. Then if a change in drift occurs, it is usually o
change ir mean drift level rather than a change in ran-
dom error. Two methods are employed to describe this
change. One specifies that the total spread of values for
a stated number of runs is included within a stated range.
A more useful method defines “‘day-to-day drift rates”
as the change in mean level of “long term drift rates”
faken on successive days with a cooling period in be-
tween.

The above standardized but arbitrary time-interval def-
initions of gyro performance do not account for unusual
situations which may require distinctive tests. For instance,
in the case of a missile with an abbreviated flight time,
drift rate is often specified over the anticipated duration
of flight.

Having established the time interval for tests, the man-
ner of describing performance remains. One method pro-
duces the integrated drift, which is the total drift angle
for the test interval, i.e., the final position minus the initial
position (excluding earth’s rate). This value represents

G DRIFT

the integral of instantaneous drift rate with resped to
time. Dividing the integrated drift by the test infervai
gives the “integrated drift rate.” If the random drift is
equally distributed obout the mean during the test inter-
val, the integrated drift rate equals the mean drift rate
due to the averaging of the random portion. Fig. 39
indicates that the integrated drift is very sensitive to the
time chosen. For time f integrated drift is d’, five times

as great as d, which vields an integrated drift rate 7.5
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times as large. The random behavior of a gyro causes
such an apparent variation. The mean drift rate is usually
a result of mass unbalance and constraints. The mean or
bias level is controlled by an appropriate mechanical or
electrical counter-bias.

A mathematical technique, less sensitive to infrequent
variation and more representative of the drift perform-
ance of the gyro, is needed.

It has already been stated that the drift performance
of a gyro is compounded of two constituent elements, a
bias level, and a portion due fo random inputs. The ran-
dom effects arise from a number of sources acting singly
or in combination. Random inputs may be caused by
non-uniformity of bearing surface, ellipticity of balls,
minor local bearing contamination, thermal stresses, ex-
ternal disturbances, non-linear flex lead response, fluctu-
ation of damping fluid viscosity, etc.

Random behavior is @ common occurrence in nature.
The most obvious characteristic of random behavior is
that it is non-periodic. A sinusoidal phenomenon is de-
scribed completely at any instant by knowledge of its
past behavior. However, knowledge of past behavior of
random phenomena can be used only to predict the rela-
tive probability of behavior, but it cannot predict the
exact behavior at any given instant. Paradoxically, ran-
dom behavior is not erratic but observes definite mathe-
matical rules. These mathematical tenefs are applicable
to random behavior in general and as such can be
applied to the analysis of gyro drift rate data.



Among the most common parameters used to describe
random behavior is the random deviation identified by
the Greek letter o {sigma). Standard deviation is best
defined in terms of variance, which is a measure of the
spread or dispersion about the mean value. The standard
deviation is defined as the square root of the variance,
also known as the root mean square.

The standard deviation is o measure of the dispersion
of the random drift rate about the mean, pu, and is ex-
pressed as the root mean square of the deviation of all
the readings about the mean. The standard deviation
is given by:

=

S
e ! Z () — )2 (63)
n— 1
hY i= 1
where
n = number of readings or points on curve used for

this computation

drift rate at point i

mean value .of driff rate

standard deviation {rms) from the mean in o
set of data having Gaussian distribution

i

The term standard deviation implies that random de-
viations from the mean follow Gaussian distribution.
Examination of actual drift data reveals that this is not
guite the case. However, a fair approximation can be

made.
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Figure 40

The curve in Fig. 40 represents the probable density of
readings or points following normal or Gaussian distribu-
tion. Called the normal density function, the area under
any portion of the curve represents the probability that
a given reading will lie between the two limits bounding
the area. The theoretical curve has a maximum spread of
infinity, while 99.7 % of the area lies between * 30 from
the mean. Since the maximum spread for reliable gyros

30

lies between 2¢ and 3¢ the 0.3% outside the 3o limits is
considered negligible. {The assumption is made thot o
Gaussian distribution is in error by much more than 0.3%}.
The significance of standard deviation o, is that 68.3%
of o large number of drift rate readings for points on @
curve} will not exceed this value, 95.4% will not exceed
20, and 99.7% lactually 100% since selection and rejec-
tion of gyros eliminates the possibility of exceeding this
value) will not exceed 3a. 50% of the readings will fail
in the range of =.6740.

If a gyro is permitted to drift freely, its drift rate should
be equal to the earth’s rate component parallel to the
component. A deviation from this rate is aftributable to
gyro errors. An analysis of such data is expressed in
terms of a mean vaiue and standard deviation about the
mean. A maximum spread value is also used which aiso
will not exceed 3o. The significance of maximum spread
is dependent upon the use to which the gyro is put. By
definition, maximum spread value is reached infrequently
and for short intervals, and therefore the standard devia-
tion value is usually employed to specify gyro drift per-
formance.

Root mean square has been defined earlier. Another
expression used to describe a number of errors faken in
combination is called the root sum square, which is ex-
pressed:

[T P —

Since deviation of samples from « mean is required when
describing a component paramefer, it is possible that
when errors from various sources are combined, one may
be so small that it does not tend to reduce the effect of a
large error source. Hence, it is the probable sum of the ef-
fects which is sought. In making this calculation, care should
be exercised to assure that constituent errors are compati-
ble, i.e., all are 1o or 3o, and that their distributions are
Gaussian.

Another technique is utilized to describe random be-
havior. This technique, known as autocorrelation, varies
with time and is quite suited for analysis of gyro drift
data.

Gyro drift has been discussed heretofore only in ferms
of amplitude, but it may also be considered in terms of
frequency, a point of view which is less common, but one
which is growing more important wherever if is necessary
to discover gyro drift effects on system performance.
Determination of the time required to measure gyro drift
so that its steady-siate value may be discovered depends
upon frequency analysis.

In considering a typical graph of gyro drift amplitude
versus time, an analysis of its frequency components may
be made through appropriate application of Fourier
analysis. Such a graph may be re-plotted to show drift
amplitude as a function of frequency, but a more com-
mon presentation shows the square of the -amplitude plot-
ted for each frequency, a graph that is known as a power
spectral density curve and which is widely used in com-
munications work.

)



Fourier analysis of an actual gyro drift record is o
tedious undertaking, particularly since the LaPlace trans-
form of a power spectral density curve, called the auto-
correlation function, is simpler to obfain. Although it
contains the same information as a power spectral density
curve, this function presents it in terms of period instead
of frequency. A power spectral density curve frequently

{where s is the LaPlace

1
T+ s’
operator), because time constants are usually found in
either the gyro or the recording system. Their presence
leads to terms of the form in the autocorrelation plot, so
that such diagrams appear typically as decaying expon-
entials. Time constants associated with these exponentials
In addition, a power

contains terms of the form

are termed autocorrelation times.
spectral density curve may well show o predominant fre-
quency which changes to a sine wave modulation of the
exponential autocorrelation plot. Typical curves are illus-
trated by Figures 41 and 42.
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Using o digital computer to defermine the autocor-
relation function, o gyro drift record is plotted in the form
of discrete drift amplitudes versus time. Gyro drift angle
readings may be taken, for example, at convenient one-
minute intervals and recorded on punched cards. The
value on each card is then multiplied by that appearing
on the card immediately succeeding it, after which an
average of all products is determined to yield an auto-
correlation function for a one-minute period of time. To
establish the next point in the diagram, the value on each
card is multiplied by that taken for each successive two-
minute interval. Repeating this operation for three-minute,
four-minute, five-minute, etc., interVals establishes addi-
tional points fo complete the curve. Any moderate-speed
digital computing machine can perform these operations
rapidly, once the cards have been produced, and the
equation describing them may be expressed as

I=n—r
1
o= *’E?"_:*—;— 2 HOHT 4 1) (65)
=1
where
7 = correlation interval
and
t = total elapsed time during which V¥ is evaluated.

Autocorrelation time, which should be as short as pos-
sible, varies in different gyros from as little as one minute
to as much as four hours, but a value of about twenty
minutes is most typical.

Use is made of the autocorrelation function, for ex-
ample, whenever a gyro is an integral part of a missile
guidance system. Commonly, the characteristics of such
a gyro are such that gyro biasing is necessary before
each flight, and the principal factor which must be deter-
mined is the length of time during which gyro drift must
be measured to arrive at a reliable bias value. Plainly,
average drift must be measured over a period of time
sufficient to minimize errors caused by random drift
fluctuations, and it is equally apparent that when gyro
autocorrelation time is short, contributory long-period
drift components are correspondingly low, while drift
averaging time is short. 68.3% of random drift fluctua-
tions is eliminated through averaging when drift is meas-
ured over one autocorrelation time. Should drift measure-
ments be taken over two autocorrelation times, the per-
centage increases to 95.4%. Measurements made over
additional autocorrelation times increase the percentage
of accuracy still further.

Averaging of gyros in inertial guidance systems origin-
ally required as much as thirty six hours. This time has
steadily decreased to o present practical averaging time
on the order of ten minutes for most gyros in production
today. Some of the more modern gyros equipped with
gas-lubricated spin axes will undoubtedly display exceed-
ingly short correlation times, thus permitting very rapid
drift measurement and gyro biasing.



Drift errors are undesired drift motions caused by de-
sign limitations or constructional deficiencies within o
gyro. Such errors are in contrast io the apparent drifts
described earlier, which would appear even if o theoret-
ically perfect gyro were used.

Drift errors in single-degree-of-freedom gyros arise
from many sources. The most common ones are categor-
ized as those acting about the precession axis and those
acting about the input axis. As discussed elsewhere in
this publication, precession-axis and input-axis sources
produce the same apparent effect.

Precession-axis drift sources are those which are inher-
ent parts of the gyro design, i.e., the precession axis
supports, electrical flex leads, mass unbalonce, and elec-
trical reaction torques. Each of these is considered in
succession.

ldeaily, the gyro precession axis should be supported
by a frictionless device. Practical necessity dictates accep-
tance ot a torque that is as low as possible; therefore,
specially designed instrument-type ball bearings are the
supports most commonly used. Bearing torque levels of
less than 10 dyne-cm are readily obtainable. Bearing fric-
tion is complex in nature and depends upon many factors.
Relative motion takes place between the inner race, outer
race, retainer, and balls, all of which coniribute fo the
overall friction level. The relative smoothness of rubbing
parts determines to a large extent the amount of friction.
Other contributing factors include lubricanf viscosity drag,
lack of perfect symmetry of balls and races, fype of re-
tainer and contamination of bearings by foreign matter.

in addition to bearings, taut wires find use as suspen-
sion devices, but care must be taken to eliminate any
torsional bias in the wire. A residual torsional bias mani-
fests itself as a directional torque, i.e., drift in one direc-
tion is greater than that in the other.

In gyros employing fluid flotation suspension, jeweled
pivots are used to assure low level friction torques. Jewels
are usually synthetic sapphires, although other jewels, in-
cluding diamonds, have found use in special designs.
Flotation fluids may be either liquid or pressurized gases.

A gyro must be very accurately balanced about its
precession axis. [If it is unbalanced, the product of the
unbalanced mass and the perpendicular distance from
the precession axis causes a forque about the precession
axis which manifests itself as drift. Mass unbalance drift
is particularly important in cases where the gyro preces-
sion axis lies in the horizontal plane. However, mass
unbalance may be overcome by use of appropriate bal-
ance weights. Balancing accuracy is limited by the measur-
ing instruments and the normal static friction threshold.
When the precession axis is vertical, the mass unbalance
moment cannot act either about the précession axis or
the input axis, so no error results. However, if the pre-
cession axis is tilted from vertical, and there is a mass
unbalance, an error results which is a function of the tilt
angle deviation from vertical.

wr = wysin O {66}
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where:

on = maximum unbalance forque when precession
axis is horizontal.

6 = tilt angle of precession axis from vertical

in plane of rofor.

Preceding references fo mass-unbaiance effects have
implied that the gyrc was subjected only to gravity. If
the gyro is now subjected to an acceleration, according
to Newton's second law, the acting mass-unbalance
moment is increased proportionately. Should the acceler-
ation be 5g, then the mass unbalance is increased five-
fold. When a gyro's precession oxis is vertical under 1g
conditions, mass unbalance is not critical.

Gyro behavior when its precession axis is vertical
assumes greater importance when acceleration effects are
considered. While a gyro may have no mass-unbalance
error when unaccelerated, acceleration along the spin
axis will cause a torque about the precession axis. (Refer
to Figure 43.) Mass unbalance error is an acceleration-
sensitive error and varies directly with acceleration. Com-
plete specification of a gyro's performance usually in-
cludes a measure of mass unbalance expressed in terms
of degrees/hour drift per ‘'g"" of acceleration. When «a
gyro's precession axis is horizonfc;!, mass unbalance is
critical even at 1g. Hence, all gyres have a higher drift
rate when used in a horizontal position.

PRECESSION
AXIS

H SPIN AXIS

T = maoed

T : TORQUER PRECESSION AXIS

o ¢ ACCELERATION ALONG SPIN AXis

m = MASS UNBALANCE

4 : MOMENT ARM OF MASS UNBALANCE FROM PRECESSION AXIS
Figure 43

Special provisions must be made to carry electrical
power between two elements that are moving relative to
one another. Where complete freedom of rotation is
required, the conventional solution employs brushes and
slip rings. These are used on the gimbal axes of two-
degree-of-freedom gyros and on stable platform gimbals.
In single-degree-of-freedom gyros, precession axis motion
is usually restricted to a small angle. H is therefore pos-
sible to use flexible leads, which are in the form of dead
soft uninsulated conductive metal strips and are mounted
radially and symmetrically about the axis of rotation. Al-
though the material is made dead soft to be as free of
spring restraint as possible, there is always some residual
spring effect. Balancing whatever restraint may be pres-
ent for clockwise and counterclockwise motion is impor-



tant. Total flex lead restraint is o funciion of the geo-
meatry ond number of leads, bui is usually less thon 0.1
dyne-cm.

The precession axis of a single-degree-of-freedom gyro
is usually fitted with pickoff devices generally electrical in
nature.  Induciive types are preferred to capacitive or
potentiometer devices and both AC and DC types find
use. Reaction torgues may result when the point of zero
forque does not coincide with the signal null poini, an
inherent characteristic in the design of vane type devices
{including microsyns) atiributable to their elastic-restraint
characteristic approximating o hyperbolic sine function.
Magnitude of reaction torque varies with unit size, but in
small precise units it can be held to less than 1 dyne-cm.

Drift can also arise from phenomena which are not im-
mediately apparent. Two of these are anisoelosticity
effect and torque rectification.

AMISOELASTIC EFFECT ON GYRO DRIFT

When the torque input to a gyro is spurious in nature,
a drift rate error results.

Aniscelasticity of a structure is defined as non-uniform
elastic deformation which varies with the angle at which
a load is applied. This anisoelastic effect produces a
jorque which can be sensed by a gyro, causing o drift
error.

Consider the effect of anisoelasticity in a gyro rolor
bearing.

A bearing is anisoelastic if its radial and axial yield
rates are not equal. When an external force, F, is applied
to a rotor mass at an angle -0, the displacement of the
rotor's center of gravity depends upon the relative values
of axial and radial yield rates. The condition resulting
when anisoelastic bearings are used is shown in Figure
44.
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Figure 44

O is the input axis about which torques can be sensed.
A-A’ is the lateral axis of bearings and the spin axis
of the gyro rotor.

R-R’ is the radial axis of bearings and the axis around
which the spin axis precésses. External force, F, has
caused the center of gravity originally aif O to move to
O’ which does not lie on L-L’, the line along which force
F was applied. Taking moments about O:
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Mo = Fd == Fsin 60x) — F cos 6ly)
M, == F [sin 6(x} — cos 6ly}]

(67)
(68}

Representing the axiai yield rate as 1 /K, and 1/K, as
the radial yield rote of the bearing, the displacements are

the product of the force and the vield rates about the
respective axes.

1
F € o]
cos ( K ) (69}

Fsin® !
K,

Substituting {69} and {70) into (67),

pression can be written:

y = ) {70)

the following ex-

. i
M, = F {Fsmé—)cos(—} K )(cos@ Fsin 6 %) (71}
Y X kS b4
M, = F2 {sin 6 cos B} { ! — ! (72)
K, K,
sin © cos © == _EQ_ZLL
. {sin 20} 1 1
Mo, == m2g2 20 e —
/ mZa 5 (K< Ky) F = ma (73)

Equations {71}, (72), and {73) show that when the axial
vield rate 1/K, is made equal to the radial yield rate
1/K,, no moment results and isoelasticity is attained. It
also shows that when the angle at which external force

is applied equals 0° or 90°, no moment occurs. At 45°,
maximum moment occurs.
R
e
¢
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Figure 45

The discussion above assumed o unidirectionally ap-
plied force F. However, an oscillating vibratory force
input will also cause a moment to occur as a consequence
of anisoelasticity. Equation (73} indicated the moment re-
sulting from a constant acceleration. Assuming that a
sinusoidally varying input is applied, the resulting torque
is also a function of the input frequency, o, and ampli-
tude, A, taking the form:

A25in B cos O

— w? )( Ky
m

(Kx _ Ky)

2 (KX
m

Mo =

sin?
_— w? )

{74)



Other forms vary with the nature of the input, e.g. such
as with an aperiodic input. Convenience usually dictates
the taking of an average torque value when calculating
anisoelastic effects.

Aftaining an isoelastic bearing involves proper balanc-
ing of a number of variables. However, there are two
variables which offer the most fruitful means for achiev-
ing isoelasticity — preloading and initial contact angle.

Preloading is defined as the application of a thrust load
to a set of mounted bearings, and is a procedure used to
eliminate or minimize undesired play. Contact angle of
a bearing is defined as the angle between a line drawn
through two contact points of a given ball with its races
and o plane perpendicular to the bearing axis, under
thrust load.

An increase in preloading lowers both axial and radial
yield rates at the expense of increased friction forque.
Increcasing the contact angle decreases the axial yield,
increases the radial yield and also reduces frictional
torque caused by preloading. High contact-angle bear-
ings are essential for isoelasticity. Angles in excess of
30° are becoming more and more common.

Remember, however, that bearing quality can be neg-
ated if the supporting structures are themselves aniso-
elastic. Gimbals and shafts should also be designed for
isoelastic behavior in the overall design of a gyro struc-
ture.

Anisoelastic effect in gyro bearings has already been
demonstrated in the illustrative example given earlier. In
fluid floated gyroscopes a similar effect appears in the
float suspension system, and is shown schematically in
Figure 46.

An analysis made for the float suspension system of
Figure 46 is similar to that performed for the case of the
bearings on page 33. The resulting expression {75) is a
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Figure 46
2
M, = = ;SO‘ (ki - ko) [C/] (75)
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function of accelerations along the spin and inpuf axes and
a coefficient Cy which depends on system damping. To
determine drift, the expression M, = oH is used. When
constructing gyro error models, resultant drift is expressed
as » = Saa,, where § is a value representing all factors
contributing to anisoelastic response. A typical value for
$ in a high-quality gyro is less than 0.01 degree/hour.

TORQUE RECTIFICATION DRIFY

In a gimballed structure, such as a stable platform
using single-degree-of-freedom gyros, an important
source of drift emanates from kinematic rectification or
torque rectification. In aircraft or missile applications, the
vibration environment generates oscillatory disturbing
torques on the platform. An oscillatory precession of the
gyro momentum vector results such that platform motions
are sensed about axes other than those under controf,
e.g., a roll gyro would then sense o pitch input.

Rectification arises when gyro angular momentum vec-
tor, H, while subject to sinusoidal input ¢, precesses back
and forth across the Y axis so that it senses a component
of angular motion O¢y, about the Y axis as well as its
X axis angular input $x. Summing the gyro inputs includes
a coarse torque component, HO¢y, os well as its primary
input Hoy.

1,6 4+ Hpx + HOPpy =0 (76)

The expression for rectification driff of an undaemped
single axis gyro has the form:

{by) avg. = 1/2 6 peak $v peak cos & — ¢ 77)
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Figure 47
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Devising means by which undesired restraints in gyro
rotor suspension may be eliminated is a major task for
the gyro designer. In the search for new suspension
methods, a wide variety of designs have been used or
investigated, among which are the common ones utilizing
ball bearings, torsion wires, flexure strips, or fluid flota-
tion. A number of newer methods have been developed,
however, and these are described in detail below.

GAS BEARING GYRGSCOPES

A gas bearing rotor support which is experiencing
wider application consists essentially of bearings using
gas for support and lubrication. Like all designs, gas bear-
ings exhibit advantages as well as disadvantages.

Gas bearing designs fall into twe major categories.
These are designated as {1} hydrostatic gas bearings and
{2} hydrodynamic gas bearings. The former requires an
external pressure source in the form of o small pump
which provides a mefered flow of air at the desired pres-
sure and have found widespread application in gyros used
in ballistic missiles. Whenever hydrostatic gas bearings are
employed, however, contamination of the air supply must
be prevented. Commonly, the gyros used in ballistic
missiles are single-degree-of-freedom types in which pres-
surized gas serves the same function as flotation fluids in
floated gyros. In these instruments gas bearings support
the precession axis, while the gyro rotor is supported
conventionally by ball bearings. Hydrostatic pressures
used for gyro support range from as low as 10 psia to
75 psia.

Hydrodynamic gas bearings do not require an external
supply of pressurized gas. The geomeiry of both the
journal and bearing is such that relative motion between
the two pressurizes the gas in much the same manner as
oil is pressurized in a conventional oil-lubricated journal
bearing. A hydrodynamic gas bearing's load-carrying
capacity depends on gas viscosity, bearing projected
area, and ambient gas pressure. Because an efficient de-
sign requires exiremely small gaps between moving parts,
it is not uncommon to see air gaps as small as 0.00010
inch. Surface finishes and dimensions must also be held
to extremely critical tolerances to assure successful fabri-
cation of hydrodynamic gas bearings. When used for
radial loads, lift force and load directions form an angle
between them, a phenomenon producing an effect similar
to the anisoelasticity of a conventional ball bearing.
Hence, much effort in gas bearing design is directed
toward minimizing this angle. A disadvantage inherent
in a hydrodynamic gas bearing arrangement lies in the
fact that contact between rotor and stator is main-
tained until the rotor reaches a speed sufficient to pro-
vide the resultant gas pressure needed to separate the
two elements. This lift speed, in some designs. is about
200 rpm. A fixed supply of clean gas {usually helium or
a similar inerf gas) is assured, since the rotor assembly is
totally enclosed within a hermetically sealed pressurized

container. Obviously, the primary advantage in using
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hydredynamic gas bearings us opposed to hydrostatic
types lies in the elimination of a special pump. Further,
hydrodynamic gas bearings find application as gyro rotor
bearings because high rotational speed is required. In a
gyro having a rotor angular momentum of 5 x 10§
gm em?/sec., a hydrodynamic pressure of 10 psia of pro-
jected bearing area is typical.

The greatest single advantage inherent in gas bearings
is the absence of wear. Theoretically, such a bearing
should have unlimited life in contrast to conventional
lubricated ball bearings which suffer wear and loading
damage. Most often the limiting factor in gyro life is
the life of the gyro rotor bearing-fubricant combination.
Other advantages of a gas bearing include relative in-
sensitivity to temperature variation, lower restraint levels,
cleaner output signals due to the absence of mechanical
noise, and immunify to radiation.

Gyroscopes utilizing hydrostatic gas bearings both for
support and their precession axes can be used in place of
comparable fluid floated gyros. Since a gas bearing is
less sensitive fo temperature variation than flotation fluid,
associated temperature control circuitry is simplified. How-
ever, alignment stabilization circuitry becomes more com-
plex.

Hydrostatic gas bearings require a constant gas sup-
ply from a pump or storage tank, and filtering is essential.
Though the air gap between parts in a gyro equipped
with hydrostatic gas bearings can be many times larger
than that permissible in a hydrodynamic type, extremely
close tolerances are still mandatory to assure symmetrical
gas flow within the bearing. Typical supply pressures for
a hydrostatic gyro bearing range from 15 to 30 psi, while
gas consumption ranges from 0.5 to 2 cubic feet per
minute. Air or nitrogen are most commonly used.

In operation, gas passes through a filter to enter a
chamber between the gas-supported rotor and the case,
passing through small nozzles into supporting radial and
axial gaps. The gas supply sustains gas flow through the
nozzles at a constant pressure. Should the centered rotor
float move, an imbalance results in the gaus flow pattern,
thus narrowing the gap on one side while widening it on
the other. Gas pressure therefore increases at the smaller
gap and decreases at the wider one, creating a pressure
difference which re-establishes an equilibrium with the
applied load.

A typical hybrid rate integrating gyro design uti-
lizes o hydrodynamic gas bearing in its rotor, but the
float assembly remains in a flotation fluid which re-
quires precise temperature control. This type of gyro
is used whenever the need for instant warm-up exists,
a feature which is most easily accomplished by keeping
the gyro's rotor running continuously. Once started, there
is no limit on rotor bearing life, for gas cannot wear.
The number of starts anticipated for a gyro is the limit-
ing factor in hydrodynamic gas bearing design, not life
or load carrying capacity. It 'would be wasteful fo use
such a gyro in applications demanding thousands of



starts. Hydrodynamic gos bearings are best suited for
applications where extended periods of continuous opera-
tion are required. One such ropidly growing applicafion
is in space flight where guidance must be confinuously
operative during flight times measured in days or even
weeks. A more earthbound need occurs in missiles and
mannad aircraft requiring quick response fo an alarm.
To eliminate warm-up time delay, o gas bearing iype gyro
rotor may be kept spinning continuously. Because ex-
tremely hard metals tend to gall when rubbed together,
ceramic materials such as carbides and alumina, having a
hardness greater than 9 on the Mohs Scale, are used for
hydrodynamic gas bearing surfoces.

A particulorly useful gyroscopic device in which @
hydrodynamic gas bearing is used incorporates o fwo-axis
free rotor in ifs design. Spherical in shape, this bearing
has essentially three degrees of freedom, but senses in-
put only about two axes. The rotor has complete and
unlimited freedom of motion about its spin oxis, but
motion cabout the two orthogonal sensing axes is re-
stricted. Since the spherical bearing provides all the
support required, a separate float assembly, whether gas
or liquid, is not needed. This type of gyro generates an
output to its alignment loop by effectively remaining fixed
in space while its case moves in relation to it.
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Gas bearings contribute anisoviscous effects in much
the same manner that anisoelastic effects occur in me-
chanical structures. Since no limit exists for the life of a
gas bearing, it is natural to assume that a gyro rofor
equipped with such bearings would operate at extremely
high speeds, and that a large angular momentum could
be achieved in a small package. Unfortunately, however,
such assumptions are incorrect because at high speeds
the power needed to overcome rotor windage losses in a
gaseous medium are prohibitive. Consequently, a typical
efficient operating speed for a hydrodynamic gas bear-
ing must be held to about 12,000 rpm.
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SINGLE AXIS HYDRODYNAMIC BEARING ROTOR

CRYOGENIC GYROS

Cryogenic gyros are devices whose basic performance
capabilities derive from the superconductivity property
of matter that occurs at temperatures near absolute zero,
and in which condition electrical resistunce totally dis-
appears. Very large currents can flow under such circum-
stances, but practical applications of superconductivity
are based not so much on current flow as on the magnetic
fields generated thereby.

A cryogenic gyro, in effect, is « body floating in «
magnetic environment, and is rotated to function as o
gyro rotor in which superconductive magnetic bearings
replace conventional gimbals. Practical aspects of such
a design are quite formidable, for not all metals become
superconductive af exiremely low temperatures. Hence,
special elements like niobium must be used. Since super-
conductive materials are very sensitive fo temperature and
stray magnetic fields, effective thermal insulation and
magnetic shielding must be incorporated into any good
design. When depressed temperatures must be maintain-
ed for a long period of time, a cryostat becomes neces-
sary, a feature which increases the size of the sysiem to
such an extent that its use is limited to applications
aboard ships and submarines. One method which might
permit the use of cryogenic gyros in a missile whose
anticipated flight duration is short, entails the charging
of the gyro assembly with liquid helium which can boil off
during the limited operating interval. The anticipated
performance of such a device would justify the design
complexity.

ELECTROSTATIC GYROS

While some researchers use magnetic fields to suspend
o gyro rotor, as in the cryogenic gyro above, others have
developed designs based on the use of electrostatic sus-
pensions. Here, the rotfor is suspended by electrodes
creating a powerful electrostatic field. The advantage
of such an approach over that utilizing cryogenics is the
elimination of very low temperatures. However, to creafe
electrostatic fields of adequate strength, it is necessary



to use very high voltages operating in a very low vacuum.
Effective functioning of such a scheme depends greatly
on exireme uniformity of fields. One of the practical
problems that has arisen concerns the obtainability of
rotors having a very high degree of sphericity. At present,
the bulk of the associated elecironic equipment required
for use with the electrostatic gyro limits its use to ships
and submarines,

PARTICLE GYROS

The ultimate in gyro design is the complete elimination
of a spinning rotor and gimbal combination, and its re-
placement by rotating atomic particles. Basically, this
idea involves the use of the inherent angular momentum
of atomic particles that are spatially oriented by means
of magnetic or electric fields. Such particles have both
angular and magnetic moments. One scheme is based on
detecting the change in precession frequency while an-
other approach to a particle gyro envisions the use of
molecular spin state rigidity.

A basic problem which has prevented the effective im-
plementation of ail such approaches is detection, for the
resultant changes caused by externally applied inputs are
microscopically small. Put quite simply, the problem is
one of obtaining a useable signal-to-noise ratio. However,
much work is being done on the problem and in associ-
ated areas so that the next decade may begin to see
conventional gyros replaced by solid state devices.

LASER GYRO

Experimental efforts are also being directed toward the
development of a laser, or optical gyro.

In normal laser operation when a single atom spon-
taneously drops to the ground state, it emits a short burst
of light. Part of this light, traveling along the axis of a
gas-filled tube, strikes an end mirror, reflects back,
strikes another end mirror, and keeps repeating this motion.
Each time the light traverses through the gas, it stimulates
more atoms to emit light of exactly the same frequency
and phase. Thus, light intensity builds up rapidly, the fre-
quency of which is such that an exact integral number of
wavelengths exist between the two mirrors. If the mirrors
are of good quality and are kept at a constant separation,
this frequency can be well controlled.

In one experimental arrangement, three mirrors are
positioned so that light coming from one end of the laser
bounces around the corners of a triangle and re-enters at
the other end. The optical path length determines laser
frequency. Light, coming from both ends of the laser,
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travels around the same optical path in opposite direc-
tions. [f the device is stationary, the two beams will have
the same frequency. If it rotates, the effective optical
paths in the clockwise and counterclockwise directions
will be different because it takes light a longer time to go
one way than the other, depending on the direction of
rotation. Therefore, the laser will operate at two slightly
different frequencies. The frequency difference is direct-
Iy proportional to the angular velocity of the device. By
sampling both the clockwise and counterclockwise beams
in a photomultiplier tube, the frequency difference can be
detected. The photomultiplier is a square law device that
gives an output proportional to the sum and difference
frequencies of the incident light. Interest is in the differ-
ence frequency, which is proportional to the angular
velocity of the apparatus.

Photosensitive semiconductors are being considered in
place of photomultipliers to measure the optical beat
frequencies.

The crucial problem in the construction of a useful
“optical gyro’’ is the degree of coupling between the two
closely spaced oscillation modes which are simultaneously
present in the laser. If significant energy fransfer be-
tween the two modes occurs, the effect will be analogous
to a "drag” tending to rotate the standing wave pattern
relative to the inertial frame of reference. The magnitude
of this effect will determine the basic measurement thresh-
old of the "'optical gyro.”

i

The ability of a laser “'optical gyro” to detect angular
rates of the order of 100 degrees an hour has been dem-
onstrated and has been shown to be five orders of mag-
nitude poorer than believed fundamentally possible. This
is three to four orders of magnitude poorer than the best
present-day floated rate integrating gyro. Thus, although
the fundamental physical feasibility of a laser ‘'optical
gyro’' is established, a considerable amount of research
and development will be required before a practical
instrument can be built,




When a point is reached at which accuracy capabilities
of simple displacement type gyros are exceeded, if be-
comes necessary to use a more complex gyroscopic de-
vice termed a stable platform.

Stable platforms are gyro instuments which provide
accurate azimuth, pitch, and roll attitude information. In
addition to serving as reference elements, stable plat-
forms are utilized to stabilize accelerometers, star frack-
ers, or similar devices in space.

Stable platforms are the instruments which generafe
signals that are in turn manipulated according to a com-
putational scheme built into an analog or digital computer.
The computer may be programed in a great variety of
ways o achieve the desired output information which may
be aftitude, position, heading, verticality, or @ combina-
fion of these. in inertial guidance systems, o variety of
platform configurations are possible which in turn deter-
mine the mode of computing in the computer and provide
for different types of coordinate reference schemes. These
platform configurations are identified as foliows:

{a) Geomefric: Gyros are fixed in space while the
accelerometers foliow local vertical. The advon-
tage of this scheme is that the gyros need not be
torqued with Earth's rate or with the flight vehicle
rate. Disadvantages lie in the faci that the gyros
tumble and the entire gimbailing assembly be-
comes rather complex to mechanize.

{b] Semi-analytic: Gyros and accelerometers alt fol-
low the local vertical. Advantages here include
simple mechanization, fogether with inertial sen-
sors that are continually fixed with respect to the
earth’s gravity field. The disadvantage is the
need for considerable accuracy of the gyro for-
quer and the associated correction circuitry.

{c) Analytic: Gyros and accelerometers are fixed in
space with no attempt to orient them fo jocal
vertical. This system is as mechanically simple as
the semi-analytic type. However, the associated
computer becomes quite complex.

Gyro stable platforms discussed in the remainder of
this sechion are mechanically configured such that they
can be used as semi-analytic or analytic type references.

Essentially a cluster of gyros mounted within gimbals,
stable platforms perform the important function of having
the gyro oulputs control the gimbals by means of a serve
loop. Manipulating arrangements of gimbals and gyros
produces a great variety of platform types. For illustrative
purposes, this publication provides on initiol discussion
of a "three-gimbal, three single-degree-of-freedom gyro'
type of plotform. This fypical unit serves as o basis of
comparison for alternate configurations.

Any gyroscope mounted in gimbals tries to maintain ifs
position fixed in space. In an ideai, frictionless gimbal
structure, the gyro has o fixed reference. in reality, fric-
tional torques ond accelerating torgques cause the gyro
to precess or driff, which, in effect, disturbs ifs spatial
reference. in devices which do not have to exhibit ex-
treme accuracy, such as vertical or free gyros, this drift is
tolerated. However, increasing flight vehicle performance
demands greater and greater accuracy. Today's desired
drift rates of 0.001 degree/hour for inertial systems to
0.5 degree per hour for less sophisticated nuvigafion sys-
tems can be achieved only by means of stable platforms.
These are designed to use the gyro as a sensor o conirol
a null-seeking servo loop which can provide power fo
generate a counter-torgue to the gimbals and maintain
the gyro reference fixed in space.

THREE-GIMBAL STABLE PLATFORM
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Since auxiliary power is now available to drive the
gimbals, a cluster composed of a number of gyros can be
built. In a platform using single-degree-of-freedom gyros,
three such gyros are mounted together, with their input
axes forming a mutually orthogonal triad. Associated
with each gyro is a gimbal servo system which maintains
the corresponding gyro axis fixed in space.

The three-gyro triad is positioned so that the input axes
correspond to the roll, pitch, and yaw axes of the flight
vehicle. The frame to which the three gyros are mounted
is itself mounted in o succession of gimbals. This frame,
free to move in azimuth, is called the azimuth gimbal, and
its motion is confrolled by the yaw gyro. The azimuth
gimbal is mounted within a gimbal called the pitch gimbal
which, in turn, is mounted within a gimbal identified os
the roll gimbal. Relative motion between pitch and roll
gimbals is o measure of pitch motion. The roll gimbal is
mounted in a case referred to as the fixed gimbal which
is fastened to the airframe. Relative angle between the
roll gimbal and the fixed case is a measure of roll mofion.

Other sequences of gimbal arrangement are also pos-
sible. One common arrangement for platforms used in
ballistic missiles employs the outermost axis for piich
and the next innermost axis for roll. Stabilization of the
cluster is not affected by gimbal order, but gimbal angles
do nct correspond to flight vehicle attitude unless com-

puted corrections are provided.
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For simplicity of discussion, a single axis platform is
analyzed here. It has been previously stated that each
gyro conitrols a corresponding gimbal; hence a three axis
plaiform is, in effect, three single axis platforms with
coupling inputs. These coupling inputs, however, are nof
considered in the single axis analysis.

Figure 49 illustrates a typical single axis platform util-
izing rate integrating gyros. While if is theoretically pos-
sible to build platforms utilizing rate gyros, rate integrat-
ing gyros, or free gyros, the latter two are the types most
frequently used. Rate gyros are too insensitive to low
level angular rates of change. Therefore, the discussion
here considers only platforms which use free and rate
integrating gyros. LaPlace operator notation is used. The
single axis platform is subjected simultaneously to a
torque about the input axis {Y) and the ocutput axis {Z}.
The resultont motion is described by the following
equations:

T, = s?), 4 sF)a 4 SHp {78}
T, = (is? o Ds) B — sHa (79}
where

angular motion about input axis

=3

s angular motion about output axis

Jy = moment of inertia of gimbal about input axis

I = moment of inertia of gyro about output axis

D = damping coefficient of gyro about output axis
F, == damping coefficient of gimbal about input axis
H = angular momenium of gyro rotor

PRECESSION AXIS

a TAKEQFF 2

PRECESSION
AXIS TORQUER

T

SINGLE AXIS PLATFORM

Figure 49
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If a torque disturbance Ty is applied io the gimbal
structure and the gyro input axis, the gyro spin axis pre-
cesses about the output axis. The precession motion gen-
erafes an output signal from the gyro pickoff which is in
turn fed to an amplifier driving a gimbal torquer. This
gimbal torquer produces a counter-forque to the platform,
and the net input torque to the gimbal axis is the differ-
ence between the disturbing torque Tq and the counter
torque 1.

Ty = Td - Tc (80)

A condition in which the platform experiences no
motion about its input axis is sought. This can he attained
if the disturbing torques are removed by the servo system
so that T, becomes zero.

The gimbal servo loop is usually referred to as the
alignment loop. Like all loops, it is subject to the same
criteria of stability and response over a range of oper-
ating frequencies, and a typical analysis is concerned
with the transfer function between the disturbing forque
T, and the input angle a, or between T4 and the gyro
precession angle . The basic block diagram does not
include compensation networks. In actual practice, com-
pensation networks are required fo assure that:

{a) Adequate gain margin is allowed for unusual
gain changes.

b} Adequate phase margin is provided to minimize
torque resonance between T. and Ta.

{c) The phase lead and gain characteristics limit
the counter-torque T. above the system
natural frequency.

Regardless of the fype of gyro used, the function of
gyro stabilization loops in a stable platform is the same.
The preceding discussion used a fluid-floated rate integrat-
ing gyroscope to illusirate a gimbal stabilization servo
foop. Had an air bearing gyro been used instead, the
servo loop would have become oscillatory because of the
air bearing gyro's negligible damping. To overcome this

HEADING OUTPUT — """

ROLL OUTPUT ———-

deficiency, a notch filter would have to be inserted in the
loop to provide by electrical means the damping required.

Figure 50 shows o three-axis three gimbal stable plat-
form. Each of the three gimbal dalignment servo loops
performs in the same manner as described for the single
axis platform. In the three axis plaiform, an azimuth co-
ordinate resolver is required. The inner cluster is free to
move relative to the gimbais. Hence, the gyro input axes
are not aligned with their corresponding gimbal axes.
Outputs of gyres sensing roll and pitch are fed to the
azimuth coordinate resolver, and the oufpufs of the re-
solver are then fed to the gimbal alignment amplifiers.

The three axis platform analysis must consider cross
coupling effects between the loops and the additional
degrees of freedom represented. The stable platform is
gimbai-mounted for three degrees of freedom, and a
torque disturbance about one axis can cause a response
about all three axes. Although an extended analysis of
a three axis platform is beyond the scope of this work,
the effects which must be considered are products of
inertia, products of angular motion, and gyro pickoff re-
sponse. An initial analysis which considers only the gyro
pickoff response usually suffices by setfing up the three-
axis and single-axis platform equations in matrix form.

By utilizing the gyros and gimbal servo loops described
above, building a device on which components may be
mounted for purposes of stabilization becomes feasible.
In inertial navigation or stellar-inertial navigation systems,
accelerometers and star-tracker telescopes are stabilized
in space.

As yet, the spatial orientations that the gyros assume
have not been specified. For space travel some conveni-
ent asiral body could be chosen. However, the surface
of the earth is still the zone of most immediate concern
for navigation systems.

Travel on the surface of the earth (and at lower alti-
tudes) implies a reference based on 'vertical.” A platform
fixed in inertial space does not provide an earth's vertical.

-
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Hence, some means is required to establish this vertical
with the platform. One method is to gimbal-mount an
independent vertical sensing reference on the platform,
but a more convenient and common method applies com-
puted correction signals to the platform. These signals
torque the platform so that it maintains vertical with re-
spect fo the earth.

A simple pendulous mass indicates vertical when un-
acceferated. However, any applied acceleration causes
hang-off and indicates a false vertical. ‘Therefore, a
more sophisticated means of indicating vertical is re-
quired, and the method currently receiving wide-spread
application is Schuler tuning.

SCHULER PENDULUM

The direction of vertical on the earth's surface can be
obtained by the use of a mass suspended from a fixed
support point by a string. Such an arrangement also rep-
resents a pendulum. If the mass is displaced o small angle
from vertical, it oscillates with a period expressed by

T =20 4/ /g (81)

where / is the length of the string and g is gravity
acceleration. If the support point is moved from rest,
the mass is deflected from vertical by an angle © which
is expressed as O = tan—! a/g, where a represents the
support point.

Hypothetically assuming that the support string is in-
creased to a length equal to the radius of the earth so
that the suspended mass is located at the center of the
earth, the support point may move in any manner relative
to the earth's center. Therefore, the supportfing string al-
ways remains vertical regardless of accelerations to which
the support may be subjected.

In effect a simple undamped pendulum has been

created with a period t = 27 «\/ L/g , in which L is equal

to the radius of the earth. The period of the earth’s radius
pendulum is 84.4 minutes. Such a device is called a
Schuler pendulum, named for its discoverer, Max Schuler.

A compound pendulum having the same period and
properties as the simple 84-minute pendulum also has
insurmountable mechanical design limitations. However,
an analogous system using accelerometers can be made
to behave in the same manner as a Schuler pendu-
lum. Consider an accelerometer mounted on a platform
that is free from linear motion, and which transmits a
signal proportional to the platform’s tilt angle. Under
these conditions the accelerometer output signal is inte-
grated twice and the resultant signal is used to drive
the platform in a manner such that the accelerometer’s
output signal is reduced to zero. Quiput of the accelero-
meter may be expressed as

e = ¢gb (82)
{(for small angles gsin 8 =~ go)
8 = —K[fedtdt = —Kg [{ & dt dt (83)
Differentiating both sides of equation (83) yields
d26 (84)

T—*—Kg@ = 0
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The resultant differential equation takes the same form
as the equation for a simple undamped pendulum. By
proper selection of the integrator scale factor, K, the
accelerometer-integrator-platform system can behave like
a simple pendulum having an oscillatory period of 84.4
minutes.

Figure 51

When the system is disturbed by an input acceleration,
the error oscillation of the position output will have a per-
iod of 84.4 minutes just as in the case in which the mass
of the Schuler pendulum is displaced from vertical.

A Schuler-tuned platform system refers to a stable plat-
form whose accelerometers are used in a loop which is
an analog of the Schuler pendulum. This loop includes «a
gyro precession axis torquer. Since the Schuler pendulum
maintains an accurate vertical reference, it can be used
to generate correction signals to tilt the gyro spin axes to
a vertically referenced plane rather than its inertial space
The accelerometer output is proportional
If this acceleration signal is

reference.
to aircraft acceleration.
integrated with respect to fime, it represents the in-
stantaneous velocity of the aircraft. Dividing this vel-
ocity by the earth’s radius gives the angular velocity at
which the platform must rotate to remain tangent to the
earth's surface. The Schuler-tuned signal is applied to
the gyro precession torquer, properly scaled to indicate
the required angular velocity.

A Schuler-tuned system having a period of 84.4 min-
utes is referred to as an “'undamped Schuler mode," for
its derivation is based on an undamped simple pendulum.
Another type, termed the “damped Schuler mode,"" also
is used. Without damping, a simple pendulum oscillates
at its natural frequency and at an amplitude equivalent
to its initial input. To eliminate phenomena arising from
undesired transients, damping is introduced to accelerate
transient decay, and the Schuler mode is de-funed to
some multiple of the Schuler frequency during those inter-
vals when vehicle acceleration is near zero. in a manned
aircraft, vehicle acceleration time is generally much short-
er than periods of unaccelerated flight. Under such con-
ditions, the undamped Schuler mode is used during
periods of vehicle acceleration, while the damped higher
frequency mode is used for periods of unaccelerated
flight. Switching between the two modes is vsually ac-
complished by an automatic switch actuated by the prod-
uct of acceleration and time. The degree of de-tuning
and the level at which mode switching occurs depends on
the aircraft's flight characteristics and the system ac-
curacy desired.



The table below indicafes the form and manner in
which errors of a Schuler-tuned system propagate. Nofe
that all errors are bounded with the exception of position

error caused by time-proportional gyro drift.

ERRORS IN A SCHULER-TUNED SYSTEM

Sy ERRORS
ERROR SOURCE |~ TILT ] VELOCITY | POSITION
Rihtiuiial B o
Gyro Drift ‘ - f’,,),”, sin ot Rog(1-cos wt) 1 Rug ( t-—»)s)
e T - [ v, . :
Initial Velocity Vo cos mt | - v snrlmi
e R - 47;%*9“*" ' ‘
it T | I T Roteosedl
where
wg = gyro drift
w, = Schuler frequency
v, = initicl velocity
g, = initial tilt
R — Earth’s radius
g = local gravity

Since the value of an oscillating reference may be
questioned, system designs use auxiliary signals to pro-
vide damping. Effective damping may be provided by

data available from air-speed measurements, Doppler

radar, or acceleration signals.

d a means of maintaining vertical,
tion of the platform remains.
mmon practice ufilizes

Having establishe
providing for initial erec

Since gravity is an acceleration, co '
the accelerometer as @ vertical reference. lts output is

fed to a gyro precession torquer which actuates the gim-
bal alignment loop- The gimbals drive until the acceler-
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ometer output is at null, indicafing vertical. In those cases
where accelerometers are not required, vertical erection
may be achieved by pendulous reference devices or mer-
cury or electrolytic switches.

PLATFORM GIMBAL TORQUERS

Attention is now given to the actual components which
are used in building a platform with emphasis placed on
the effect of components on platform performance. De-
tails relating to component design are discussed else-
where in this publication and in another Kearfott publica-
tion, "‘Technical Information for the Engineer: Servo Mo-
tors, Motor Generators, Synchros.”

It must be understood that a platform can be no better
than its components. Components must be selected which
conform to the accuracies desired. Platform drift-rate
accuracy depends on the gyros which are used. Acceler-
ation sensitivity and verticality are a function of the accel-
erometers, and aftitude information is usvally indicated
by synchro transducers whose accuracy and nulls depend
on the units selected.

Two kinds of gimbal torquers can be used. One is a
servo motor driving through a gear frain, and the other
is a direct drive torquer. Each has advantages and dis-
advantages.

DC direct drive torquers are preferred to AC types
because of the former's smaller size and greater effici-
ency. The need for brushes is the penalty paid for DC
torquers.

The desirability of using a direct drive torquer is based
on several features. Such a forquer possesses a high
torque-to-inertia ratio and dispenses with gear train back-
lash and maintenance. Elimination of backlash non-
linearities improves the reliability of mathematical analysis
and a direct coupled torquer has proportionately lower
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friction torque. When the support siructure rotates with
respect to the stabilized structure in « gear drive, the
geared servo motor accelerates the support member
movement, producing an additional error. The presence
of gears accentuates the effect of an input rate o, which
must accelerate and rotate the gimbal. This requires
acceleration of the gear train to overcome gear-train
friction torque. The applied rate appears as a torque at
the shaft of the final gear and is expressed as:

T = {J,§ + F) N2, {85}
where N is the gear ratio, J, is moment of inertia of
motor, and F, is the motor damping coefficient.

On the other hand, a gear-drive servo motor also has
advantages. Since torque requirements may be changed
over a wide range by using different gear ratios, it is a
more flexible device. Economically, the gear drive may
have the advantage of utilizing a single size servo motor
with different gearing instead of three different size direct
drives. Providing comparable power, a servo motor
gear drive is smaller, uses less power, and has smalier
slip rings. Power and size are further reduced by a
smaller platform. No brushes are required by the servo
motor, and generally, the gear drive is smaller, less costly,
more versatile, and more reliable than a comparable
direct drive unit in the moderate forque range.

Selection between the two is based on the system per-
formance required. Where exireme accuracies are de-
manded or where very large drives are needed, selection
of the direct drive torquers is indicated. In a large num-
ber of other applications, gear drive torquers prove satis-
factory. As in all engineering problems, selection depends
on careful consideration of all the factors involved.

PLATFORM GIMBAL SYSTEMS

Whern two gimbal axes of a three-axis system become
colinear, gimbal lock occurs. To provide unlimited attitude
freedom in a platform, the four-gimbal system has been
devised.

The four-gimbal system illustrated in Figure 52 is simi-
lar to the three-gimbal system previously described. The
difference lies in the gimbal sequence and in the type of
control associated with the addition of the fourth or re-
dundant roll gimbal. The gimbal sequence is azimuth,
inner roll, pitch, and outer roll. The outer roll gimbal
receives its control signal from a pickoff mounted between
the inner roll and pitch gimbals. This pickoff maintains
perpendicularity between the inner roll and pitch gimbals,
obviating the need of a gyro signal to control the outer
roll gimbal. As a result, roll motions of an aircraft
produce only low level platform disturbances. The outer
roll gimbal servo bears most of the burden for roll stabili-
zation. As the pitch angle increases, the outer roll gimbal
must move through larger angles to null the inner roll
gimbal. When pitch reaches 90°, the inner roll axis is
aligned with the azimuth axis, and the outer roll gimbal
flips through 180°. Hence, full freedom of motion with-
out gimbal lock is obtained.

COMPARISON OF THE TWO SYSTEMS

Advantages of a Three-Gimbal System
Smaller size and weight
Lower cost
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Disadvantages of a Three-Gimbal System
Limited maneuverability of aircraft
Lower system accuracy
Higher susceptibility to effects of vibration
Advaontages of a Four-Gimbal System
Unlimited maneuverability of aircraft
Magnitude of inner roll gimbal deflections
are very small {on the order of contro}
signal level)
Reduction of platform drift due to torque
rectification
Attenuation of effects due to gyro
non-linearities
High system stability
Disodvaniages of a Four-Gimbal System
Greater size and weight due to extra
gimbal
Greater complexity due to additional servo
Higher overall cost

AIRCRAFT MANEUVERABILITY
The Three-Gimbal System

The use of only three gimbals poses a problem when
the pitch angle approaches 90°. In this instance, the
azimuth and roll axes coincide, and one degree of free-
dom is inadvertently lost {referred to as gimbal lock}.
For this reason, it is necessary to limit the pitch of the
aircraft 1o *85° for a three-gimbal system.

The Four-Gimbal System

The four-gimbal stable element has 360° of freedom
about the roll, pitch, and azimuth axes. This freedom of
motion is maintained even when the aircraft pitches 90°,
for this occurrence causes only the redundant outer roll
gimbal to be inactivated by coincidence with the azimuth
axis. Through the use of gimbal axis resolvers, roll stabil-
ization is maintained by the inner roll gimbal. Thus, it is
possible to program unlimited aircraft maneuvers, since
the four-gimbal platform does not suffer from limitations
imposed by gimbal axis orientation.

Reduction of Platform Drift Due to Torque Rectification

Drift rate of a gyroscopic stable element is affected by
aircraft flutter. Flutter, a cyclic disturbance, is particularly
detrimental when the subsequent gyro displacements are
relatively large. This phenomenon is ascribed to torque
rectification, which occurs when positfive and negative
portions of the undulating disturbances are not averaged
ouf, but instead rectified. Resulting biased torque causes
the gyro fo drift at an appreciable rate, degrading system
performance.

The Three-Gimbal System

Torque rectifying characteristics of a three-gimbal sys-
tem become evident in the presence of yaw oscillation
when the aircraft is pitched. In this case, angular oscilla-
tion forces the roll gimbal to cycle. Reaction forque,
sensed by the platform cluster, produces an undulating
gyro precession. During these undulations, a minute
component of the momentum vector lies in the plane of the
roll ‘gimbal, providing the necessary conditions for a
vector product. The sense of the vector product (the un-
compensated torque on the gyro) remains unchanged
since the projection of the momentum vector and the di-




rection of the axis of roll oscillation are in phase. Thus,
the disturbance, oscillatory in nature, is rectified, and a
unidirectional gyro drift is, in essence, produced.

The Four-Gimbal System

The four-gimbal system is relafively unaffected by
torque rectification because the necessary outer roll gim-
bal signal is generated by the non-orthogonality of the
inner roll and pitch gimbals. Since the orientation of
these two gimbals, and not that of the gyros, is involved,
gyro excursions are small. Consequently, platform drift
due to torque rectification is minimized.

SYSTEM SERVO STABILITY

During aircraft motions involving large pitch angles,
the gimbal roll axis {which is parallel to the aircraft roll
axis) assumes an angle with respect to the stable cluster
which remains level. Under this condition, the gimbal roll
axis is not parallel fo the plane containing the input axes
of the vertical gyros. The respective gyros perceive d
component of roll, while the system is required to displace
the appropriaie gimhals by an amount equal to the full
value of roll. This is accomplished by multiplying the gain
of the roll servo by the reciprocal of the cosine of the
pitch angle.

Overall stability of the roll servo is a function of the
open loop gain and the gyro damping feedback torque.
For a three-gimbal system, both the open loop gain of
the roll axis and the gyro damping feedback torque vary
as the cosine of the pitch angle. The cosine is small at
high pitch angles. Hence, the gain and damping are also
small, and it is evident that a “cone of instability’" exists.

Various applications that do not involve the secant ex-
pander and the variable gain associated with it are avail-
able in four-gimbal systems. Thus, the variable gain
necessitated by changing geometric orientation of the
pitch gimbal is a problem that is easily resolved by a
four-gimbal system. Improved system stability and ex-
tended frequency response result.

To recapitulate, in applications which do not essentially
require a high degree of maneuverability and precision,
a three-gimbal stable element provides the advantages of
low cost, low weight, compactness and simplicity.

The four-gimbal platform is recommended when high
accuracy and utmost reliability are essential requirements
for an inerfial platform. Although it is larger in size and
weight and more complex than a three-gimbal stable ele-
ment, the four-gimbal arrangement provides the advan-
tages of unlimited maneuverability, system stability, and
the lowest drift rate obtainable.

TWO-GYRO PLATFORMS

Basic operafing principles of a gyro stable platform,
together with the relative merits inherent in three and four
gimbal configurations have heretofore used a single-
degree-of-freedom rate integrating gyro sensor in the
illustrative examples given. These examples should not
be construed as an implication that stable platforms can
only be built from single-degree—of—freedom gyroscopes,
for it is also possible to build platforms which utilize two-
degree-of-freedom gyros.

Since stable platforms are used when a high-accuracy
three-axis reference is required, it is obvious that three
single-degree-of—freedom gyros are needed to establish
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a three-axis reference triad. To establish such a refer-
ence using two-degree-of-freedom unifs, only two gyros
are needed, a condition which also provides one re-
dundant reference axis. A singie-degree—of»freedom rate
integrating gyro whose output takes the form of a pre-
cession motion about the output axis, is the type used in
the three-gyro platform, and since the gyro is used in
conjunction with a servo loop, @ small angle is required
to generate the error signal. Because cross coupling is
possible as a consequence of the hangoff angle, very
tight alignment loops are used to negate any input result-
ing from it. A two-degree-of-freedom unit is displace-
ment gyro whose spin vector remains fixed in space. The
alignment loop error signal is essentially the relative
motion between the fixed rotor and its case. Under such
an arrangement, and because no gain exists, a displace-
ment gyro is less sensitive than a rate integrating type in
which high gain can result as a consequence of its ouiput
angle equalling H/8 [ wdt. These basic differences deter-
mine associated alignment loop behavior in three-gyro
and two-gyro platforms.

When properly built, both types can control a platform
effectively, but from the standpoint of fabrication it is
more difficult to balance a fwo-axis gyro properly than a
single-axis type, for two output axes in the former must
be precisely balanced in contrast fo one in the latter. The
factor best determining the potential of each gyro type,
when oriented as in a platform cluster, is in the relative
susceptibility of each to mass unbalance effects produced
by acceleration. Despite differences in response to a
given acceleration input, both types of gyros are capable
of generating equally accurate control signals — by in-
herent orientation in the three-gyro version and by appro-
priate averaging circuitry in the two-gyro configuration.

The fact that it is possible fo build identical gimbal
structures in which only the design of the inner gyro
cluster differs clearly illustrates the inherent potential of
each. Moreover, current practice is such that effective rel-
ative volume is the same for three-gyro and fwo-gyro
platforms of equivalent performance. In the latter type,
some provision must be made for redundant axis averag-
ing, and it is customary fo arrange the gyros in such a
platform so that the azimuth axis is the redundant one.

Azimuth
.7 signal

_—Two degree of
freedom gyro

Airframe —s

Quter roli oxis

Azimuth axis and
1ozimuth trame

Figure 53



GYROCOMPASSING

An inertial system's usefulness depends largely on the
accuracy o which its stoble plotform can be aligned
initially. When used in a fixed-base system such as that
in a ballistic missile resting in its silo, the stable platform
may be oligned by o precise external reference. Align-
ment becomes a major problem, however, when the base
is moving as in ships, submarines, aircraft, land vehicles,
etc. Further, a self-contained alignment capability within
the system is desirable, particularly in military applications
where speed and accuracy are equally essential. By using
the same inertial sensors stabilizing the platform, it is pos-
sible to devise ¢ gyrocompassing system which is fundamen-
tally an outomatic self-contained method for establishing
true heoding. A gyro stable platform may be insirumented
in a number of ways to perform gyrocompassing. The
method described below is a typical means of gyrecom-
passing with a platform.

gl

in the gyrocompassing alignment loop shown in Figure
54, it is ossumed that the base is fixed and that the input
axis of one of its orthogonal gyros points easi and perpen-
dicular to the earth’s rofational axis. When so oriented, the
gyro cannct sense earth’s rate, and consequently does not
precess relative to the earth. Should misalignment occur,
the east gyro precesses in relation to the earth, thereby
generating an error signal which not only tilts the platform
from the vertical, but also throws its north accelerometer
out of alignment with the earth's gravity vector. The aec-
celerometer, sensing the tilt, then generates a signal which
torques both the east gyro such that the north accelerome-
fer remains level, and the azimuth gyro to maintain the east
gyro in its original easterly orientafion.

On a moving base, an external velocity reference
must be provided to compensate for vehicular motion.
Without such reference, the east gyro will assume a null
position determined by the vector sum of the earth’s rate
and motion of the base. In aircraft, Doppler radar can
provide the velocity information necessary, while an odo-
meter device could furnish velocity data for @ moving
land vehicle. At sea, an EM log would be used.

Gyrocompassing is not an instantaneous function but
requires time to reach a fair degree of accuracy. Align-
ment time depends on such factors as initial conditions,
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alignment loop goin ond damping, and base motion
characteristics. In the steady stote, azimuth misalignment
may be reduced to o condition in which the east gyro's
drift o4 balances the earth's rate drift w, cos A sin ©. The
misalignment angle ©, then depends on the gyro drift
level and the latitude at which gyrocompassing is being
performed.

Equation (86) may be used to compute the limiting value
of gyrocompassing dccuracy by inserting oppropriate
values for gyro drift rate and latitude. Further, it is ob-
vious that at the terrestrial poles, where X is 90 degrees,
equation (86) is undefined.

md

(86)

e COS A

Figure 54

in Figure 54, v earth’s rate

{1

A = latitude
R == radius to earth’s center
Vi = northerly velocity
Vur = external velocity reference
Ky, K2, K3 = loop constants
©, = east gyro precession angle
0, = azimuth gyro precession angle




Projecting the sides of this angle to the celestial sphere
shows that they pass through the observer’s point and the
star's substellar point. The observer’s point is located on
a circle of equal altitude, or line of position (LOP), which
is ambiguocus in position determination when but ohe star
sight is used. If a sight is taken on a second celestial body
at the same time as the first, the observer thus establishes
two circles of position infersecting at two points on the
earth's surface. Both circles being lines of position, the
observer must be located at one of the points of inter-
section. Usually, these poinfs of intersection are so far
apart that there is little doubt regarding which point con-
stitutes the observer’s position. Should any doubt persist,
however, o sight on a third celestial object can be made
to establish still another line of position from which true
position can be verified. After making these observations,
a navigator consults either his American Nautical Almanac
or his Air Almanac to determine declination and Green-
wich hour angle for the time of his sightings. These refer-
ences, published annually, provide this information for all
celestial objects commonly used in celestial navigation.

Guidance systems using stellar-inertial measuring units
are governed by the principles described above, but with
certain differences which are elaborated upon below.

By the fime a navigafor aboard o high-speed aircraft
determines his position through celestial observation and
computation, he is a few hundred miles away from his
plotted position. Since navigational procedures are time
consuming when performed by humans, some method that
is far more rapid became mandatory, especially since if
is impossible to use such slow methods in the guidance of
missiles and other spacecraft. A typical stellar-inertial
navigation system, which effectively automates the pro-
cedures a navigator uses, consists of an inertial platform,
a star tracker, and a computer. The stable platform
portion, having an inertial cluster consisting of precision
gyroscopes and accelerometers, is the heart of the system,
and serves to stabilize the star tracker in space. Usually
provided with independent motion about its azimuth and
elevation axes, the star tracker still requires a rough
approximation of position if star position information is
to be of value. Hence, the inertial guidance segment of
the system provides basic positional information which is
corrected further by stellar data. One might ask, ""How
does the star tracker know where in the sky fo look?"'
Just as the stable platform replaced the navigator, a
digital computer, programed to provide almanac data,
replaces one of his tools — the American Nautical Al-
manac or the Air Almanac mentioned earlier. The quantity
of information fed into the digital computer depends upon
the threshold magnitude of stars detectable by the star
tracker. Once present position is known to inertial accu-
racy, the computer, in effect, commands the tracker to
scan that segment of the sky where a star should be
discovered.

Stellar inertial measuring units take many configura-
tions, some of which are considered here. The variety of
inertial sensors, too, is as greaf for a SIMU as it is for
conventional inertial platforms. Star trackers, also avail-
able in a variety of different types, may be classified
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according to the type of optics and detectors they use,
but are basically telescopic devices having a detector and
a scanning mechanism. Telescopes may be either reflect-
ing or refracting types, while detectors are usually photo-
multipliers, vidicon tubes, or solid state devices. Scanning
mechanisms may consist of a mechanical system driving
a rotating slit, or they may employ an electronic system
such as a flying spot. Despite the inherent differences be-
tween these various devices they can all be used in the
same way, but a discussion of their relative merits is
beyond the scope of this publication.

Because stellar inertial system effectiveness depends
largely on vidicon tube or solid state detector characteris-
tics, these devices must be sensitive enough to detect a
sufficiently large number of specific stars against the
brightness of the sky. Should the detecting device be
sensitive only to the very brightest stars, or should the
vehicle carrying it be fraveling in a part of the sky devoid
of useable stars, operational utility is limited. Since an
excessively narrow field of view demands vliraprecise
telescope aiming, it is better that the detector have a rela-
tively wide field consistent with sensitivity requirements. By
so doing, the value of the tracker is increased, since it
can more readily perform its intended function by correct-
ing the uncertainties of the inerfial navigation system,

5

A difference of greater degree exists between "'single
star' and ‘‘two-star’’ stellar-inertial measuring units. The
latter, used where position determination is of prime im-
portance, is carried aboard such mobile vehicles as ships,
planes, or terrestial vehicles such as missile launchers and
the like. In the latter application, where ballistic missile
lcunching is concerned, it is obvious that initial position
must be accurately determined if the selected target is to
be struck.

Since a single star SIMU is used to determine precise
heading rather than position, its employment for this pur-
pose alone does not contradict previous statements re-
garding the necessity for two star sights in establishing
position. Because o ballistic missile flies in an essentially
two-dimensional path, it must be accurately oriented in a
plane intersecting both its launch point and its ultimate
target. To improve the accuracy with which this plane
may be established, the single-star tracker is directed to
sight on « selected star by a system computer during the
missile's boost phase. Inertially generated information
selects the line of sight to which the star tracker must ad-
here. Should the tracker discover that the star selected
deviates in position from that predicted, it automatically
accepts the actual star position over that preselected,
causing the generation of correction signals within the
guidance system to change the missile’s trajectory plane.
In effect, star position information is used to correct for
gyro drift.

Because stellar inertial measuring unit accuracy is meas-
ured in arc seconds rather than arc minutes, the designer
of associated gyroscopic reference devices must deal
with extremely critical requirements. Gimbal loop stabili-
zation is one such requirement because excessive gimbal
motion induced by severe vibrations causes the star track-
er detector image o smear. Hence, particular attention
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must ke paid to both gimbal balonce and servo loop be-
hovior so that maximum stobilization may be effected.

Star trocker usage imposes a completely new set of
design problems as well. While conventional stable ele-
ments can be “blind”" except for o small viewing window
for visual alignment, star trackers must be able to view
virtually any part of the sky, depending on the position of
a preselected star. Hence, a SIMU must have o built-in
provision for appropriate viewing windows. Mo single
window meets all requirements, however, for the field of
view is dictoted by both o vehicle's flight trajectory and the
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SiMU's location within the vehicle. Further, not only must
windows be of optical quality to eliminate errors intro-
duced by refraciion, but they must be installed where they
can perform their intended function in a manner best
suited to a particular application. For example, a window
may constitute o part of a flight vehicle’s outer “‘skin’’ in
one application, while in another, best results may require
the window fo be an integral part of the SIMU case.
Despite such problems, however, stellar-inertial measuring
unifs have been built and used with success, and their
use will undoubtedly become even more widespread as
the need for greater guidance accuracy increases.




The need for high-accuracy guidance sysiems for air-
craft and missiles resulted in the development of three-
gyro platforms. Greater inherent accuracy is obtained by
clustering a triad of gyroscopes within o gimbalied sup-
port than is usually achieved by combining conventiongl
directional and vertical gyroscopes.

Early-model platforms were designed fo provide piteh,
roll, and yow attitude of relatively slow-speed aircraft,
based upon ¢« reference frame established by gravity-
sensitive pendulums. These pendulous devices possessed
relatively poor accwracy, Lbut were simple in construction
and odequately fulfilled the requirements of early plat-
form systems. Advancements in the field of gyrodynamics
demanded o corresponding improvement in vertical sens-
ing devices, which could olso defect acceleration forces
acting upen on aircraft. To sofisfy ihis need the develop-
ment of o family of high-accuracy accelerometers followed.

Gyroéyndmicis%s realized thot greafer accuracies in
gyros were attainable by utilizing flotation principles o
reduce bearing friction. This concept led fo @ distinctly
separate class of high-accuracy gyres which initiated frue
inertial navigation. High-accuracy, low drift gyros can
establish a coordinaie measuring system relating the ve-
hicle's spatial motion fo some fixed point on the earih’s
surface. Acceleromeiers commonly employed in attitude
and heading platforms could not provide the greater de-
gree of aecuraty needed o sense the most minute vehicle
motion with maximum precision. However, force-balance
servoed accelerometers and other types of instruments
having the required degree of aceuracy were developed.
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Accelerometers used in platforms fulfill one of two

major functions which classify the insfrument according to

application. Platorms in which the accelerometer’s major
function is the proper alignmeni of reference axes are
considered basically to be vertical reference devices. In
such applications, pitch and roll gyros are continuously
slaved to the accelerometer ‘n either the normal erection
mode or a Schuler-tuned mode of operation. The gyros
thus establish an erected gimbal system which is used as
an attitude reference frame.

Platforms in which the accelerometer's major function
is the detection and measurement of vehicle accelerations
are considered to be basically inertial. in such applica-
tions high-accuracy gyroscopes establish o coordinate set
of axes along which vehicle accelerations may be de-
tected und measured. Some of the more widely used
types of precision accelerometers are described below.

VERTICAL REFERENCE ACCFLERDMETERS

Accelerometers in this classification possess O wide
range of accuracy standards depending upon system use.
In most cases the application does not require the wuse of
a servoed device, although some manufacturers of refer-
ence type platforms do use force-balance accelerometers.

When discussing fhe determination of vertical, it is
important o understand clearly what is meant by the
term 'vertical,” for, as stated previously, an acceler-
ation device cannof distinguish the difference petween
acceleration and gravity. A vertical reference device
acting as a plumb line on the rotating non-spherical earth,
assumes a direction in which gravity acts on ¢ rotating
earth. Since gravity in this case is a resulfant between
the earth’s mass aftraction force and its rototional cen-
tripetal force, ond because the earth ifself is not a perfect
sphere, geocentric vertical does not coincide with gravity

vertical.

PLUME LINE OR GRAVITY
4 1855 ATTRACTION VERTICAL
“f GEOCENTRIC VERTICAL
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A VERTICAL REFERENCE MEASURES PLUMB LINE

Figure 58

The vertical reference accelerometer is usually a simple

Figure 57 seismic device consisting of a damped spring-mass
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Overall transfer function = —{s}) =

second-order single-degree-of-freedom system as illus-
trated in Figure 57.

Such systems may be represented in block nofation
form as shown in Figure 59. They are generally charac-
terized by low resonant frequencies, usually on the order
of 15 to 60 cps. The same frequencies in rotational sys-
tems lead to cross axis errors of sizable magnitude.
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Accelerometers of this type are often classified accord-
ing to the transducer used to indicate the mass displace-
ment in terms of an analog quantity such as voltage. A
differential transformer is commonly used in an acceler-
ometer having an AC outpuf, but a potentiometer is us-
ually used in a DC instrument.

Piezo-electric ¢rystals, strain gage, vibrating wire, and
variable reluctance type transducers are also utilized.

INERTIAL ACCELEROMETERS

The indispensable element in any inertial navigation
system may be rightly said to be an accelerometer, since
it is for the mounting of this device that a gyro-stabilized
inertial stable platform is created. A distinction must be
made, too, between accelerometers and velocity meters,
(sometimes fermed integroting accelerometers), for in the
latter, an acceleration input produces an ouiput propor-
tional to the integral of the input acceleration. This is an
important measurement in ballistic missiles, for the ve-
hicle's guidance system should place it accurately in space
at a definite velocity. Hence, the accuracy of acceleration
measurement rather than the degree of gyro drift is the
limiting factor in the accuracy of a ballistic missile guid-
ance system.
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Acceleration measuring devices that are most widely
used fall into three major categories, namely, force bal-
ance pendulous, vibrating string, and pendulous integrat-
ing gyroscope accelerometers.

FORCE BALANCE ACCELEROMETERS

These accelerometers consist essentially of a mass
which moves along an acceleration-sensitive axis, and
have a pickoff device which detects motion of the mass.
Pickoff output resulting from mass motion is fed to a
high-gain amplifier whose output current flows, in turn,
through a force balance coil, producing the force neces-
sary to return the displaced mass to null. This type of an
accelerometer, together with its associated amplifier is, in
effect, a high-gain null-seeking servo in which the current
flowing through the force balance coil, measured as a
voltage across a resistor in series with the coil, is directly
proportional to the accelerction applied.

The design and fabrication of a force balance accel-
erometer is both simple and economical. A limitation fre-
quently encountered, however, and one which can be
overcome through the use of very high-gain loops, is the
susceptibility of a force balance accelerometer to cross
coupling acceleration errors attributable to the hangoff
angle required for error signal generation. Since this type
of accelerometer always operates about a null, very
sensitive pickoffs can be devised for use with force
balance coils having a high degree of linear response.

A typical Kearfott accelerometer is a force balance
type which employs an inverted pendulous mass together
with a flexure type of suspension.

A force balance pendulous accelerometer, utilizing o
differential fransformer type pick-off, a high gain cap-
ture amplifier, and a DC permanent magnet force coil
is illusirated in Figure 60. The same design is shown in
typical block notation form in Figure 61. These typify
many of the high precision force-balance accelerometers
currently manufactured.
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PULSE TORQUING

Since instrumentation today frends generally foward
signal digitalizing, one type of accelerometer based on
a vibrating string exhibits a singular advantage in this
respect because its output takes a digital form directly.
Similarly, pendulous integrating gyroscope accelerometers
are commonly, though not always, constructed so that
their readout is digital in nature. Such being the case,
one would assume that the closed loop force balance
type of accelerometer described earlier might become
obsolete, for although the analog dc current flowing
through its force-balance coil is o measure of applied ac-
celeration, it is not digital in form.

However, such an analog force-balance type of acceler-
ometer can be modified so that it is pulse-forqued, pro-
viding an output which is essentially digital. In operation,
current pulses flow through the force-balance coil of such
an accelerometer, whose force-balance null-seeking servo
loop is so designed that any force produced by applied
acceleration and acting on the proof mass is balanced by
pulse forces. Should each pulse be the same in energy
magnitude, then the number of pulses per unit of time, i.e.
the pulse rate, is proportional to the acceleration applied.
Effectively, each pulse represents a fixed increment of

X (s} Efs) | t{s)
o (s) B ac |t
@
Figure &1
a = acceleration
M = pendulous mass
F, == force due to acceleration
FI = restoring force
Fe == error
x == linear displacement of mass
A = amplifier gain
Q = pick-off scale factor
G = transfer function of shaping or stabilization
networks and is in the form of a typical
lag-lead network such as:
G {TiS - (TS 4 1) (88)
(T3S - 1) {T4S - 1)
where Ty, T2, Tz and T, are time constants, and
S = LaPlace operator
it fer function = ! (s} = QAG 89
The overall transter Tunction —--—~a—s = STTOAG KM {(89)
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velocity, so o pulse torgued occelerometer con furnish
velocity data simply by counting pulses. Such acceler-
ometers, the development and refinement of which is aci-
ively pursued by Kearfolt, are potentially even more ac-
curate than their analog counterparts in providing velocity
information, for they eliminate the need for analog
integrotors, thereby also eliminating the error alfendant
in their use.

Instrumentation of the pulse torquing concept may em-
ploy a variety of techniques, one of which uses a pulse
generator producing o frain of constant-current pulses
having constant width ond frequency. Pulse polarity is
determined by the accelerometer pickoff, which in turn is
dependent upon pendulum position. At null, alternate
positive and negative pulses are generated. But when
the pendulum is deflected by an applied acceleration, the
pickoff gates the pulse generator fo change pulse polar-
ities in sufficient number to oppose the pendulous torque.
Essentially, the summation of asymmetric pulses is propor-
tional to the applied acceleration. Each pulse represents
o velocity increment, the exact mognitude of which de-
pends on the system design.

Pulse torquing accelerometers have become possible
only because improved iransistor devices can operate at
very high switching rates. Demand for accelerometers of
this type stems not only from the growing use of digital
computers in navigation systems, but also from o desire to
eliminate analog to digital converters wherever possible.

VIBRATING STRING ACCELEROMETERS

Vibrafing string aoccelerometers, used successfully in
ballistic missile guidance systems, consist of o proof mass
supported by a pair of vibrating strings (wires} held under
tension. Since the natural frequency of a taut wire is a
function of its tension, an input acceleration applied along
the longitudinal axes of the supporting strings causes an
increase in tension in one while decreasing tension in the
other. Hence, each string vibrates at a different frequency,
a condition which can be expressed as

12 = T./48L2 {90}
fa2 = T,/4812 (91)
where fi1 and f; represent each of the different frequen-

cies, T represents tension, 8 represents mass per unit of
wire length and L is supporting wire length.

Recalling that tension difference (Th — T2} is propor-
tional to the product of mass and acceleration, the follow-
ing equations may be written.

Ty — T3} ma

2 f,2 e -
he—=h = 05 T o v2)
which may be rewritten as
ma
(fi — f2) (fs + f2) = A5L2 (93}

and which is an expression showing that the difference
in vibrating string frequency is proportional to applied
acceleration.
m
SR ST
tTR [(ﬁ + f2) 4812

where m represents proof mass magnitude.

(94)

The sum of the frequencies (fi 4 f2) can be held con-
stant by a servo loop tied to a reference oscillator.




Vibrating string accelerometers are virtually direct
force-to-frequency sensors, for they measure velocity,
which is a time integral of acceleration, by counting the
difference of cycles in the vibration frequency. However,
some practical problems which must be overcome in any
selected design include high wire stress that is incompati-
ble with low metal creep, complex associated electronics,
and the provision of sufficient radial support by proof
mass suspension. Despite such problems, vibrating string
accelerometers con be made fo perform with a high
degree of precision and reliability.

PENDULOUS INTEGRATING
GYROSCOPE ACCELEROMETER

A pendulous integrating gyro accelerometer may be con-
sidered to be o single axis gyro alignment loop in which
an intentional unbalance is created in the gyro rotor.
This unbalance, termed pendulosity, is the product of the
mass multiplied by its moment arm from the gyro's pre-
cession axis. An acceleration along the input axis causes
motion about the precession axis because of the mass un-
balance. Mounted in a gimbal, the gyro is part of a null-
seeking servo loop in which motion about the precession
axis is detected by a pickoff whose output, after amplifi-
cation, is fed to a gimbal forquer to cause relative motion
between the gyro gimbal and its case. The torquer, posi-
tioned along the gyro’s input axis, drives the loop to null,
at which time gimbal angular motion is equivalent to the
integral of input acceleration, which is velocity.
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Torque due to acceleration:

T. = m / a (?5)
Restoring Torque:

Tr o mH (96)

T. = T, for null. (97)

m /G = »H (98)

(99}

m/
(5o = -
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m
H

is a constant of the device.

Integrating both sides of equation (99):

(_jnH_Z_)v = 0

Hence the output angle is a direct measure of velocity.

{100}

A pendulous integrating gyro accelerometer's unique
advantage lies in its freedom from any Hooke's joint type
of restraint. Linear unsaturable torque attributable to the
pendulous element is balanced by a similarly unsaturable
linear torque developed by the gyro's precession. A con-
fributing factor to this accelerometer's overall linearity
and accuracy as an integrator is its freedom from an ex-
ternal integration device.

According to prevailing practice, the angular readout
of a pendulous integrating gyro accelerometer is pre-

ferred in digital form.

BALLISTIC MISSILE APPLICATIONS

Ballistic missiles currently compose the greatest market
for inertial guidance system application, and in such sys-
tems accurate velocity determination is of prime impor-
tance. For example, in an ICBM having a range of about
5000 nautical miles and travelihg ot a rate of more than
20,000 feet per second, a velocity error of only one foot
per second would cause the missile to miss its intended
target by approximately one mile. Faced with such a
circumstance, it is obvious that conventional accuracies of
one part per thousand, or even one part in five thousand
are insufficient for highly precise guidance. Hence, great
attention is paid fo the design, construction, and calibra-
tion of precise integrating accelerometers and velocity
meters used in ballistic missile guidance systems.

Accelerometer errors may be categorized as those
caused by bias shifts (Ko, Mo, Ng), scale factor errors
(A Ky, M1, N3), nonlinearities (K2, K3), cross coupling, and
nonorthogonality. A mathematical error model for a
typical integrating accelerometer may be represented in
the form

AV = Ko 4+ AKiA + KaAZ 4 KzA;3

+ [ MoA; + MiAJA 4+ NoA, + NlAkAi] (101}

in which cross axis terms are enclosed in brackets, and
in which AV is the thrust velocity error, A; is the thrust
acceleration along the input axis, and A; and A, are
thrust accelerations along axes normal to the input axis.
K, terms are accelerometer error coefficients in which
temperature effects are already assumed to be adjusted.

To determine error coefficients of an acceleration sens-
ing device, testing and calibration should be performed
under calibrated accelergtion inputs. Though this is ac-
complished to some extent by precision centrifuges when
solitary sensor testing is desired, a technique known as
sled testing is widely used whenever it is necessary to de-
termine velocity meter behavior in a guidance system.




SLED TESTING

Although sled testing is a means by which detailed ac-
celerometer nonlinearities may be evaluated from a con-
trolled group of sled runs, the apparatus is also used for
shakedown and malfunction detection purposes. A pre-
cision method providing quantitative data with o high
degree of accuracy, sled testing, because of ifs complex-
ity, is limited to use in the design development phase of
accelerometer production.

To sled test an inertial guidance system, a forebody
is propelled along a two-rail track by means of « high
thrust rocket sled which can develop velocities up to 2000
feet per second, depending upon the load carried and
the rockets used. Telemetry aboard the sled transmifs
pertinent performance data during both acceleration and
deceleration, the latter function being performed by aero-
dynamic forces together with the retarding force of water
braking achieved by dragging a scoop through frangible
water-filled dams located in a trough between the rails.
Dam placement, number of dams, and water depth within
them are variables determining deceleration force char-
acteristics. The resulting high thrust, acceleration, deceler-
ation, and vibration test environment compares in magni-
tude to that experienced during missile flight, except for
the extremely limited duration, usually 40 to 50 seconds.

A space-time or Velocity Measuring System (VMS), de-
termines sled velocity with respect to the track by accurate
fime measurements made as the sled passes precisely
positioned precalibrated test stations spaced along the
Accelerometer analysis, based on velocity com-
parison between telemetered and VMS measurements is
a sophisticated procedure demanding extensive data to-
gether with digital computer equipment to handle it.

in determining accelerometer error coefficients quanti-
tatively, sled testing is notably superior and preferable to
flight testing because of three essential conditions. First,
a VMS provides more accurate data than that obtained in
a sled run provides both

track.

missile tracking, while secondly,
positive and negative acceleration information which facil-
itates separation of an accelerometer's nonlinear ferms.
Thirdly, optical instrumentation along the track can pro-
vide accurate determination of platform angular position
at several points, which permits partial separation of gyro
and accelerometer errors. Because a sled run is so brief
in duration, however, its value in gyro and platform error
coefficient determination is limited.

BASIC PARAMETERS

The most significant basic parameters for both vertical
reference and inerfial accelerometers are summarized in
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she following table. To simplify the basis for comparison
and to classify an accelerometer according to possible
application, Kearfoit spring-restrained and inertial instru-
menis are compared.

To achieve the high degree of accuracy associated
with inertial type accelerometers, an instrument of ex-
treme precision is required.

These precision instruments must also be sufficiently
rugged and durable to operate under high vibrational,
shock, and thermal missile environments without perform-
ance degradation. Missile opplications also demand
small, lightweight instruments. Most Kearfott inertial ac-
celerometers currently in production adhere to the pen-
dulous force-balance principle. These simple, rugged, and
durable devices are copoble of the highest accuracy

requirements.

Yertical Reference
Type

Inertial
Type

Description

Spring—resfrained,
damped, single-de-
gree-of'freedom,

l[inear. Differential
transformer output

(ACH.

Force-balance, pen-
dulous permanent
magnet torquer, one
or two degrees of
freedom, DC feed-
back current is
linear measure of
acceleration.

Threshold

5x 10—4g (most DC
potentiometer output
accelerometers are

limited to 10— 3q)

3x10—7g (by

actual measure)

Linearity

0.05% of full scale

5x10—5gto lg
and less than 0.01 %
of applied acceler-
ation to higher g's.

Range {Dynamic)

2000

8 x 107

Range (Max.)

+1g (adjustable
within dynamic range

of 2000)

+ 259 ladjustable
upward within limits
of amplifier)

Zero Uncertainty
(from vertical)

=+ 100 arc seconds

+ 10 arc seconds

Null(or zero)
stability

+ 50 arc seconds

+ 5 arc seconds
(day to day)
« 2 arc seconds
{continuous)

Cross axis error

1.0% of applied
accelerations

0.005% of applied

accelerations.

Undamped 9 cps lapprox.) above 300 cps
natural
frequency
Damping S times critical 0.7 of critical
OQutput AC voltage DC voltage




The heart of an inerticl guidonce sysiem is the aceeler-
ometer. In such a high cccurocy sysiem accelerometers
must sense exiremely small vehicle accelerations with mini-
mum error. In addition, they must be capable of measur-
ing high acceleration inpuis accurately while operating in
severe thermal, shock, and vibrational environments.

In evaluating accelerometer performance it is neces-
sary to investigate thoroughly the effect of operaticnal
environmenis on performance. Since these environments
exist in actval applications, it is mondotory that these
instruments maintain their stotic accuracies with o minimum

hen considering the performance of a servo-captured
accelerometer, the funciion of the omplifier is necessarily
n integral part of overall instrument performance. OF
importance are the limitations imposed upon o
servo-captured eccelerometer by the electronics used in

conjunction with it

Busic Accelerometer Reguirements

I. Accelerometers must possess o high degree of sensi-
tivity and a minimum threshold value, even though they are
required to operate under high acceleration inputs.

2. Accelerometers must transform these acceleration in-
puts info usable signals with a high degree of accuracy.

Siatic testing is not only the most direct means of accel-

erometer evaluation but in many cases it is the only prac-
tical approach.

Error-Causing Forces in

MOUNTING PADS_{?/

a Pendulous Aeccelerometer

Figure 63.

55

if an accelerometer had no internal forces acting upon
it, electrical output would be exactly zero if the instru-
ment mounting pads were in a vertical plane. Similarly,
if the mounting pads were positioned in the one g field
(os indicated by maximum accelerometer elecirical out-
put), the output would remain fixed in magnitude and
would reverse polarity when considering gravity as acting
in the two opposite senses. When internal forces are act-
ing, however, the above relationships do not hold. These
forces may be broken down into the twe following com-
ponents:

Bias, B, is the amount of residual spring force acting
upon the pendulum. The suspension system anchoring the
pendulum to the housing possesses a spring rate. Although
extremely small, its minute displacement generates a sig-
nificant error in measured acceleration forces.

Axis error, v, is the non-coincidence of the center of
gravity of the pendulous mass with the hinge oxis and the
pickoff null position.

lg — Mg sin (@ 4+ ¥ ) =B (to & high degres of approxi-

Ke
mation)
where:
lq is the electrical output in response fo a tilt angle, a.
M is the pendulous mass.
K¢ is the transfer funciion of the restoring torquer.

7.B (defined earlier).
g is gravity force.

Therefore the measured restoring or feedback current
in any tilt position is composed of that portion caused by
the gravity component, plus the component of axis error,
plus the bios.

A tilting test as applied to force-balance accelerometers
is one in which the accelerometer is tested (or calibrated)
against earth’s gravity force over the range from —ig
to +1g by tiliing the accelerometer case from the hori-
zontal, so that the resolved component of gravity along
the sensitive axis is varied according to the size of the
angle of tilt,

Axis error manifiests itself as an angular defiection of
the pendulum relative to the mounting pads (or longitudinal
axis).

Axis error, like bias, is considered positive if it is in the
direction of positive acceleration.

It is often expressed as the angle existing due to the
misalignment of the pendulum center of gravity relative to
the mounting pads. However, an equally acceptable meth-
od expresses bias as an equivalent error in g's or as parfs
error in 10,000,




The Four Cardinal Points

@-z9Q0° g=+} @=270° g--1

2:-180°, g-0

fFigure 64. Typical Force-Balance Pendulous Accelerometer in
Four Aftitudes.

o — 0° and 180° mounting pads in a truly vertical
plane. @ = 90°, and 970° mounting pads are in a fruly
horizontal plane.

in the o — 0° position, aeccelerometer oulput is ex-
pressed:
fb—=8B -+ Ssin Y
Mg
where $ =— ——
Ke

and is equivalent to the instrument calibration
on scale faoctor in milliamperes per g
¥ , B (defined earlier)

OCusput in the o = 180° position is expressed:
fygo = B—Ssin?

From measurements made in the @ = 0° and @ = 180°
positions it is possible fo determine both bias and axis error.

Solving for B: 2B = I, - l1xo

io + E1?#‘0 . .
B = -———-—-——-—-—2 in milllomperes.

fo 1+ lise :
B — ———— 23 expressed os equivalent error in

g's where |, and Iyg¢ are expressed
in milliamperes.

Similarly, solving for sin ¥

M — sin ¥ = Y {small angles) and is expressed
25 as equivalent error in g's when
1, and ljgo are expressed in

milliamperes.

An alternate method for determining bias error is obtained
from the @ — 90° and 270° positions. Output in the
a = 90° position is expressed:

lyy = B 4 Ssin (90 + V)
Output in the & = 270° position is:

ly7p == B—Ssin (90 + V)

Then solving for B;

oo + L7o .
— ~——§g--'-* equivalent error in g’'s when lgg
and 1,;, are expressed in milliam-
peres.

It is sometimes convenient to express axis error in equiva-
lent angular error, in which case:
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o 1ige (1071

- &
25 .
where 1, and l;50 ore expressed in

microamperes and ¥ is expressed as
equivalent error in milliradians.

Error expressed in arc seconds is found by multiplying
the above by 19.6 (or approximately 20).

Measurements taken at the four cardinal points are
actually the only measurements or fest points needed to
determine the accuracy of an accelerometer of this fype.

Bias Determination

Bias may be determined from output measurements made
in the zero and one-g fields. When determined from zero
g measurements, it is designated B;. This value is defer-
mined by algebraically adding the restoring current meas-
urements in the two positions. When the bias is determined
from the two one-g measurements of restoring current
(again added algebraically) it is designated B..

In all measurements, bias is considered positive if it tends
to increase the output in the - 1g position, or is such that
i is in the direction of positive acceleration when deter-
mined in the zero-g field.

Bias is expressed by an equivalent error in g's and is
vsually acceptable if less than 0.000%g (0.0002g it best
accuracy is not a requirement). Some inertial platform
accelerometers are even acceptable with 0.0005g bias
errors. Frequently it is convenient o express the error in
parts per 10,000,

Bias Stobility Measurement

Bias measurements are made on a day-to-day basis from
o cold start using the filling tests already described. Com-
pilation of this data is best represented by a continuous
plot of the actual bias expressed as an equivalent error
ing's.

It has already been stated that o system <an be designed
to incorporate compensation for known bias within an
accelerometer. However, this method of correction is valid
only if the bios is known fo be stable, and therefore such
long-term stability measurements are exiremely important.

A continuous plot of bias yields a spread of values no
greater than an equivalent error of 0.0001g to 0.0002g,
when considered over a time duration of one year.

Bias Discrepancy

Since bias is defined as the amount of residual spring
force acting on the pendulum, it is immediately apparent
that any such force is independent of the accelerometer
mounting pads’ orientation. Therefore, when considering
the data available from the tilting test, proper determina-
tion should yield identical bics errors as related to both
the zero and one-g position.

Usually the data indicates an apparent discrepancy
between two bias measurements, and if it does, the term
“bias discrepancy’ is used to describe an accelerometer
fault, even though it may be totally unrelated to the acting
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bias force. By definition, bias discrepancy is the clgebraic
difference between the one-g bias (B.,) ond the zero-g bias
(B4), and is expressed in equivalent g's or error parts in
10,000. Satisfactory performance may usually be reolized
from an occelerometer if bias discrepancy is maintained
at less than 0.0001g scuivolent error. The expression for
bias discrepancy is:

BD =B, — 8,

where By and B, are bios errors in

equivalent g’s.

Actually, o bias discrepancy is coused by o demagnetiz-
ing (or magnetizing) effect produced within the permanent
magnet circuitry by feedback current flowing in the force
ceils. Normally, in an accelerometer possessing a basically
symmeiricol design, two force coils, each located within
o field of permanent magnet flux, produce additive force
veciors fo bolance the pendulum. When feedback current
flows in the series-connecied force coils, an equilibrivm
with an equal and opposite demugnetizing effect-produced
bolance exists only if the reluctance paths for the mag-
netizing fux in each of the magnet circuits are identicol.
The greater the degres of asymmetry within the accelerom-
eter, the more unequal the reluctance paths, and the more

¥

significant is the apparent demagnetization or magnetiza-
tien of the permanent magne? flux field. For ¢ fixed lengih

o o
—

magnetic flux density and the feedbock current.
apparent then, that in the zero-g field no current flows

h the coils (except for o small amount coused by the

s s g
e o~

action of internal forces), while in the one-g field, currenis
of sufficient magnitude 10 couse a demagnetizing effect

herefore those bias measurements taken with the accel-
erometer in the zero-g field represent true bias error, while
those taken in a one-g field contain both bias error and
the effects of asymmeiry. The effects of asymmetry are most
significant when on accelerometer is operated within o
vibraticnal environment., Under such conditions the revers-
ing force veciors couse rectification of the steady-state
pulsating de¢ current.

In wccelerometer designs witilizing o single magnet it
is necessary fo provide o compensating coil, so arranged
that it sets up flux patterns which compensate exacily for
the effecis of demagnetization.

Temperature Effects on Bias

Temperature variations may affect bias because of un-
equal thermal expansion rates between the sensitive ele-
ment or ifs vital parts and the instrument case, for example,
in the physical shiffing of the null position. Applications
usually limit the total variation of temperature to a range
of about 20 degrees Fahrenheit, such that if temperature
variations affect the bias, resultant errors do not seriously
degrade the performance wossociated with a norrow opera-
fing temperature range.

Maximum bios femperoiure effect should not exceed
one part in 100,000 per Fahrenheit degree. A twenty-
degree Fahrenheit range means that performance is not
degraded beyond a faoctor of two over the operating
temperature range.
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Zero Uncertainty

Zero uncertainty, sometimes referred to as verticolity
error or zero offset, is the equivalent angle by which the
plane of the accelerometer mounting pads deviates from a
truly vertical datum with zero feedback current in the cie-
cuit. Actual error is determined by positioning the aceceler-
ometer in the zero-g field.

An actual measurement of feedback current is then
taken. The error is found from the following equation:

L (10%)

S
where |, is the measured restoring
current in milllamperes, S is scale foe-
tor, and V is expressed in milliradians.

The zero-g measurement is always made with the pen-
dulum inverted. In this orientation it is possible to have
the bias error partially or entirely compensated for by the
axis error even though when taken singly each represents
equivalent errors of 0.000%g or greater. Similarly, axis
and bias errors having equivalent values less thon 0.0001g
could be additive in the zero-g field, producing an equiva-
lent verticality error greater thon could be tolerated in
some high accuracy inertial systems.

Errors greater than 0.1 millirodion (or 20 orc seconds)
are generally not acceptable, although 0.2 milliradion
moy be usable in less accurate inertial systems,

Zera Stability

Lero uncertainty is o maximum condition of error. Within
the fimits of the uncertainty an accelerometer exhibits a
random drift of the actual zero position. This instability
can usually be anributed to a variction in the mechanism
controlling the bias, clithough o physical shifting of the
pickoff null position or the repositioning of the pendulum
mass center may olso be a couse.

Deota related to zero stobility is meaningful only if it is
considered over a relatively long time interval. Therefore,
day-to-day stability plots of zero position are maintained.
Test date are obtained at periodic intervals from the tilting
tests of an occelerometer in o cold start condition (e,
electrical discontinuity between accelerometer and capture
circuitry exists before and after the compilation of each
set of test dota). A typical Kearfott accelerometer tested
over a one year period indicates zero stability on the order
of =10 arc seconds, or about one half the maximum error
of 20 arc seconds for zero position,

if zero stability is considered over any continuous time
interval during which the accelerometer remains operative,
improved performance may be realized.

Day-to-day zero stability is best indicated by determining
the error by which the accelerometer mounting pads devi-
ate from a truly vertical datum, when considered for any
number of consecutive tests. Mechanics of the test proce-
dure are no different than those already described. The
test frequency should be on a daily or weekly basis, the
results of which are best indicated by a continuous plot of
the actual vertical deviation error expressed in equivalent
are seconds.




Stability over a continuous operational interval is best
determined by positioning the accelerometer mounting
pads within a vertical plane while monitoring the electricol
output in a continuous recording, during which step input
disturbances 1o the accelerometer are made. Stability and
repectability to within 2 fo 5 arc seconds are o normal
order of mognitude when considered over any fest interval
of o continuous duration and when vse is made of a re-
corder possessing a high degree of sensitivity.

Seale Factor

Scale factor is the numerical value of the entire servo
loop’s transfer function, including the amplifier. Every
attempt is made to correlate actual measured scale factor
with o known one-g input. An accelerometer cannot be
manufactured with an absolute zero mechanical spring
rate, but it can be designed to have a very high electrical-
to.mechanical stiffness rasio, so that in the presence of
steady acceleration, only a very small portion of the overall
restoring force may be attributed to the mechanicol spring.
For generally acceptable performance, an elecirical-to-
mechanical stiffness ratio of 2,000 to 1 or greater is con-

sidered essential.

In considering scale factor from restoring current meas-
urements (electrical ouiput) taken with the accelerometer
in the one-g field, the efects of all the forces octing are
as shown below.

a =270° g=-i

Figure 65.

where F, = force due to acceleration (— or — @)

acting upon pendulous mass

F, - force produced by restoring coil (feed-
back current)

f - restoring force due to mechanical sus-
pension (hinge)

8 — bias force as defined earlier

then
F,==F -+ { BorF — F,—f=8B
o= 90 F = 90 — F,—f -+ B

Tu
lo = 270 = K = 270 — F,—f— B
lore = 2(F, — 1)

“.m -+ 1

T
2

It is apparent that electrical restoring force does not
constitute the entire restoring action. If can be concluded,
however, that f would remain constant for a fixed gain
system and would contribute to the restoring action equally
when the acceleration sense is either positive or negafive.
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A goin adjustment within the serve loop increasing the
electrical-to-mechanical stifiness ratio would necessarily
increase the measured scale factor because the effect due
to the hinge deflection force f would be less. For example,
for a typical Kearfoit force balance accelerometer, @
change in scale focior of 0.01% is observed when ampli-
fier gain is varied by 10%. For ihis reason it is imperative,
when considering high accuracy measurements, that rea-
sonably close gain conirol be maintained.

Scale factor moy be expressed ow:

fvo 1 fare

K, == 2

where: K, is the scale factor in milliamperes per g
I,y is the measured restoring current at 90°
of ilt.

Loy is the measured restoring current af I70°
of tilt.

Sewle Factor Stobility

Since many force balance accelerometer designs utilize
magrfet restoring torquer, @ continucus
change in instrument scole factor may be observed due
1o normal magnet aging. This aging effect can be mini-
mized (through proper design and controlled stabilization)
to less than 0.04% rms increase in scale factor when con-
sidered over a one-year time interval, and when exposed
to normal handling and environmental operating condi-

a permanem

fions.

Test results determining scale factor stability are best
represented by a continuous plot of the data compiled on
a day-to-day basis and tcken from normal tiltiing tests.

Temperature Effects on Scale Factor

Accelerometer designs of the force or torque balance
type utilizing permanent magnet restoring forquers (such
as a D'Arsonval movement) are sensitive 1o variations in
temperature. The temperature effect of permanent magnets
may be partially compensated for by means of properly
designed temperature compensafor shunts. The shunt is
usually placed across the flux gap and flattens the tem-
perature effect curve such that the instrument scale factor
remains constant within tolerable limits over a desired
temperature range. Kearfott accelerometers of the pendu-
lous force-balance type are designed to have a scale fac-
tor that remains constant within -=0.01% over pre-selected
femperature ranges of approximately 20 Fahrenheit de-
grees.

By proper selection of shunt material and its configura-
tion, the range over which optimum properties are realized
may be extended to -+~200°F or lowered to practical limits.

Hinge Axis Error

in pendulous type accelerometers, the axis of pendulum
rotation defines the orthogonality of the sensitive or meas-
uring axis with respect to the instrument mounting pads or
datum. The axis of rotation is often termed the hinge axis.
Hinge axis error is defined as the angular deviation be-
tween the hinge axis and the mounting pads, and is ex-
pressed in milliradians. li represents a condition of ortho-




gonality such thot occelerations directed clong the cross
axis cause a condition of error olong the measuring axis
proportional to the degree of externally uncorrected mis-
alignment. In this case, the mounting pads are uiilized os
the primary frame of reference.

Normally, a maximum hinge axis error of 0.05 milli-
radian can be aticined and when needed, may be held
to less than 0.02 milliradion.

A sotisfactory test method makes use of the tiliing test
to establish o truly vertical reference plane, as in the 90°
silt position.

i 3 .
™ @, 10 970 ) @, 0370
VERTICAL 3 ARl e
oAaTUM | | !
s i*’ o }
) i SEMSITIVE OR
’ MEASURING AXIS
e ~
g SENSITIVE
AXIS
VERTICAL 371
DATUM 7 7
- B
HINGE
AXIS

Figure 6. Accelerometer Positioned with Mounting Pods In
Vertical Plane.

From the two measurements of restoring current obtained
by rotating the accelerometer around its sensitive axis in
the zero-g field, hinge axis error may be determined. Then,
in the «f == O position, accelerometer output is:

é; == B -+ Ssin g
where:
B is the bias

S is the scale factor
B is hinge axis error (angular deviation)

. . . ,
I} is accelerometer elecirical output in the «, == 0
position.

¥ - .
In the «3 position, accelerometer output is:

2 %

I, = B — Ssin

where I is accelerometer electrical output in the

«% = O position.

Hinge axis error may be determined by clgebraically sub-
tracting the two output measurements and solving for 5

15— 1, = 25 sin 8 = 288 (for small angles)
Cooh =0
' 28

- - e - 4 ’
where 5 is error in milliradians (I; and I, are
measured restoring current in microamperes and is the
scale factor in milliamperes per g.

Linearity

Linearity error is defined as the deviation from the best
fitted straight line drawn through a plot of the electrical
output in response o a known acceleration input. It may
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be determined conveniently by the tilt method already out-
lined together with additional test positions within each of
the four quadranis considered. When tilting positions are
used to determine linearity errors, actual measured values
of restoring current are compared to a theoretically correct
valye caleuloted from the instrument scale factor and the
corresponding tilt angle” This may be expressed as:

EME — E S sina E
e

o = 00
Where o is linearity error expressed as a percent of
one g.
f is accelerometer output in response to input
angle of tilt (), expressed in milliamperes
S is accelerometer scale factor in milliamperes
per g.

Methods employed in tilting tests to determine bias and
axis errors would normally be extended to as many addi-
tional points as the test requires, but the four cardinal
positions constitute a portion of the total accumulated data.
A more critical approach to linearity errors in accelerom-
eters results if errors are considered as deviations from «
line connecting zero and one-g measurements.

Consider a source of error encountered in tilting tests,
commonly termed two-cycle error. This error is attributable
to the effects of pendulum deflector (or hang-off) angle
(which is actually the angular deviation between case and
pendulum, the magnitude of which is dependent upon the
acceleration input).

ELECTRICAL
QuTPUT

7 >.\<~\M\LUAMPFQES

- ERROR CURVE

THT ANGLE a

Figure 67

In the diagram above, the error curve is the deviation
of the measured electrical output from the theoretically
correct value and is seen to have a frequency twice that of
the output. .This cyclic error has its maximum value at a
frequency determined from the relationship:

i = K,[sin (a -} bS sin «) — sin «|

Where i is deviation error

S s instrument scale factor

o is the angle of tilt of the accelerometer mount-
ing pads from the vertical

b is a constant dependent upon the servo loop
parameters.

Linearity errors are related to three major causes: (1)
bias error, (2) component of axis error, and (3) demagne-
tizing effect as determined by bias discrepancy. The relo-
tive effect of each of these may be shown in the following
manner.



PERFECT
ELECTRICAL

h\ourpur DISPLACED
DUE TO AXIS ERROR

PERFECT
ELECTRICAL
CUTPUT

/&\OUTPUT BIASED
DUE TO BIAS ERROR

l -

4 TILT ANGLE a

_——

~
/
1AS //(\\
DISCREPANCY PERFECT ELECTRICAL
ouTPUT

(8D}

QUTPUT DISTORTED
DUE TO BIAS DISCREPANCY
{Og BIAS IS 1ERO;

Figure 68.

t is possible and quite practical fo correct elecirically
for both bias and axis error,” since they remain constant
within a given accelerometer. if this is done, the curve
below results:

ACTUAL LINEARITY

o

3 ERROR

= — TRUE LINEARITY
o«

L2 ERROR

=

= .

= 180° 360

w {BD]

z

- TILY ANGLE, @

Figure 69.

If bias discrepancy is held to close limits, true linearity
error may be correspondingly reduced. This leads to an
alternate method of presenting linearity errors in which
corrections are made for bias and the component of axis
error. If corrections are made for bias (By bias) and axis
error, maximum error will always océur at 90° and 270°
of tilt angle from vertical, the magnitude of which is
numerically equal to bias discrepancy. It is, therefore, un-
necessary to perform extension linearity tests to include
a number of tilt positions. Measurements made at tilt posi-
tions corresponding to one-half g positions are sufficient
to assure sotisfactory compliance with performance re-

quirements.

Linearity errors are expressed in one of two forms:

A) Corrections for bias and component of axis error.

Actual error is expressed as:

§ — o — (7 sina) — By
o — lg— Ssina

[P

S

where
§ s linearity error in equivalent g's
Y s axis error (defined earlier)
B, is bias (defined earlier)
« s the tilt angle
S s the scale factor in milliamperes per g

I, is the measured current corresponding to a
specific tilt angle

B) Best-fitted straight line connecting zero and T one g
errors. Test results may be plotted as the equivalent
error in g's.

Uinearities to High g inpuls

Much has been said concerning the use of gravity and
the componenis of gravity in evaluating accelerometers.
This test method has gained wide acceptance when con-
sidering acceleration inputs up to one g. Beyond one g,
centrifuge machines are often considered for test purposes,
but the high accuracy requirements needed rule out most
commercially available machines.

A method suitable for festing some accelercmeters to
higher g inputs is the “gdded weight” test. This test does
not provide the same testing accuracies attainable using
tilting tests, but it does present the best method of high-g
testing short of those utilizing high accuracy centrifuge
machines.

The accelerometer must have its sensitive element rea-
sonably accessible so that with proper instrumentation,
weights simulating high-g loading can be attached to the
sensitive element in controlled increments. Listed below
are items of major concern when considering an added
weight fest:

1. Weighis must be accurately known and should be of
o material basically unaffected by the envircnment
(i.e. resistant to any corrosive effects).

2. Weights must be added without effecting a change
in attachment method. Any ligament used to fie
weights to the sensitive element must lie along a
path undisturbed by the incremental addition of
weighfs.

3 Care must be exercised in discerning heat effects
due to feedback current in the restoring coil. Pro-
longed loading of the sensitive element results in
errors of 3 or 4 parts in 10,000 in the measured
current values, which would be non-existent during
high-g loadings of short duration.

Test data are obtained by positioning the instrumented
accelerometer in the plus one-g field. With prior knowledge
of scale factor, and assuming any errors at one-g loading
to extend to two-g loading conditions without amplification,
the exact value of incremental mass may be determined.

Threshold

Threshold is defined as the minimum acceleration input
causing accelerometer electrical output. Pendulous accel-
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erometers having no rotary or relative motion between
adjacent parts possess inherently low threshold values.
Usually this limitation in measurement is beyond the ability
of even high accuracy dividing heads to reproduce the
desired input. For example, dividing heads capable of
two-second incremental tili angles, which are considered
to be of extremely high precision, have an angular incre-
ment corresponding to an acceleration input &f 10-%g,
which is still considerably greater than the threshold values
expected in high precision instruments.

Threshold may be determined by the loaded beam
method, in which a relatively stiff cantilever beam is grad-
vally loaded at its free end by adding incremental weights
while observing accelerometer output. Prior knowledge of
instrument scale factor extended to small angular inputs
(at which one radian is equivalent to one g is a valid
approximation), is used to indicate the angular defleciion
of the beam corresponding to the electrical output. By ad-
dition of decreasing load increments to the beam, a point
will be reached where the addition of an incremental
weight does not cause a change in accelerometer output.
Therefore, the previously applied loading effect establishes
the limitation of response, while the corresponding meas-
ured current yields the threshold in equivalent g.

Sensitivity

Sensitivity is defined as the minimum change in accel-
eration input causing a change in accelerometer electrical
output. It is usually assumed that the incremental change
is made from an arbitrary, but relatively large input com-
pared to the incremental change.

Through proper instrumeniation of the loaded beam
method described earlier, an input having a large com-
ponent of gravity can be arranged.

Vibration-induced Errors In Accelerometers

Accelerometers used to measure steady acceleration
inputs in the presence of vibratory disturbances may pro-
duce output information containing errors of a sizeable
order of magnitude. Such performance degradation man-
ifests itself as a change in dc¢ feedback current resulting
from a sensed steady acceleration. Although the effect
produced may be attributed to several causes, it appears
as a pick-off null shift which increases the bias propor-
tionately.

Actual error may be expressed as the change in meas-
ured restoring current from the value measured at zero
frequency. Measurements can be made only with the
accelerometer oriented in one fixed position. Therefore, it
is impossible to discern the difference between bias effects,
change in scale factor, or demagnetizing effects.

When expressing this condition of degradation, the term
“induced error’” denotes all the effects producing the
errors. Testing is accomplished by positioning the acceler-
ometer on a vibration machine in such a manner that one
g steady acceleration is sensed.

Since orientation of the' accelerometer within the gravity
field does not affect the magnitude of induced errors, it is
more advantageous to conduct all tests in the one g field.
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This arrangement paositions the instrument so that it is rela-
tively insensitive to tilting of the vibration head. If tests
were conducted in the zero-g field, it would be difficult
to discern the difference between actual induced errors
and sensed gravity components due to tilting of the vibra-
tion head.

Test measurements are made by monitoring feedback
current in the same manner as in static tilting tests, during
slow scanning of the entire vibration frequency spectrum.
Normally, maximum error occurs at the resonant frequency
of the servo loop. Acceptable errors in mild vibrational
environments usually do not exceed 3 or 4 parts in 10,000
when considered over the full vibrational envelope. For
applications in which the vibrational environment is severe,
acceptable errors may be extended uvpward to 10 paris in
10,000 maximum.

induced errors are caused by any one of three separate
effects, resulting in rectification of dc feedback current.
These are (1) torque rectification, (2) demagnetizing effects
within the force coil circuit, and (3) effects due to aniso-
elasticity of the structure.

Torque Rectification

Errors resulting from torque rectification may exist in
pendulous accelerometers, particularly in wide angle appli-
cations, which do not exist in nonpendulous designs.

Sinusoidal vibration applied at an inclined angle to the
accelerometer measuring axis causes rectification torques
to act on the pendulum. Rectified torque is expressed:

Tw = FoLM Sin 6 o
R == K in 8 cos O (cos¥)
where
Ty is rectified torque
F, s force of applied sinusoidal input
L is pendulum length
6 s angle inclined to measuring axis along

which length F, is applied.

¥ is phase angle between force and
pendulum displacement

K is electrical spring constant of servo
system

The above relation has a maximum torque rectification
effect when vibration is applied at 45° to the accelerom-
eter measuring axis. Resultant error is minimized through
use of shorter pendulums and higher servo gains.

Calculated errors for a typical Kearfott fluid damped
accelerometer having a damping factor of 0.7 are 0.2
parts of 10,000 for = 1g peak vibration and %2 parts
in 10,000 for ==10g peak vibration.

Demagnetizing Effects

Sinusoidal vibration directly along the accelerometer’s
measuring axis or at an inclined angle to its measuring
axis causes current rectification effects.

In accelerometer designs utilizing a single force coil,
compensating windings must be included to create a flux
pattern unaffected by force and current reversals during
sinusoidal vibratory inputs.




Anisoelasticity Effects

Anisoelastic effects are produced in structures having
unequal compliances when subjected to force reversals di-
rected at an angle inclined to coordinate reference axes.
Torque produced may be expressed by:

T — M2a® (C; — C,) sin Bcos B

where:

-4

is resultant torque
M is'mass of sensing element
a is peak acceleration due to vibration

C} O?ﬁd C:

are compliances along the orthogonal
axes (datum)

© s the angle relative to the datum at
which force is applied.

The expression above is a maximum when applied force
is directed at an angle of 45°. For pendulous accelerom-
eters there can be no anisoelastic effects since there is no
compliance factor along the cross axis. For non-pendulous
devices, such as a design utilizing ligament support of @
geocentric mass, significant errors may result from unequal
mechanical and electrical spring rates.

Frequency Response

A method frequently used to describe servo system per-
formance plofs the magnitude of output ratio fo input as
a function of frequency. Usually the magnitude is expressed
in decibels, (db = 20 logyy output/input) and is plotted
against the log of frequency applied. The plot itself indi-
cates the frequency range over which the accelerometer
responds to input exactly. Over this range, overall servo
gain is unity, and is frequently referred to as the flat por-

tion of the frequency response curve.

At the resonant frequency of the servo loop the output
fo input ratio may take a variety of forms depending upon
system damping. In @ second order system having o damp-
ing factor of 0.7 (70% of critical damping) the frequency
response curve shows a drop in the output to input ratio
at the resonant frequency, whereas for less damped sys-

tems the ratio shows a gain or resonant rise.

Cut-off or resonant frequency and resonant rise must
be considered as performance data.

It is advantageous to have as wide a bandwidth and as
low o resonant rise as possible (provided transient re-
sponse is not adversely affected). As frequency increases
beyond the cut-off point, the output is siowed because of
pendulum inertia (which resists rapid reversals of velocity)
such that the curve develops a slope based on the recip-

rocal of the frequency squared.

When measuring electrical outputs in response 1o sinu-
soidal mechanical input vibration it is advantageous to
utilize @ wave analyzer to eliminate quadrature and har-
monic distortion from measured current values which
would otherwise be seen in vacuum tube type instruments.
Measurements are made by monitoring the voltage across
a read-out resistor in series with the feedback circuit.
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Capture Limits

The ability of an accelerometer to remain captured and
satisfactorily damped is a function of system gain. Over
the low frequency range of the spectrum, amplifier limit-
ing determines capture ability. The term “limiting” is syn-
onymous with current or voltage saturation, and is related
to the zero frequency value of amplifier current oufput.

At the resonant or cut-off frequency a loss of gain
occurs, resulting in a resonant rise in the frequency re-
sponse curve, Under this condition the accelerometer sensi-
five element is required to deflect a greater amount fo
produce an error voltage sufficient to couse a feedback
current capable of capturing the mass.

Capture limits may be determined by increasing the
input amplitude at a selected frequency of applied vibra-
tion until loss of capture is recognized. A satisfactory
method is to observe the wave shape (observed on an
oscilloscope) related to the pulsating de feedback current
as it develops o voltage across a readout resistor con-
nected in series with the feedback circuit. The normal
sinusoidal wave shape becomes clipped when the pendu-
lum is initially restricted in its motion between mechanical
stops. When the pendulum or mass makes contact with the
stops, instability results to such an extent that rapid re-
versals with consequent striking against alternate stops is
often clearly audible. Another method consists in moni-
toring the dc feedback current in a manner similar to the
methods employed in making static measurements, as in
tilting test methods previously outlined.

Cross Axis Vibration Efects

Most accelerometer designs are based upon freedom
of motion along the sensitive axis (or axes) while possess-
ing infinite resistance fo deflection olong cross axes. Pen-
dulous force balance accelerometers used in high gain
servo systems usually have exiremely small deflector angles
which minimize the effects resulting from acceleration or
vibratory forces directed along the pendulum oxis. An
acceptable order of magnitude for the resultant error is
0.005% per g of the applied acceleration.

Accelerations directed along the second of the two
cross axes should not cause performance degradation over
static test results. This is a requirement when considering
the actual envirenment in which the instrument is to func-
tion.

An adequate indication of performance may be achieved
by monitoring the dc feedback current in the same man-
ner as that for static performance testing. A slow fre-
quency scanning rate should be employed to insure that
resonant frequencies do not degrade performance even
over relatively narrow frequency bands.

Transient Response

The frequency response method is suitable for describ-
ing servo system performance, but an alternate and equally
suitable method measures the response of a servo system
to a suddenly applied input, termed a step input, (in
which the input is zero for time less than zero and assumes
unity value at time greater than zero). Electrical output




{or dc feedback current in Kearfott force balance type
accelerometers) may be recorded on o high speed recorder
to indicate the form taken by the accelerometer in follow-
ing a suddenly applied input.

A convenient method of applying the step consists in
forcing the sensitive element against its mechanical stops
by application of an electrical torque input, after which,
at time zero, restraint is removed and the accelerometer
allowed to function properly.
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if the output is recorded and properly time-scaled, the
plot becomes useful in determining response time, settling
time, and the degree of damping. Response time is defined
as the time required for the output to reach 63% of the
applied input, while settling time is the time required for
the output to reach and remain within 5% of the applied
input. By observing the number of response curve “over-
shoots” it is possible to gain an indication of relative damp-
ing.
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DENSITIES OF COMMON METALS*® USEFUL CONVERSION FACTORS

Magnesiom - __ 1.74 Copper - - ———-_ 8.96 Angles and Angular Rates
Beryllium _____ .- 1.84 Silver ____.__.__ 10.49 1 radian = 57.29 degrees
Aluminum - - 2.70 Lead - oo 11.34 1 degree = 0.01745 radians
Titanium 4.5 Mercury - - __ 13.55 1 milliradian = 3.437 arc minutes
Chromivm - . 7'14 Tantal 16.6 1 arc minufe = 0.2909 milliradians

) romium - - - - - - ) an Q’Um """" T ]9'05 1 degree/hour = 4.848 x 10— ¢ radians/second
Zinc oo 7.14 Uranivm - : 1 milliradian/second = 206.22 degrees/hour
Tin oo 7.3 Tungsten .. _.__ 19.3 .
lron - . 787 Gold 19.3 Conversion Table for Low Level Torques
Nickel _________ 8.9 Platinum __ .- ___ 21.45 1000 mg-mm = 98 dyne-cm

980 dyne-cm = 1 gram-cm

* Values are given in grams per cubic centimeter. Multiply by 62.4 fo 014 in-0oz = 1 gram-cm

obtain specific weight in terms of pounds per cubic foot. Divide _ — _

?jslg;isi/nfz;value by 1728 for specific weight in terms of pound ]Og;nger_(::: ::n 6-0018123 in;l.'noz.
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