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Introduction: the Testing of Sensors
for Inertial Quantities

C.S. DRAPER
Director of Instrumentation Laboratory, MIT, Cambridge, Massachusetts, USA

Vehicle space, established by structural members, and some external space chosen
as the reference in describing desired paths of motion are two essential entities
that always appear in systems for control, navigation and guidance. Equipment

to provide these functions must include computing and readout subsystems to cal-
culate desired geometrical relationships between the two spaces on the basis of
sensed information with indications of vehicle orientation, location, velocity, dir-
ection, deviations, etc., as outputs. Computations and indications require com-
plex electro-mechanical and electronic arrangements, but under the circumstances
of today's advanced technology do not impose fundamental limits in either perfor-
mance or reliability. Even less troublesome are vehicle coordinates which be-
come available through the simple alignment and mounting of components to con-
venient structural members. Reference space, from which orientations and loca-
tions of vehicle coordinates may be accurately represented in terms of signals
suitable as computing system inputs, may be realized in many ways but requires
especially careful design and construction if it is to be achieved by means of self-
contained mechanizations. As a matter of experience with well-engineered
equipment, the problems associated with these mechanizations are usually the
factors that determine performance and reliabilty for present-day control, navi-
gation and guidance systems.

External space to which orientation and location of vehicle space may be related is
easily available when good visual, radio, radar or other electro-magnetic radia-
tion contacts exist vsith landmarks on the earth. In situations of this kind the
earth’s surface itself serves as the reference space so it is a simple matter to
choose coordinates especially convenient for any given set of circumstances.
When lines of sight to heavenly bodies are available, the celestial sphere is avai-
lable for use as an auxiliary reference space for paths either on the earth, in
orbit or among celestial bodies. '

Reference spaces external to guided vehicles become usable only when radiation
contact signals of some sort are available. Signals of this kind are not well
adapted for use in establishing orientational references of high accuracy and loca-
tional information contains 'noise' components that must be averaged out over
considerable time periods if the good results are to be achieved. When effective
radiation contact with all external spaces is lost in flight because of bad weather,
passage over regions either hostile or without cooperative radio stations, in
submarines at depth or in space vehicles maneuvering through regions blacked
out for radiation contacts with earth, control, navigation and guidance by on-
board, self-contained equipment becomes necessary if results of good accuracy
are desired.
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Subsystems that may be combined to give satisfactory performance present en-
gineering problems rather than limiting factors as far as vehicle space, com-
putation and indication are concerned. The greatest difficulty resides in the
essential subsystems that must provide accurate, always available, and reliable
on-board geometrical references from which variations in vehicle orientation

and changes in linear motion may be measured. Because the inertial principles
described by Newton's Laws of Motion make it possible to realize subsytems of
this kind, equipments using such references are commonly called inertial systems.

Indicators based on gyroscopic elements adapted to the purposes of providing re-
ference coordinates for the control of orientation in aircraft, marine vessels and
space vehicles have been universally accepted routine instruments during the past
fifty years. The indications from these conventional devices are usually not
better than a few degrees of angle or at best a few arc minutes. Subsystems
providing orientational reference accuracies several orders of magnitude better
than these levels are needed for the purposes of navigation and guidance. In
combination with such references, devices designed to sense specific force (the
vector resultant of gravitational force and inertia reaction force) and to produce
signals representing the integral of this input can provide the basic signals for
completely realizing self-contained geometrical references.

Briefly stated, two basic functions are involved in all self-contained geometrical
reference subsystems: (a) the sensing of angular deviations from instrumentally
adjustable reference orientations and (b) the sensing of specific force with the
generation of signals that accurately represent this input over a wide range of
operations. Angular deviation sensors for which reference orientations are in-
dicated by signals and which have the ability to hold initial settings of these re-
ferences for acceptably long periods of time make it possible to use servo-con-
trolled, mechanical members arranged for complete angular freedom with respect
to supporting bases to serve as physically accessible reference space. Signals
from a set of specific force receivers having fixed and known orientations to
selected coordinates fixed in this space may, starting from arbitary initial set-
tings, be integrated twice, modified on the basis of recorded field pattern data to
compensate for gravitational effects and used as the essential inputs for computers
to generate the desired output indications from systems for control, navigation and
guidance.

Today, the technology of such systems has reached a state in which overall per-
formance and life limitations are commonly set by the capabilities of available
mechanizations in the two fundamental types of inertial quantity sensors. Of
these types, angular deviation sensors must respond with clear output signals to
small changes in orientation with determinable, or preferably insignificant, drift
(undesired changes of instrumental reference orientations) components during
periods of self-contained operation. The second type, specific force sensors,
must reliably respond to both low and high input levels with output signals accur-
ately related by determinable relationships to the corresponding input changes
over the range of operation. It is obvious that inertial quantity sensors of both
kinds must continue to operate without significant impairment of their functions
under any environmental conditions that may be associated with operation.

Testing, as this term applies to sensors for inertial quantities, is the complex of
activities directed toward the determination of sensor capabilities for receiving
angular deviation and specific force with output signals that accurately represent
these inputs over the ranges encountered in operation and under the full span of
expected environmental conditions. In practice, the input levels involved span
so many orders of magnitude and the spectrum of environmental conditions is so
wide that any adequate coverage of sensor performance by direct measurements
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made at a sequence of points with adequately close spacing is clearly beyond the
realm of possibility. For example, thg testing of specific force sensors working
over the not extraordinary range of 10-" gravity to 10 gravities on the basis of
discrete measurements would require many thousands of separate observations.

To force this situation toward manageable proportions it is universal practice to
calibrate:that is, to establish information describing relationships of outputs to
corresponding inputs-in terms of mathematical equations covering the full range

of operating levels after a limited number of parameters have been determined by
properly designed test procedures. The forms usually applied for representing
calibration data on inertial sensors are power series expansions combining a con-
stant term, first power terms and second power terms. After experimental con-
firmation that a chosen equation is valid, the measurement of a few constants
makes it possible to predict performance for the full range of operation. Calibra-
tion equations can be derived from the engineering features used in particular
designs or they can be assumed on the basis of the general principle that continuous
physical relationships may be represented by means of power series expansions.

It is, of course, possible to apply many other mathematical relationships for re-
presenting sensor performance but in all cases it is always necessary to demon-
strate that any chosen form does actually predict results in accord with engineering
theory and with all the data from controlled experiments.

Testing of sensors involves the conception and realization of experiments in which
accurately known inputs are applied and corresponding output signals recorded
under carefully controlled environmental conditions. Attention is generally direc-
ted toward the determination of parameters for assumed Calibration Equations

and demonstrations that these equations truly represent sensor behavior over the
widest range of levels for which accurately known inputs are available. When
inputs of test quality are not available over the full spectrum of levels expected

in operation, special attention must be devoted to the calibration equation and

proof of its validity over ranges within which all mechanism components operate
without malfunctions. In many cases, environmental effects may become indis-
tinguishable from actuating inputs unless special care and refined procedures are
applied in testing. An example of this kind appears when high performance angular
deviation sensors are test mounted on platforms subjected to natural and man-made
tremors of the earth. Special servo-driven members isolated from surface mo-
tions can be applied to greatly improve this situation. It is to be expected that

test equipment will require more and more refinements as engineering develop-
ments result in sensors of higher and higher quality.

Testing may be grouped into various categories identified by the objectives involved.
For the purposes of discussion these categories may be considered as: (a) re-
search tests, (b) engineering subsystem tests, (c) engineering tests, (d) calibra-
tion type tests, (e) screening tests, (f) calibration tests and (g) inspection tests.

Testing of inertial quantity sensors always involves four basic phases: first, the
establishment of suitable and known environments; second, the application of
actuating inputs carefully controlled and accurately known in orientation and mag-
nitude; third, means for indicating and recording the output responses of the
devices under test; and, fourth, the evaluation of results in terms of these ex-
perimentally determined output-to-input relationships. It is the objective to be
fulfilled by knowledge of these relationships that determines the equipment used,
the data-collecting procedures and the forms employed for describing results.

Research tests are concerned with basic information on the reactions among natural
principles that may be applied in various possible mechanizations for realizing
devices to perform the functions necessary in the sensing of inertial quantities.
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For example, research tests on signal generators and torque generators are
needed in the development of devices with behavior that may be combined with
actions provided by other components to result in useful subsystems.

Engineering subsystem tests are directed toward determining the contributions
that groups of components, integrated into subsystems, can provide toward
building up high-quality performance from complete sensors. An illustration
of this kind of activity is the testing of rotors spinning on their special bearings
within gimbal structures, which is an essential part of the engineering for gyro-
scopic instruments of all kinds. Exhaustive engineering tests of subsystems
are fundamentally important for the design of angular deviation receivers.

After complete instruments have been built up with subsystems of known perfor-

"mance, engineering tests covering the full range of inputs, outputs and environ-
mental variations are needed to determine in quantitative terms the functional
capabilities of complete sensors based on the natural principles and the features
applied in particular designs. A typical illustration is the case of a specific force
receiver subjected to input levels both lower and higher than those of design goals
for the purpose of determining the operational performance margins to be expected
in practice.

Calibration type tests go beyond the verification of functions associated with en-
gineering tests and concentrate on the careful and extensive measurements neces-
sary to accurately determine the output-to-input relationships needed to describe
the overall performance of typical sensors built to a particular design. In
general, these results depend upon the collection of enough data to establish
specific values for parameters of the accepted calibration equation and to demon-
strate the validity of this equation over specified ranges of operation.

Once calibration type tests have shown that representative instruments of a given
design are capable of meeting given performance specifications, the next level of
testing is applied to the identification of production line instruments that are with-
out significant flaws from the standpoint of satisfactory performance under service
conditions. Screening tests of this kind are necessary for the rejection of de-
fective units before more than minimum amount of effort is uselessly expended in
attempts toward calibration.

Calibration tests are standard procedures applied to sensors not eliminated by
screening tests. Their purpose is to establish numerical values for calibration
equation parameters to describe the essential behaviour of particular instruments.
In practice, for situations involving the routine use of inertial quantity sensors, a
considerable part of all the effort involved is often associated with calibration tests.

Inspection tests have the nature of abbreviated calibration tests with the objective
of determining whether or not particular instruments meet a limited number of
critical performance criteria. Tests of this kind and the equipment used for
taking the essential data are generally designed to involve a minimum of effort
and expense, as they are applied to insure that systems using accepted sensors
will have satisfactory performance in service.

Testing across the broad spectrum from research to inspection for inertial sen-
sors is a major activity associated with the realization of operational systems for
control, navigation and guidance. The equipment required in these activities
includes means for applying accurately measurable angular deviations, gravita-
tional components and linear accelerations as inputs under known environments.
The earth itself as it rotates with respect to inertial space serves as an excellent
turntable with a rate of fifteen degrees per hour with respect to inertial space.
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Specific force inputs are available in nature from the earth's gravitational field
while centrifuges are available for levels higher than one gravity, and linear
vibrators offer a range of dynamic conditions. Algebraic signs and various input
magnitudes may be adjusted by changing orientations of sensor input axes with
respect to input vectors.. Many possibilities for generating inputs exist and are
being exploited in a wide variety of test arrangements. Signals representing input
states and the corresponding output responses are usually recorded by standard

or special purpose equipment. Interpretation of these recorded data either by
human operators or automatic arrangements leads to verification of acceptable
sensor performance and the determination of values for calibration parameters.

With the development of inertial systems from small beginnings some thirty years
ago until the rapidly spreading service applications of today, so much activity

has been devoted to testing associated with inertial sensors that meetings ex-
tending over several days are hardly sufficient to cover even the fundamentals
involved.

However simple or complex the equipment, methods and interpretation of data
applied in this testing may be, the fundamental process of determining and re-
presenting input-output relationships established by the instrument under test
remains basically identical for all cases. Starting from this fundamental situa-
tion there is a very wide spectrum of possibilities in the choice of ways to write
specifications, in the selection of mathematical calibration equations, in the
mechanization of test equipment, in test procedures, in patterns of representing
results in methods for describing performance capabilities of instrument types
and of particular units. Many creative people have been drawn together in this
conference by their common interest in the testing of inertial sensors. With
broadly varying backgrounds of motivation, support and working situations it is
not surprising that a variety of approaches to testing and a considerable range
of conclusions are reported in the papers that make up this volume. The
Guidance and Control Panel of AGARD who suggested the theme, Mr. William
G. Denhard from the MIT Instrumentation Laboratory, who served as Lecture
Series Director, and Mr. Rolland A. Willaume, AGARD Director of Plans and
Programmes, who implemented this project are to be congratulated on the im-
agination and effort they have applied to the organization of a conference that has
been very rewarding for those who attended its meetings. The international team
of speakers has been excellent and deserve particular thanks for the information
they have presented so well in their papers.

Although the writer did not attend he has received reports that the round table .
summary was ingpiring and served to improve understanding of questions that

were not clear to all listeners during initial discussions. The pattern of dis-
cussion was effective and added to the luster of AGARD as an agent for the transfer
of technological information among nations.
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almost simultaneously, although a replacement for and an improvement on the
magnetic compass, was not yet of itself the basis of navigation by our definition.

The gyrocompass was, however,one of the first real-life applications of the gyro.
As such, the gyrocompass is due a large measure of respect for furthering the
engineering state-of-the-art of gyros. .

It required many years after 1914 and indeed after 1923, when Dr Schuler published
his article (1) in the Journal of Physics entitled 'The Disturbance of Pendulum and
Gyroscopic Apparatus by the Acceleration of the Vehicle', for engineers to develop
a working and practicable application of all inertial navigation using Dr Schuler's
theory. At Massachusetts Institute of Technology, we give credit for this applica-
tion to the SPIRE Systems developed in 1953. Yet we must acknowledge the work
of the German scientists in the early 1940's in guidance.

Accelerometer development has paralleled gyro development. Performance
improvement of both types of instruments required extreme reduction of output-
axis friction. The lessons of the one instrument were applied to the other.

It might be said that both instruments developed along two major lines: for the
gyro, single-degree-of-freedom and two-degree-of-freedom; for the acceler-
ometer, the pendulous accelerometer and the pendulous integrating gyro. There
are additional variations of each which are not fully accounted for here since it
is the intent to expound not the instruments themselves but rather the testing of
them.

The overall lecture series will discuss testing for several specific varieties of
today's instruments. This historical chapter will concentrate on the transition

of testing methods and equipment carried through from early fire-control instru-
ments to the considerably more precise gyros and accelerometers in use today

for navigation and guidance. However, based upon the author’'s background, it
must concentrate upon the single-degree-of -freedom floated integrating gyro and
both the more simple floated pendulous accelerometer and the more complex pendu-
lous integrating gyro accelerometer.

At the time of early development of the gyrocompass, testing could be quite simple.
Compared to a known north line, how well did the gyrocompass indicate north, and
was its accuracy too severely impaired by real or simulated ships' motion ?

The shipboard gyrocompass had considerable angular momentum with which to
overcome precession-axis friction. Today, we do not think of large-angular-
momentum gyros. Therefore, neither do we think today in terms of gyros which
can accept significant precession-axis friction. The gyro refinement of today is
for infinitesimal precession-axis friction and an acceptable life-time of reliable
performance. To capitalize on these factors, other elements of the gyro besides
precession-axis friction - e.g. bias torques, mass instabilities, etc. - have had
to be refined simultaneously, in keeping with overall performance and reliability.

The story of the accelerometer is not very different. Again, output-axis friction,
whether for the pivot of the simple pendulum or for the sleeve bearing or spring

of the force-displacement accelerometer or for the precession axis of the pendulous
gyro accelerometer, has had to be reduced to an infinitesimal value. Similarly,

as for the gyro, the other physical and electrical elements of the instrument have
had to be refined.

The testing of these instruments in terms of techniques, equipment, and Jata pro-
cessing has had to keep in step with the accuracy of the instruments to be tested,
and in large measure has had to lead the way. If we now quickly review the
evolution of the last twenty years of testing, first of gyros and then of accelero-
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meters, we shall observe not only a change in degree or level of observation, but
also a change in what is observed and what data is recorded.

The Gyroscope

Examination of figure 2-1 will help to clarify definitions and nomenclature, thereby
avoiding a misunderstanding in identifying elements of the gyro.

In the earlier unfloated gyros for gyrocompassing, the need for reducing friction
of the precession-axis bearings made some amount of gyro wheel unbalance useful
in providing small amplitude vibrations called 'dither'. In the considerably more
precise floated instruments of today, such gyro wheeel unbalance produces only
unwanted noise. In the early stages of development of the single-degree-of-
freedom floated integrating gyro, wheel unbalance caused destruction of the pre-
cession-axis bearings which were then sapphire jewels with thrust plates sup-
porting the pivots. The unbalance had to be eliminated (2). In contrast, rather
than use of an unbalance in the gyro wheel, more recent work with unfloated gyros
included a forced oscillation of a pair of three-race pivot bearings to reduce
precession-axis friction.

The data for these early floated gyros always included a measure representing
precession-axis friction. Figure 2-2 is a plot of such data. The performance
ratio of angular-velocity output to angular-velocity input has been plotted in such
a manner that lines of constant slope represent the various friction levels in dyne-
cm (3). Note that the precession-axis friction uncertainty shown has an average
value of five dyne-cm for 19 gyros and a value of 0.5 dyne-cm (ten times better
than average) for the best gyro. Today we expect such uncertainties to be small
compared to 0.1 dyne-cm.

Some twenty years ago, much of the original work on development and testing of
floated gyros was being done for applications in fire-control systems. Like the
unfloated gyros they were meant to improve upon, the early floated gyros were
single-degree-of-freedom and intended for intermittent use only. Such a thing

as a life test was either not done or was satisfied by 100 to 200 hours of operation.
The desired output information was a measure of slew-rate or angular-velocity
input and not position, and was therefore obtained under rather forced input con-
ditions, as exemplified by figure 2-2. The principle of testing for both unfloated
and floated gyros was to apply a rate input to the gyro and determine that it would
respond to a lower level commensurate with desired tracking rates, and have a
linear response, or at least one that could be calibrated, up to the highest rate
desired. Through a closed feedback loop from the gyro signal generator, the
torquer of the gyro was energized in proportion to the gyro output angle about the
precession axis so as to limit or restrain this gyro output angle. The circuit was
called a rate feedback loop or a torque-restraint 16op and had a current level pro-
portional to slew rate or angular-velocity input to the gyro. ‘Such a gyro in the
unfloated form is shown in figure 2-3, and as a floated gyro is shown in figure 2-5
and 2-6. In service with a torque-restraint loop for feedback, the integrating
factor of the gyro was not used, but the damping did smooth the response.

The test equipment for determining performance, besides that for electrical ex-
citation, consisted primarily of a reversible rate table with a set of gear changes
to allow variation in the drive rate. By today's standards, the equipment was
crude; electrical stability was of the order of five percent and drive rate was
fairly good through use of a synchronous motor, but quite noisy owing to the gear
train. However, accuracies from the overall system of the order of ten to twenty-
five percent in rate measurement and lower levels of rate sensing of one mrad/sec
or 200 seconds of arc/second (nearly 14 earth rates) were all that was required.
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Therefore, gyro and test equipment sufficed. A typical test setup is shown in
figure 2-4.

Evolution of floated-gyroscope development beyond fire-control requirements to
navigation requirements produced two approaches to testing. The first carried
over directly from the fire-control application and consisted primarily of improved
methods of studying gyro response to rather high rates of the order of one earth
rate or greater. The second started with a simple manually operated electrical
torque-to -balance measurement of the precession torque due to horizontal and
vertical components of earth rate at various compass headings. This second
technique later evolved further into one utilizing certain feedback loops. One
feedback loop was to continue to utilize torque-restraint loops (similar in principle
to fire-control restraint loops) while another utilized space-stabilized dynamic
servo loops.

For that test technique, which was an evolution of testing for fire-control purposes,
the single-degree-of-freedom gyro was turntable mounted with the output or pre-
cession axis horizontal and the gyro input or angular-rate-sensitive axis and the
turntable axis vertical. The gyro signal-generator output was coupled through

a dynamic servo feedback loop to the drive system of the vertical turntable axis.
Through the sum of inputs to the gyro- i.e. vertical component of earth rate,
mass-gravity pendulosity torque, and mechanical and electrical bias torques -
the gyro float rotated about the precession axis, thereby generating an electrical
output signal. The amplified signal energized the servo loop and drive of the
turntable. For the test, the table was then allowed to rotate from two or three
degrees on one side of a reference mark to a similar angle on the other side of
the reference mark (Fig. 2-7), and the time per degree of rotation was recorded.

The angles on each side of the reference mark were established with a precision of
5 to 10 seconds of arc at best. This accuracy did not impair results since the
overall test included many repeated sweeps through the same total angle. To ac-
complish this, after each data run the turntable was forced to rotate back to the
starting point by manually or automatically exciting the gyro torque generator so
as to 'torque’ the turntable back via the gyro torque and the servo loop. From this
technique and the relation to an old cog wheel, the test was called a cogging test.
The repeat tests were compared as to average time and the bandwidth or one sigma
value about the mean. Wild data could be rejected and frequently were as will be
discussed later.

The cogging test was undoubtedly representative of a fire-control application in
that operation was intermittent with frequent caging of the gyro (in this case, re-
setting to the starting angle). However, it was not representative of stabilized
platform operation of the type required for navigation for today's more accurate
requirements and therefore has fallen into disuse.

In the handling of the data from a cogging test, improvement of the data numbers
was effected by rejecting data points that did not fit the overall data pattern and also
by taking a large number of data points so as to improve the significance of the mean
value. However, evidence appeared that the identical gyro tested under varying
gravity positions and/or on a long-term test on a space stabilization servo could
look considerably poorer in performance than it did in the cogging test. This
brings to mind the story that certain gyros, tested and accepted with the cogging
test by the manufacturer for autopilot service, were completely rejected by the
customer who used the more advanced testing techniques. The result was that

the supplier and the customer had considerable added expense but the shipping
agency gained considerable business from the flow of gyros back and forth. The
problem was resolved when the manufacturer adopted the more advanced testing
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methods. From these he discovered that his product needed improved manufac-
turing techniques in order to pass the new tests. In studying the evolution of
techniques for testing, we thus see the direct translation of test results from a
more advanced technique into a more reliable product.

As more consideration was given to testing of gyros for application to space stabi-
lization platforms, new methods of testing evolved representative of the second
approach referred to earlier (4). It was felt that gyros must now detect a small
part of earth rate - one-hundredth or even one-thousandth of earth rate (0.15 to
0.015 degree/hour). Cogging tests had indicated the repeatability of behavior

at approximately one earth rate without searching for the threshold of rate detec-
tion.

What better way could there be to determine the threshold of small rate detection
than to measure the precession torque resulting from components of earth rotation
itself ? To this end, the single-degree-of-freedom gyro was mounted with its
output or precession axis vertical and its input axis in the horizontal plane. When
mounted on a fixture which was rotatable about the vertical axis, the gyro input °
axis could then be aligned parallel to the peak horizontal component of the earth's
rotation vector, i.e. north or south, or parallel to the zero component, i.e. east
or west. Points in between would follow a sine curve. Figure 2-8 shows such

a test setup.

The precession torque due to a component of earth rate in the horizontal plane was
determined by manually adjusting the excitation to the gyro torque generator until
the applied torque just equalled the combination of precession torque due to the
component of earth rate parallel to the gyro input axis plus any electrical or mech-
anical bias torques acting about the gyro precession axis. Data were manually
recorded for the torque proportional to the torquer excitation current(s). Rever-
sing the direction of rotation of the gyro wheel then reversed the precession torque
without affecting the bias torques. In practice, use of this technique generally
disregarded the fact that the bias torque from the excitation of the torque generator
was different for each torque level applied. Solution of a pair of simultaneous
equations resulted in values for the precession torque and for the assumed constant
bias torque.

If data were taken for a full circle sweep of IA in the horizontal plane, the effect
of bias torque was to shift the zeros of the sine curve from the true east and west
point of the inertial compass. This effect is shown in data form in figure 2-9,

as is a second curve showing the result of reversing the gyro wheel-spin direction.

It is worth commenting here that, at the time this test technique was widely used,
gyro performance was more often than not a considerable step better than that
required for fire-control applications - more in accord with auto-pilot applications
today - but was, at that, only capable of consistently detecting a threshold torque
of about one-fourth to two dyne-cms; this meant of the order of one percent of
earth rate at the time. Furthermore, such performance was determined for out-
put axis vertical and did not tackle the problem of spin-axis stability.

As a parenthetical note, the determination of the best gyro uncertainty at the level
near one dyne-cm at this time led to an attempt to overcome this assumed cou-
lomb-friction problem by use of larger-angular-momentum gyros. Advancing
technology later showed this not only to be unnecessary but also to be an incorrect
approach since the problem was not coulomb friction in the floated gyro.

Since the first of the larger-angular-momentum gyros did indeed exhibit a-lower
threshold of sensitivity to components of earth's rotation (although not a lower
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uncertainty in dyne-cm), a more critical test was instituted. This was the dyna-
mically stabilized single-axis servo turntable test. For this test, the gyro
sensed the vertical component of earth's rotation and servo-controlled the vertical
turntable axis as shown in figure 2-10. The test was called the Input-Axis Ver-
tical Servo Test or the IA Vertical Servo Test, or just IA-V.

Performance was judged in several ways. Initially, the idea was to clock the
table over a small sector of about 40 degrees of successive one-degree intervals.
This was done manually, as shown in figure 2-10, using an optical sight for reading
an azimuth circle and a stopwatch for timing. Consistency of one-degree time
intervals provided a basis of judgment. Later, with some of the problems in the
new gyro designs resolved, the table was modified to allow automatic data re-
cording. This was accomplished through a series of trip pins at ten-degree in-
tervals of the azimuth circle. A switch tripped by these pins actuated a con-
tinuously running recording timer, thereby giving data in the form of time per ten
degrees of table rotation. Throughout the history of gyro testing on servo runs,
these timers have proven irreplaceable for backup data behind far more complex
timing devices. Performance was determined by consistency of ten-degree time
intervals and comparison of total turntable angle to earth's vertical component
rotation angle in that elapsed-time period. Each revolution of the turntable re-
quired 36 hours. This was modified by gyro unbalance, of course, and first steps
to correct this unbalance by torquer excitation were initiated. For a stable cur-
rent source, a wet-cell automobile battery was used.

For a more severe test of the gyro, the test table together with the gyro was re-
oriented so that the table shaft and the gyro input axis were parallel to the earth's
rotation axis (Fig. 2-11). This tumbled the gyro in the earth's gravity field,
tending to exaggerate deficiencies of construction or of flotation-fluid cleanliness.
Instead of requiring 36 hours per revolution of the turntable based on the vertical
component of earth's rotation at MIT (5), it now required 24 hours per revolution
and as previously noted, provided a more stringent test for the gyro. Perfor-
mance for the so-called Input Axis Parallel to Earth's Axis Test (IA || EA) could
be judged in several ways. Mass-pendulosity torques and others varied as a func-
tion of gravity and therefore table rotation position, making the time intervals
sinusoidally vary with table rotation angle. Again gyro error corrections through
excitation of the gyro torquer were applied using an automatic torque supply unit.
This unit was a constant current supply with a 36-point stepping relay used to in-
sert 36 adjustable resistive elements in the stabilizing feedback loop as the turn-
table rotated to each 10-degree interval.

Performance could also be judged by comparing total turntable angle of rotation
(when gyro corrections were used) in a given period of time with earth's angular
rotation in the same time period. This resulted in a plot of the error angle of the
turntable compared to earth angle.

Interestingly, data for the IA || EA test could also be handled solely on the basis
of rate by comparing turntable incremental rotation rate for each one-degree or
ten-degree interval data point, as desired, to earth's rotation rate. From this
evolved the practice of expressing the difference between gyro controlled turn-
table rate and earth's rate as so many one-thousandth parts of earth's rotation
rate; thus,

Turntable deviation angular veiocity = ( Turntable Rate - Earth Rate ) 103

Earth Rate
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Fig.2-11 1A parallel EA servo test
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Fig.2-13 Balance adjustment

Fig. 2-14 Tumbling test, OA parallel
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The unit resulting was called a milli earth rate unit, or meru, and gyro perfor-
mance is regularly expressed in meru. One meru equals 0. 015 degree/hour or,
in navigation terms, very nearly one minute of arc/hour (subtended at the earth's
center). By computing the rotation error rate of the table in meru for each unit
angular interval data point (ten degrees or one degree as desired) for at least two
revolutions and making the following assumptions and computations, gyro perfor-
mance in meru as a measure of gyro nonrepeatability could be judged without the
need of applying torque compensation. On the assumption of perfect compensation
of the gyro for the second revolution by a hypothetical computer controlling the
current input to the gyro torquer, the data from the first revolution were sub-
tracted from that of the second revolution on a point-by-point basis. The root-
mean-square values of the point-by-point differences gave a very reasonable in-
terpretation of gyro performance in meru, on the basis that the point-by-point
differences represent lack of repeatability of the gyro from second to first re-
volutions of the turntable. Such data is shown in figure 2-12.

These point-by-point differences can also be converted by integration (swmmation)
to angular units to represent turntable angular error compared to earth's rotation
on the same assumption. For such a test, it behooves the gyro manufacturer to
insure that the test equipment does not add to the errors attributed to the gyro.
This is accomplished by utilizing very stable test equipment or by accounting for
its errors.

An explanatory note regarding general gyro performance and adjustments may be
in order. Fifteen to twenty years ago (as today), gyros were not perfectly ad-
justed and balanced prior to delivery to test. That is, there were and generally
are today mass-pendulosity adjustments to be made in order to reduce the re-
sponse of the gyro to acceleration and earth's gravity field. Also, in prior years,
adjustment of the signal-generator and torque-generator stator mechanical radial
positions was required. These adjustments in early units presented many dif-
ficulties since they involved physical entrance of a tool into the fluid of the gyro

to make the balance adjustment (Fig. 2-13) and loosening of several seals to
adjust the signal- and torque-generator stators. After all this handling, the gyros
often would not perform with a repeatability much better than one earth rate, but
every once in a while the shining example of one-tenth to one-hundredth of earth
rate in repeatability would appear. More spasmodically and much more briefly,
one-thousandth of earth rate would show up and then fade away. Those years were
truly the triumph of hope over experience. The transition to the performance of
today, generally categorized as one meru or better, is vindication of that faith and
was achieved by attention to the most minute details without benefit of any major
breakthrough. Almost needless to say, slip-joint seals and interlocking tines for
mass-pendulosity adjustments replaced the open-port and wrench method as a part
of the improvement.

With use of servo-turntable testing fully established for determining the perfor-
mance of gyros in terms of repeatability, attention now turned to a better defi-
nition of gyro response to acceleration. This led to the initial introduction of the
so-called tumbling test. This test required the use of the rate-feedback (torque-
restraint) loop referred to earlier, with considerably higher gain and automatic
recording of torque versus gravity orientation. While connected in this feedback
loop, the gyro on the turntable was rotated by the turntable clock drive through a
systematic and sinusoidal variation of attitude in the earth's gravity field. As
shown in figure 2-14, the gyro is positioned on the turntable with its output or pre-
cession axis parallel to the table axis and being a single-degree-of-freedom gyro
is not directly sensitive to turntable rotation. . For testing with the gyro wheel
operating, the turntable axis is parallel to the earth's axis. Evolution of this
tumbling test has led to Fourier and least-squares analysis of gyro response to
acceleration (using gravity as the input variable) to the zero, first, and second
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powers (i.e., ao, aland az). The zero-power term represents the fixed-bias
or acceleration-insensitive coefficient of the gyro. The first power term repre-
sents the fixed pendulous mass or so-called unbalance coefficient(s), and the
second power term represents the anisoelastic coefficients of the gyro.

As the performance of the gyro is examined ever more closely and the gyro model
equation (6) expanded to incorporate what once were insignificant and second-order
effects, the old tumbling test, the servo test, and the processing of the data there-
from are going through further evolutionary development, as will be brought out in
the following chapters.

Special tests onthe gyro, conducted to study cleanliness of assembly and coefficient
stability, have been and are today carried out using modified servo or tumbling
tests. These tests were used to focus attention on the problem of mass stability
along the spin axis as it influences gyro behavior. This work has been adopted
for today's Apollo program and reported by that project as a great help in quality
control of gyros. Again, test techniques have been translated into a more re-
liable product (7, 8).

The study of mass stability along the spin axis led in turn to series of projects to
improve the life and performance qualities of the spin-axis bearings. These pro-
jects have led to accomplished lifetimes of tens of thousands of hours in superior-
quality gyros. At each step in the series of bearing research and improvement
projects, bearing tests and gyro tests were utilized to evaluate the results.

Figure 2-16 indicates the testing and research programs carried out.

It must be understood that a gyro can be no better than its spin-axis bearings (and
indeed the same can be said for a myriad of other details of the gyro) either in
terms of life or performance. Therefore, a complete test program is always con-
cerned with bearing tests (9). Start, stop, slew capability, running- and starting-
torque stability, and dynamic stability are a few of the particulars to be monitored
during gyro buildup and acceptance testing. Figure 2-15 is a flow chart for bearing
evaluation. As gyro engineers, we advocate the intermittent monitoring of most of
these during gyro end use also.

The reader must allow for the fact that although this synopsis of the history of pre-
cision single-degree-of freedom floated integrating gyro testing does not introduce
totally new tests beyond the servo test and the tumbling test for one-g testing, the
state-of-the-art has not stood still. In detail, these tests are still undergoing
change. The more pronounced recent advances have been in better test equipment
and in newer methods of gyro torquing and data handling. For example, the old
five-percent stability electrical a.c. supplies for gyro excitation have improved to
0.01 percent in commercial equipment. The torque-restraint loops frequently are
based on digital techniques today and much of the data is processed through digital
computers. These allow the processing of a considerably greater data volume
with resultant finer bits or closer resolution in establishing gyro performance.
Figure 2-20 in the section on restrained pendulous accelerometers describes a
block diagram for a pendulous accelerometer which is applicable for gyro torquing
as well. For the gyro, the pulse has a value in meru-second which is equivalent
to an incremental angle.

Simultaneously with the improvement of test equipment and the attendant impro-
vement in gyro performance, increased attention has been focused in the test lab-
oratory upon the influence of the environment (including the test equipment) upon
the gyro and its performance. Whereas twenty years ago the manually recorded
data consisted only of the proportional gyro torquer current response to various
slew rates or the time per cogging cycle, today automatically recorded data may
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include all the supply excitation voltages and/or currents, room ambient tem-
perature, gyro temperature, sub-voltages on the electromagnetic elements within
the gyro, and even floor-leveling errors. These environmental factors will be
discussed in more depth in other chapters.

The last element of gyro-testing evolution is in the area of environmental testing.
For such testing, rather than just record the environment and minimize its in-
fluence on the data, the engineer is interested in varying the environment purpose-
fully to note the effect upon the gyro. Frequently this goes to the extreme of
determining survivability under high-acceleration loads from vibratory sources

or from linear sources. Since this is an area of much current activity, the major
discussion is left to other contributors.

Twenty years ago floated gyros intended for navigation purposes were kept at op-
erating temperaure continuously, since cooling caused air leakage into the gyro
and fluid leakage out. On the other hand, fire-control gyros had such a loose
performance requirement that air-leakage problems were barely detectable and
the reduced precession-axis friction gained from use of flotation made them far
superior to the unfloated type. Therefore, fire-control gyros were usually cooled
off between duty cycles.

With today's design improvements eliminating leakage problems, navigation gyros
are coolable between duty cycles also. Depending upon performance requirements
and/or the feasability of recalibrating for each duty cycle, the gyro may or may
not be cooled. Tests carried out to measure the effect of cooling of gyros have
made use of both the tumbling test and the IA || EA servo test before and after
cooling. These tests are able to show whether gyro performance has changed as
determined by Fourier coefficient stability from revolution to revolution of the
turntable in either test method or by the root-mean-square point-by-point re-
peatability of the servo test referred to earlier. Comparison of Fourier coeffici-
ents between data taken before and after the cooling cycles determines calibration
stability, and performance requirements in turn indicate whether the need for
recalibration following cooling exists.

Beyond thermal cycling, environmental testing has involved use of voice coil and
linear shake tables and centrifuges. When direct data are being taken during the
test, the torque-restraint loop with up-to-date digital techniques is now used,
having outgrown the analog approach a few years back. More critical judgement
of the influence of such tests on gyro performance is again determined by tumbling
and servo tests made before and after the shake or centrifuge tests.

The Pendulous Accelerometer

Turning attention to the accelerometer, initial efforts at developing instruments
of suitable caliber for application in feedback damped Schuler-tuned systems were
concentrated on reducing output-axis friction. At MIT this effort was directed
toward a floated-type pendulous accelerometer. Twenty years ago, when this
work was in the early stages, the pendulous-accelerometer design had much in
common with the gyro design. The pendulous accelerometer could be tested
using the same excitation sources required for the gyro, including those for using
analog torquing of the pendulous floated element in the accelerometer.

To clarify definitions and nomenclature, a schematic of the pendulous accelero-
meter is given in figure 2-17. Testing of early pendulous accelerometers con-
sisted primarily of tests designed to ascertain the presence of any so-called stic-
tion or uncertainty in the output-axis bearings. These bearings, as in the gyros
of that day, were of the pivot-and-jewel type (2). The test data were presented
as in figure 2-18, and indicated uncertainty in indicating the vertical. The float,
and therefore the pendulous element, was torqued off null and allowed to return
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Fig. 2-16 Past and pending efforts on ball bearing improvement

FLOAT OUTPUT
GIMBAL onAls
DAMPER STRUCTURE (0A)

CLEARANCE

SIGNAL

GENERATOR
AND
MAGNETIC
SUSP ENSION
TORQUE
GENERATOR

ECCENTRIC (pendulous) MASS

(m)
A PENDULUM INPUT AXIS
REFERENCE PENDULUM 4

AXIS AXIS
Tra % IPRA " l0A (PRA)
m = PENDULOSITY PENDULUM ANGLE

A,
f-c

Fig. 2-17 Line schematic of a floated pendulum unit



TECHNICAL LIBRARY

36
IMSTRUMENTATION LABORATORY
MASSACHUSETTS INGTITUTE OF TRCHNOLOSY
CAMBNIDOE. HASS.
smtranen oY 60 P2 8 /éé
ouTe: UNCERTAINTY ANGLE DATA
Initial float displacement = L6060 my - 2100m,,
SG OUTPUT VOLTAGE {mv} AFTER: {3) UNCERTAINTY (4) DEVIATION
Angle - mv FROM AVERAGE
POSITIVE NEGATIVE - @ VALUE
ANGULAR ANGULAR =
DISPLACEMENT (1}{DISPLACEMENT (2)
Py - 2.75 798 0./
+ 9.2 /.5 e85 o.C/
+ LY.57 7.0 £.75 o.il
Sum = 2658 .24
(U), Average = g. 8¢ ©.0&
max. value = §.58 Q.12

A4
Wy, = [m(") N (4)(av)][s(pu)[e; M]] . .xlgjo.cv ayme cm
= A =LL
(1N [ (3)(!") + “’(av)][ S(pu)’[‘e”‘]] +0.2¥ sec arc

Fig. 2-18 Uncertainty angle test data

UNCERTAINTY ANGLE (units)

2 WITHOUT MAGNETIC SUSPENSION

400 1=

2000

UNCERTAINTY ANGLE (units)

0 ] 1 |
0 30 60 90

ANGLE BETWEEN OUTPUT AXIS AND
HORIZONTAL REFERENCE (degrees)

WITH MAGNETIC SUSPENSION

A e
0 30 60

—
90

ANGLE BETWEEN OUTPUT AXIS AND HORIZONTAL REFERENCE (degrees)

Fig. 2-19 Uncertainty angle as a function of output-axis deviation from the
horizontal for the floated pendulum



c¥

TECHNICAL LIBRARY

37

under action of gravity after the torquer was turned off. The repeatability of
such tests in returning to null from clockwise and counterclockwise off-null posi-
tions was the measure of performance and was expressed in seconds of arc of
uncertainty.

The data shown represent a poorer level of uncertainty. More accurate (5 seconds
of arc) indication of the vertical was a prerequisite for the Schuler-tuned platform
application to prevent oscillations generated by any step changes in apparent ac-
celeration caused by the pendulum sticking and releasing in the output-axis bearings.
Such action would initate a Schuler period oscillation.

The pendulous accelerometers were used without restraint torque in the early in-
ertial-navigation systems, and it was expected that rates of change in acceleration
would be in keeping with use of Schuler tuning. In fact, because of the free pencu-
lums, these systems had to be 'latched in’' after the airplane was airborne - using
a preplanned azimuth and constant velocity. Studies were made on the pendulous
accelerometers for linearity to allow for flight paths that deviated from the planned
great circle. These linearity studies consisted of aligning the pendulum IA to
precise angles off horizontal and reading the signal-generator output. A series of
angles over 100 or more milliradians gave a measure of signal versus angle lin-
earity. This was usually plotted in terms of the deviation from linearity.

Because of the compound leverage in a pendulum due to its pendulosity, as shown
in figure 2-17, any cross-axis acceleration along its output axis places a torsional
load on the pair of output-axis bearings. Under combined input-axis and output-
axis loading, the uncertainty of the pendulum increased markedly. Introduction
of the magnetic-suspension system (10) to instrument design, to supplement flota-
tion and eliminate pivot-to-jewel contact, virtually eliminated this problem as
shown in figure 2-19. The magnetic suspension did much to improve gyro perfor-
mance also.

Tests today, although of different data format, are still aimed at detection of un-
certainty in floated pendulums but, in addition, involve electrical torque restraint
of the pendulum to allow for use in other than local vertical system application and
at higher accelerations. For example, the Apollo guidance system uses a clock-
synchronized pulse torqued restraint loop to keep the pendulum output angle small
and,through summing or integration of these pulses in the computer, measures the
velocity of the vehicle in each of three coordinate directions (one associated with
each pendulum). The block diagram for such a test is shown in figure 2-20.

The pendulous accelerometer of twenty years ago was tested repeatedly for re-
assurance of low uncertainty and the ability to indicate vertical. The pendulous
accelerometer of today will be so tested and also by repeated measurements of

full gravity and components thereof using a torque-restraint loop to cage the pendu-
lum float at the null position. The difference between former and present tests
can be defined by the position of the pendulous accelerometer when tested. Twenty
years ago, with the output axis horizontal, the input axis of the accelerometer was
aligned horizontal, After torquing the pendulous element off null, the return of the
pendulous element to the vertical after each test was the measure of performance.
Today, the output axis and pendulum axis together with the pendulous element

are initially aligned horizontal and the caging torque is measured for repeatability
and linearity of scale factor as the alignment of the input axis is adjusted in some-
thing like ten-degree steps back to the horizontal position. Under this condition, the
linearity of pendulum signal-generator output versus angle is not needed or utilized.

Further testing for higher acceleration levels is done on a centrifuge utilizing the
digital pulse torque-restraint loop. Again, torquing linearity is studied. In
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all these tests, use of the torque-restraint loop allows integration over extended
periods of time for finer data definition and extended studies of performance.
Other one-g tests with cross-axis loading-i.e., output axis off horizontal- are
carried out to insure suitable operation under such conditions.

As in the development of testing of the gyro, that for the pendulous accelerometer
has turned to more thorough examination of what used to be considered insignificant
or secondary factors. A large part of the test effort, if not the greater part, now
is directed toward calibration of bias torques. This includes measurement of the
changes in bias caused by excitation changes and radial and axial position of the
floated element inside the housing (caused by cross accelerations, imperfect flota-
tion, etc.). The tests for establishing torquer scale factor and linearity have
previously been discussed. .

Add to the foregoing tests those for changes in bias or torquer scale factor and
linearity from cooling and storage below operating temperatures. Many repeat
tests are made to observe changes due to intermittent use while kept at operation
temperature.

The Pendulous Integrating Gyro Accelerometer ( PIGA)

In discussing testing of the floated pendulous integrating gyro accelerometer, the
discussion cannot go back twenty years for MIT experience but only to approxi-
mately 1953. However, German activity in early designs of pendulous gyro acc-
elerometers is known to have occurred in the early 1940's. Figure 2-21isa
schematic drawing of the floated PIGA with definitions and nomenclature.

As initially developed, the floated pendulous integrating gyro accelerometer did
not include the magnetic suspension. However, the pendulous gyro, like the
simple pendulum, was subject to loading of the output-axis bearings by cross-axis
acceleration. Use of the magnetic suspension has been of great value in insuring
acceptable operation of the PIGA with cross-axis loading.

A distinction between the floated integrating gyro discussed previously and the
floated pendulous integrating gyro accelerometer should be made. The 'integrating
gyro' term derives from the high internal damping of the gyro to motion about the
precession axis, thus enabling self-contained integration of rates applied about the
gyro input axis. The output voltage of the signal generator is proportional to the
integrated angle of rotation about the input axis, and the gyro becomes ideal for a
space stabilized servo application. On the other hand, the integration taking place
in the pendulous integrating gyro accelerometer is represented by the total angle

of rotation of the drive shaft on which the floated pendulous gyro is mounted. This
total angle represents the integration of linear acceleration, i.e. linear velocity.
The internal integrating property of the pendulous gyro itself is not a direct output
but serves to smooth and integrate data. Any roughness due to lag in the servo
drive for the output shaft would be smoothed by the gyro integration property.

Initial testing for the PIGA is done on the gyro or pendulous integrating gyro (PIG)
assembly by installing in the driveshaft assembly. The PIG is tested for wheel
operation, 'clean' assembly, and for unbalance or pendulosity value.

The PIGA instruments have always been tested by a series of multiple-position tests
(plus and minus full gravity along the accelerometer input axis) to determine scale
factor (output shaft radians/second per unit acceleration) and bias (apparent mea-
sured acceleration with no acceleration input). The evolution of testing has, like
that of the gyro, been in terms of more precise test equipment and data recording
to keep pace with instrument improvements. Stability of scale factor and bias

are studied over much longer periods of time and determined in units of parts per
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million of scale-factor variation and micro g's of bias variation. In addition, the
influence of environment (including temperature cycling and high acceleration} on
these properties is studied.

One of the critical aspects required of the PIGA is the alignment of the PIGA input
axis to the driveshaft assembly. This is checked and corrected as needed.

Because of the inherent integrating property of the floated pendulous integrating
gyro accelerometer, performance can be studied over extended periods of time at
either a fixed acceleration input or a programmed variation in acceleration input.
Such tests on automatic equipment are conducted today and the data are processed
through a digital computer for studies of scale factor and bias stability. Data are
presented as a plot of bias and scale-factor deviation versus time.

A principal application of the pendulous integrating gyro accelerometer has been
for acceleration levels greater than one g, as in missiles. For this reason, con-
siderable testing is done on such devices as centrifuges to determine linearity of
sensitivity to acceleration. Tests under shock and vibration to insure instrument
survival are made, with tests of bias and scale factor made before and after.

Considerably more information on the testing of PIGA's will be given in later
chapters.
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The Economic Justification for Gyro Testing

W.G. DENHARD
Associate Director, Instrumentation Laboratory, Massachusetts Institute of Tech-
nology, Cambridge, Massachusetts, USA

Summary

The chapter concerns itself with a discussion of the determination of the Reliable
Performance Life of gyroscopes through a testing program adequate in duration and
content. The development of this topic leads to a comparison of overall costs of
purchase and use versus Reliable Performance Life. It is shown that increased
testing, although raising purchase price, can result in a lower Cost per Use Hour
via a longer Reliable Performance Life by rejecting deficient gyros.

Two possible series of tests for limited times of approximately 50 and 100 hours
are presented as are recommendations for sampling tests of longer duration for a
higher assurance level of test validity.

Corollaries between gyroscopes and other types of equipment allowing application
of the viewpoints expressed should be possible.

Introduction

'Cost Effectiveness' is an American expression currently very much in vogue which
relates to government procurement. Its meaning is the accomplishment of any
spending of government funds effectively. So far all is noble and good. But now -
just what does spending government funds effectively mean? To different people it
can mean many different things:

(a) To the purchasing agent, it calls for minimum unit cost; and for repeat
orders, less unit cost for each subsequent order.

(b) To the supply depot, it signifies not only minimum unit cost but also fast de-
livery.

(c) To the Air Force or Navy pilot, it represents whatever cost is necessary to
insure his safe return after completion of a mission.

The contrast to be found in these different meanings for spending government funds
effectively is readily developed. In the first example, the interpretation is based
upon an immediately measurable value - unit cost. The judgement seems more
nearly tied to budgetary requirements than other values. In the second example,
another criteria is added - that of delivery. The maintaining of a numerically
adequate stock level acquired within budgetary bounds is used for judgement. In
the third example, which leaps over a number of intermediate viewpoints, the

basic judgement of survival is applied and budgetary funding requirements are made
secondary. Implied also is delivery on a schedule that places the equipment in the
airplane for the mission.
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Ultimately, all these viewpoints should be compatible. The basic thesis of this
chapter is that such compatibility must ultimately have as its basis the pilot's view-
point with budgetary goals set to accomplish his needs at least-total-cost. (It
sometimes happens that budgetary needs are met first and fixes then applied to
work in the pilot's requirements. This path is not always less expensive than a
proper initial approach.)

Because this chapter is focused upon gyros, and more specifically upon the testing
of gyros, the interpretation of Cost Effectiveness will be applied to establish some
criteria for predicting the Reliable Performance Life and the Cost per Use Hour
associated with that life. These two factors are considered significant to the pilot's
viewpoint (i.e. predicting replacement cycles to insure reliability), and to the
effective spending of government funds (i.e. reducing unit cost not in terms of

piece cost but in terms of an amortizing cost per hour of use).

In developing the thesis of this chapter, utilizing gyro testing as the path of ap-
proach, a question to be answered is: What is Cost Effectiveness in terms of the
amount of testing and the specifications required? The answer to this is not
straightforward. Infact, the chapter will not give an explicit answer, but will
provide material for some new looks at current practices and a forceful look at
true total costs, Cost per Use Hour, and Reliable Performance Life.

The procurement of precision gyros is used as an example to indicate the value of
testing in terms of Cost Effectiveness. For the purposes of this chapter precision
gyros are considered to be the type used in highly accurate inertial-navigation
systems and should be differentiated from crude gyros such as are used in short-
range air missiles for example, although the principles expounded here hold for all.

Low-price versus High-price Gyros

The first step is to determine whether, in a functional sense, there is more than
one kind of gyro. If there is, then the question of Cost Effectiveness should be
answered separately for each. In deciding this several factors can be studied:

(a) Purpose - A gyro responds to angular position or rotation, depending on the
nature of its support.  Depending upon internal characteristics and external
equipment, the gyro, through sensing angular velocity, measures rate, change
of rate, angle of rotation, or deviation from intended position. The gyro may
serve to sense unwanted rotations and, through gimbals and servos, stabilize
a platform.

(b) Basic Gyro Components - A gyro comprises the following components:

(i) A gyro wheel, which must spin rapidly to create the angular-momentum
vector and which must keep spinning for the life of the gyro.

(ii) Precession-axis bearings, which must be near frictionless, certainly
have low friction, to allow gyro precession: or for a two-degree-of-
freedom gyro, to allow stabilization of the angular-momentum vector.

(iii) A pick-off or signal generator, which may be visual, electrical, or
perhaps mechanical, and which must not interfere with the gyro's
sensing and responding to angular-velocity inputs.

(iv) A caging or biasing torquer, which, although naot used in all gyros, is
a must in many applications for gyro erection, correction of gyro
errors, and for external correction and/or modification of servo-system
position.
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(v) An overall structure, which carries the gyro components and physically
adapts the assembly to the end-use item, i.e., servo platform, auto-
pilot, panel board, etc.

(c) Significance to Mission - Depending on the application and redundancy, the
gyro may well be totally critical to mission performance and to the safety of
the vehicle and crew.

In line with the foregoing, and using a single-degree-of-freedom floated integrating
gyro as an example, a line schematic diagram of the gyro might be as depicted in
figure 3-1.

The most interesting factor relative to the preceding discussion and to figure 3-1
is that no mention is made of performance, reliability, life, or price in order to
describe a gyro in these general terms. In other words, a description of gyro
purpose, basic components and significance to mission is not influenced by desired
performance, reliability, life, or price. In a functional sense there is only one
kind of gyro, though the detailed implementations may vary - e.g., floated or not,
single- or two-degree-of-freedom, ball or gas spin-axis bearings, etc.

It is an extremely vital point that gyro description is independent of desired per-
formance, reliability, life, or price since specifications that reduce or limit per-
formance, reliability, life, and price cannot do so by changing gyro purpose or
basic components. In addition, only by redundancy or willingness to abort a mis-
sion can the significance to mission success be reduced.

The point is that a low-price gyro is describable in the same terms as a high-price
gyro. One could take the attitude - why buy a high-price gyro if nothing is added ?
The point of the chapter is that something should be added by higher price. That
something is assurance of performance, reliability, and life. Turning the phrase
around, a higher price should mean increased Reliable Performance Life. The
following sections present the arguments supporting this statement.

Length of Testing versus Probable Life

When a gyro is purchased, the manufacturer does a certain amount of testing before
delivery. This testing is intended to assure some level of performance and provide
a basis for an expected reliable lifetime. This chapter now presents the argument
that testing time represents from 5 to 15 percent of the expected total operating life
of the gyro. Furthermore, the lower in price the gyro, the more likely it is that
the test time represents a higher percentage of expected operating life. MTBF
{mean time between failures) is purposely not used since the representation of life
as here used is absolute - i.e., individual gyro life until failure, either in per-
formance or operation.

From the foregoing figure 3-2 is derived for the conditions where test time re-
presents 5, 10 and 15 percent of expected operating life. In the expectation that
the economics involved will prove advantageous, it appears worthwhile to seek
specifications, test conditions, etc., to assure that testing represents only 5 per-
cent of expected operating life. It has already been stated that higher-price gyros
should have greater reliable performance and life. The lower-price gyros work
against this in that test time represents a greater percentage of total operating life.

In an attempt to be realistic, it is worth adding here that some 5 to 20 percent of
the units passing a given test program may have performance or operating defici-
encies such as to limit total operating life to one half to one tenth of that expected.
Again, lower-price gyros with more limited testing are more likely to suffer and
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are more likely to encounter a catastrophic type of failure although specific design
and environmental factors can influence catastrophic failures.

The section on ‘Maximum effectiveness of 50 - to 100-hour tests' (p. 52) suggests
a test program that can be stipulated to maximize successful initial testing - i.e.
to weed out inferior gyros.

Cost per Use Hour

Testing time is not only valuable in determining the quality of the gyro bought, but
also, because of its influence on gyro operating life, can be economically profitable
to the purchaser. This latter statement will be shown to be true even though in-
creased testing adds to the purchase price.

The basis of the argument is as follows. Assume that a lot of 500 gyros is ordered
so that a reasonable quantity for a production run is involved and pricing is based
accordingly. The gyro involved is further assumed to be a model that has been
built before. Therefore, all tooling and drawings exist and no development effort

is needed. The variable in the purchaser's control is taken as the amount of testing
called for in the request for quotation and in the ultimate purchase order.

A comment should be inserted here that the full amount of testing to be done and the
results to be achieved should be specified both in the initial request for quotation
and in the resultant purchase order to avoid work scope and cost changes. Such
testing, required results, and electrical and physical interface specifications will
not only serve as sufficient to define the gyro but also will serve to eliminate in-
eligible bidders if the contract is made either fixed price or shared-cost with a
limitation on the purchaser's total cash outlay. The basis for this statement is
that the quantity of gyros involved (500) is indicative of a real buy and not a trial
procurement on which the contractor can take a present loss to obtain a preferred
position for a later big buy. Therefore, the unit selling price per gyro, with its
potential for profit or loss by the contractor, must be multiplied by 500 to determine
the gross profit or loss. Any contractor wanting to 'buy in' would have to be pre-
pared for a very large buy-in price.

A certain level of performance should not be contracted for unless adequate testing
to prove that performance is also contracted for. The same is true in‘contracting
for a Reliable Performance Life. Testing time representing a percentage of total
expected operating life must be contracted for and applied fully. At the least, the
test results should indicate the worth of committing the gyro to field service.

Using this example, the concept is now developed of Cost per Use Hour as a function
of the amount of testing required by the purchaser and of the resultant price per
gyro.

The original assumption was a purchase order for 500 gyros of a model ready for,
or actually in, production. To this assumption is added that of testing time re-
presenting 10 percent of expected operating life and, as a starting point, a mini-
mum price per gyro of $2000 which covers 50 hours of test time. This basis is
expanded to develop the data listed in table 3-1 and plotted in figure 3-3.

In stating the hours for total testing time in table 3-1, certain assumptions based
on experience are involved. For gyros priced at $4000 and less, a sufficient
amount of testing to certify the condition of the spin-axis bearmgs and gyro pre-
cession-axis uncertainty is not usually carried out. Costs dictate this situation.
However, as the gyro price rises, more significant testing for the condition of the
spin-axis bearings and for the precession-axis uncertainty is added to the test pro-
gram.
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Table 3-1 Cost per Use Hour as a function of total testing time and total expected
operating life

Total
Total expected
testing Purchase operating
time price life Cost per Use Hour

(hours) (dollars) (hours) (dollars)
Basic Unit 50 2000 500 4.50
100 4000 1000 4.50
150 6000 1500 4.50
250 9000 2500 4,00
450 12 000 4500 3.00
750 15 000 7500 2,20
1.90

1000 17 000 10 000

Purchase price

Cost per Use Hour =
Useful life

Useful life = Total expected operating life minus total testing time
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Testing of the spin-axis bearings for the lower-price gyros consists primarily of
ascertaining that the wheel will start at a required voltage and that for some mini-
mal number of running hours (48 hours or less) this starting requirement is met.
Similarly, the number of starts is limited to probably less than 20. These limi-
tations assure that the data will be insignificant for ascertaining life exceeding
1000 hours and, indeed, may preclude ascertaining as much as 1000 hours of life.
Remember, though, that this situation is dictated by price and not by negligence or
by evil intent.

As a higher price for the gyro is allowed, more significant testing of the spin-axis
bearings can be carried out. This leads to use of higher-caliber equipment. For
ball bearings, the low-speed dynamometer (1) is brought into use as is the milli-
wattmeter-dynamometer (2), preload control, longer running, and assessment of
friction and windage versus running time and preload versus running time. For
gas bearings, the milliwattmeter-dynamometer is brought into use and assessment
of run-up time versus running hours, slew tests, and multiple start tests are intro-
duced.

In precession-axis-bearing uncertainty tests, the very fact that longer total testing
time allows these to be made over a longer span of real time adds to the assurance
of reliability. This is definitely related to the fact that the gyro is in use over the
increased testing time undergoing handling, dynamic operation, numerous wheel
starts, and intentional or accidental precession through relatively large angles.
Temperature cycling should also be included.

Variations in Cost per Use Hour

It is interesting to study the Cost per Use Hour information in table 3-1 and figure
3-3 to determine the necessary price for gyros with 500- or 1000-hour expected
total operating life if the stipulation of Cost per Use Hour equal to the $1.90 per
hour of the $17 000 gyro is applied. This turns out to be a purchase price of $850
for the 500-hour gyro and $1700 for the 1000-hour gyro. I the reader is able to
purchase a gyro for $1700 or less with Reliable Performance Life of 900 hours
(1000 total less 100 test hours), with assurance of success, he is in an excellent
position. Thisisproviding, of course, that the gyro will meet his performance and
environmental specifications in the first place over that life.

Cost per Use Hour as developed in this chapter is strictly an amortization cost for
the purchase price of the gyro. It does not allow for installation or removal costs.
Obviously, shorter-life gyros incur these costs more often; and although such a
gyro may be replaced or repaired at lower cost than a more expensive gyro, the
installation and removal costs also represent real costs associated with the gyro.
Add to this the expected increased hazard of failure and mission or equipment loss
incurred with the lower-price gyro, and a new meaning of Cost Effectiveness begins
to appear.

To bring this last point out more fully, consider figure 3-4, which shows that total
equipment effectiveness and perhaps utility and safety can be depicted as being sup-
ported critically by the gyro. Should the gyro fail, the inverted pyramid may
crumble to scrap.

The Real Cost of Increased Total Testing Time

Examination of table 3-1 appears to indicate that testing alone adds considerably
to instrument cost: this is true since some types of testing can involve both ex-
pensive equipment and several technical personnel. However, more important is
the fact that the requirement for added testing (and more-indicative test results)
places a much greater responsibility for reliability and performance on the manu-
facturer.



[ECHNICAL LIBRARY

50

For a gyro required to have a total operating life, or Reliable Performance Life,

of 4500 hours, a test program of 450 hours is required assuming the 10-percent
factor. Based on the data in table 3-1, this means that the manufacturer would

be testing the $2000 gyro to extinction and the $4000 gyro to half life. Presumably
his in-house failure rates in both cases would be prohibitive and he would have to
put more gyro assemblies in the production line to meet the delivery requirements
by selectivity or else basically improve the quality of his instrument. Either way
his building costs, apart from his testing costs, would markedly increase, and he
would no longer be marketing a gyro priceable at $2000 or $4000.

The Maintenance Factor'in Cost

The approach to testing is most often dictated by the approach to cost. If the ap-
proach to cost is for low initial outlay, testing will be severely limited. Some-
times foresight will allow maintenance costs of a reasonable amount to be associated
with low initial cost. If the low initial cost yields enough reliability to keep main-
tenance costs within bounds, this is a reasonable approach. However, subsequent
discussion argues against this possibility being a reality.

Most often the low-initial-cost approach takes it for granted that the only thing sac-
rificed by this cost limitation is performance-from something better than specifi-
cations down to specification level. Reasonably long reliable life is still expected.
Do the reader's own experiences justify this? The writer is sure that over 50 per-
cent of readers cannot verify this expectation from experience.

Too often the cost factors of installation and removal of the gyro for maintenance
are overlooked. These costs may involve removing large assemblies just to get
access to the gyro. They certainly should be considered to involve an 'out-of-
service' charge for equipment-e.g., an airplane in a nonoperative state while re-
moval and installation work is going on.

Figure 3-5, although nondimensional, shows that gross maintenance costs can be
considered to increase with increasing Cost per Use Hour. This follows from
table 3-1 and figure 3-3 which indicate that lower Cost per Use Hour is effected
through longer-total-operating-life gyros. Less maintenance activity is associated
with a gyro that needs replacement less often. Table 3-1 and figure 3-3 are in turn
based on knowledge indicating that the lower Cost per Use Hour gyro is the result

of higher purchase price and more testing allowing adequate screening.

Failure - What is it?

Failure of a gyro can take the form of any one or more of several modes. Some of
these modes are catastrophic and some are relative failures. At the time of ac-
ceptance by the purchaser it is feasible to reject on the basis of either type of fai-
lure. When the gyro is required for service in an aircraft or other vehicle which
critically depends in a go/no-go manner on the gyro for mission success or safe
return to its base, it is worth carefully viewing the types of failure causing initial
delivery rejects. A significant number of catastrophic failures (examples are open
circuits, spin-bearing lockup, or precession-axis bearing failure) would perhaps
indicate a higher risk than desirable in the application.

A critical dependence could occur in control of vehicle dynamics, navigating with a
closely figured fuel load, single-pass flight plan, etc. A pathfinder assignment
could multiply the critical nature of the application.

Thus, the types of failure which occur may have significance and influence beyond
mere percentages. Furthmore, the types of failure are indicative of strong and
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weak points of design and/or of contractor capability. Absolute judgements cannot
be made within the scope of this chapter.

MTBF - Fact or Fancy ?

It is not unusual to cite the worth of a gyro (or system or bearing) on an MTBF
(Mean Time Between Failures) basis. This, however, can be misleading due to
several factors. )

During a period of expansion in application of vehicles, systems, gyros, etc., new
units are being installed in operation and the number of units in service is in-
creasing rapidly. All the gyros, though having few operating hours, are adding’

to the sum of operating hours. At this time an MTBF number may look very good
but be very misleading because no gyro really has a significant number of operating
hours.

Another factor leading to an unrealistically high MTBF is that which occurs when
systems (or vehicles, etc.) containing gyros are cycled to a depot for model
changes of the gyros or other parts, or for repair of a nongyro element. This
provides an opportunity to install new gyros without affecting the MTBF figure.

Those taking heart in a good MTBF number sh()uld investigate the conditions in-
volved and either perpetuate these conditions to insure a stable MTBF or prepare
for a later change in MTBF.

The writer contends that absolute-life figures of individual gyros would be more
useful than MTBF figures in evaluating field performance and true costs per op-
erating field-hour. After all, a design change is of itself indicative of a need for
improvement.

Maximum Effectiveness of 50- to 100-Hour Tests

As already indicated, the amount of testing to be carried out before instrument
delivery is most often dictated by allowable price. Any time that gyros or other
instruments are bought on a low-initial-cost basis, the first items to be cut to meet
the cost goal are test items.

Thinking only in short-range immediate-cost terms, this is logical. Testing may
involve (depending on the gyro-performance caliber) anywhere from $6000 to
$150 000 worth of equipment and from part-time use of a technician to full-time
use of an engineer, one or more technicians, and a data processor. Taking ave-
erage costs per man (including overhead) as $10 per hour, one hundred hours of
test involving an engineer, one technician, and a data processor will cost $3000.
Of course, these costs could be worked to one-half or one-third of this value by
judicious use of multiple test stations. In addition, certain mechanizations or
automation of the test equipment could save considerable labor cost for the most
simple tests and for many of the long-time tests. But even so, there is no denying
the fact that testing, when viewed alone and out of context, is expensive.

It is within our experience to observe that limited testing - 50 to 100 hours - unless
done with extreme care, i.e. good engineering participation, will give very low
assurance of reliability and long life. This was indicated also in discussing Cost
per Use Hour. The manufacturer himself cannot know the Reliable Performance
Life of his instrument to any certainty by only limited testing.
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Assume that a high-quality gyro is desired with a Reliable Performance Life of
1000 hours or more, and yet with funding such as to limit the amount available for
testing to a 50- or 100-hour test program. The following are some thoughts on
testing attuned to that situation.

(a) Require 90-percent acceptance on instrument test before any repeat tests
are allowed on failed gyros.

(b) Require every 4th, 6thor 8th gyro (depending on the quantity in the purchase
order) to be tested an additional 100 to 200 hours, and stipulate that 90 per-
cent of such gyros must pass this test. If 90-percent acceptance on this.
test is not achieved, perform this double testing on all gyros until reliability
is restored.

The background leading to the preceding two statements is as follows:

(a) For limited testing of 50 to 100 hours, the span of time and the amount of
. testing are insufficient to get a true spread (a so-called bell curve) of per-

formance and reliability of a good gyro. The time should be sufficient for
a poor gyro. Therefore, any spread of performance or reliability deter-
mined in this limited testing has to be more indicative of a poor gyro, which
is assumed to be undesirable. By demanding a very high acceptance rate
(90 percent or greater) during the first run-through testing of each gyro, the
manufacturer is forced to insure reliability and performance more commen-
surate with a good gyro. Repeat tests should be more stringent than initial
tests; this forces the manufacturer to make the choice between rebuild costs
and heavy test costs, which perhaps will be a waste of time if the gyro fails
again. Except for specifically defined cases, agreed upon between purchaser
and manufacturer, no more than one repeat test should be allowed. However,
at the option of the manufacturer this one repeat test could be delayed a con-
siderable time after the initial test.

(b) The requirement for additional testing to insure nonmarginal gyros is useful
in giving the purchaser a look at extended testing for reassurance of quality.
1t is also useful in giving the manufacturer a quality-control check on his
production quality. The requirement for a high acceptance level here (90
percent or greater) is again in line with desire for ultimate receipt by the
purchaser of higher-quality gyros with Reliable Performance Life exceeding
1000 hours.

For a limited testing program, emphasis must be placed on precession-axis un-
certainty and spin-axis-bearing reliability. A suggested 50-hour gyro test pro-
gram is outlined in table 3-2. A suggested 100-hour gyro test program incor-
porates the 50-hour program of table 3-2 and adds a servo test, as outlined in
table 3-3. The testing details and performance specifications associated with the
test programs are covered in the referenced documents, particularly in reference

(6).

Note that the recommended tests do not invalidate the previously stipulated extra
tests on every 4th, 6th, or 8th gyro.

Conclusions

Low-price gyros and high-price gyros are virthally indistinguishable in terms of
purpose, functional description, and significance to mission, but a higher-price
gyro should mean increased reliable performance and life.

Total gyro testing time represents a roughly definable percentage (5 to 15 percent)
of total gyro operating life. Cost per Use Hour actually decreases with increased
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gyro price. However, much of the increased gyro price goes into the manufacture
of reliability into the instrument rather than into the testing effort itself. Main-
tenance costs are higher with lower-price gyros, which have a higher Cost per
Use Hour.

Gyro (or other critical equipment) life should be defined in terms of absolute life
rather than MTBF.

A set of tests is suggested for limited gyro testing (50 to 100 hours) in order to
obtain the most effective screening. Fully effective testing of 500 to 1000 hours
can best be described and discussed in another chapter or by other authors.

The principles expressed should be applicable to other types of equipment for which
realistic testing can be indicative of an expected Reliable Performance Life.
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Table 3-2 Suggested 50-hour gyro test program

Test Hours

Circuitry check 1

Precession-axis uncertainty (3) 13

Spin-axis-bearing characteristics (1, 2, 4) 2%

(Milliwattmeter-dynamometer, rundown,

touchdown, breakaway)

For a gas-bearing gyro, 30 starts and stops

should precede the above.

Rough measurement of g sensitive terms (5) 2
5. Mechanical compensation of g sensitive terms 5
* and check of results
6. Repeat of test 2 11
7. Electrically caged gyro tests on drive table 15

(tumbling tests) (6)

Repeat of test 3 2%

. Repeat of test 2 13
10. Temperature cycling 6
11.  Shortened repeat of test 7 6
12. Repeat of test 5 (optibnal, depending on (51

data from test 11)
13. Repeat of test 2 13
14. Repeat of test 3 21
15. Physical and electrical examination and 13
preparation for shipment
Total Hours required: 50 to 55
Table 3-3 Suggested 100-hour test program
Test Hours
1-14. Same as table 3-2 for a 50-hour test program 483 to 533
15. Servo Test (6) 48
16. Repeat of test 2 13
17. Physical and electrical examination and 1}

preparation for shipment

Total Hours required:

99L to 1041
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Gyro Test Instrumentation

D. F.KEANEY and R.L. KING
Instrumentation Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA

Summary

The performance of today's precision inertial gyro places stringent requirements
on the test instrumentation used for its evaluation. In many instances, technology
has already been pushed to a boundary or accuracy limitation.

Test instrumentation at the MIT Instrumentation Laboratory has evolved over the
years from individual items of equipment to today's concept that the gyro and its
test instrumentation constitute a complete system. No single component of this
system can be thought of as an entity unto itself; its interface with other com-
ponents must be considered in detail. ‘

As gyro performance has improved over the years, interfering inputs once con-
sidered negligible have become significant. This is illustrated by tracing the evolu-
tion of gyro testing stations at MIT.

Current philosophy in the areas of environment control such as base-motion isola-
tion and temperature control, environment simulators such as vibrators and centri-
fuges, and minimization of error sources both electrical and mechanical is de-
scribed in considerable detail. Examples of existing one-g and linear vibration
high-g test stations follow to show the application of this philosophy to practice.
Certain aspects of the test station are focused upon to illustrate the trade-offs
necessary to arrive at a technically sound, economically justifiable test station.

Test stations for tomorrow's gyros may be of the conventional type using either a
single-axis or a two-axis test table on a carefully chosen and prepared site.
Alternatively, it may be necessary to utilize the inertial-guidance system itself to
satisfactorily evaluate high-performance gyros. Advantages and disadvantages
of each method are presented from both the technical and the cost viewpoints.

Orders of magnitude improvement in gyro performance have necessitated similar
orders of magnitude improvement in the test instrumentation, with costs increasing
proportionally. The test equipment designer must carefully weigh the economic
aspects of his design along with the technical aspects if he is to provide the optimum
equipment for the particular task at hand.

1. Introduction

The performance of today's precision inertial gyro places stringent requirements
on the test instrumentation used for its evaluation. This chapter describes the
test instrumentation in current use for this purpose at the Instrumentation Labora-
tory of the Massachusetts Institute of Technology (MIT).
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Test Instrumentation Philosophy

Gyro testing is performed basically to determine the degree of compliance of the
gyro's performance with a set of specifications or design goals. The actual
evaluation may range from a very limited set of tests designed to ascertain spe-
cific items of performance to a comprehensive examination of all aspects of the
gyro's performance as required for future development work. The various pur-
poses of gyro testing are covered in chapter 5; but, irrespective of the purpose,
the results obtained are compared with a previously defined mathematical error
model of the gyro. Thus, the test instrumentation utilized in the testing is the
means by which the test engineer or gyro designer is able to determine the magni-
tude of the terms in the error equation. The accuracy to which this determination
may be made is the concern of the test-instrumentation engineer.

The collection of individual pieces of instrumentation used in the testing or evalua-
tion of a gyro is referred to at MIT as a gyro test station. The term 'test station'
will be used in this context for the remainder of this paper.

Basically, a gyro test station is composed of a test platform and associated elec-
tronic equipment. The test platform may be any mechanical holding device such
as a turntable and related fixtures, or it may be an environment-simulation device
such as a centrifuge or electromechanical vibrator. The electronic equipment
associated with a test station is that equipment used to control the test platform,
to provide electrical excitation and control of the gyro under test, and to monitor
instrument performance.

With the exception of certain diagnostic information, the sum total of information
about gyro performance is contained in one electrical signal, the output-axis-pick-
off or signal-generator output signal. (Reference is made here and throughout

the chapter to the MIT single-degree-of-freedom integrating gyro—see chapter 5).
Since the gyro is a precisely balanced angular-rate-sensing device, testing is
accomplished by subjecting it to known rates about its input axis in various orienta-
tions with respect to gravity and observing the results. The input rate may be
zero, some multiple of earth's rate, or a varying quantity depending upon the parti-
cular test being conducted. Meaningful decoding or interpretation of the signal~
generator output signal can only be accomplished when adequate information about
the influence of extraneous inputs on the content of this signal is available. In

the case of vibration or centrifuge tests, other known inputs in addition to angular
rate may be applied; however, the data-collection process is the same. As may
be seen in figure 4-1, these extraneous inputs may be divided into two categories:
those that are the result of laboratory environmental conditions, and those that are
produced by the test station itself.

The instrumentation engineer must carefully evaluate each component of the test
station with respect to each of the categories of extraneous inputs. The errors and
uncertainty of each component whether self-generated or generated as a result of
extraneous environmental inputs must be weighed against the error budget for the
overall test station. This required an intelligent blending of analytical and prac-
tical effort. The analytical aspect of the effort is, of course, based on the best
possible assumptions at the time. Realizing that most of the useful theories
utilized in analytical work have been proven by practical experiments, it is then
obvious that whatever new test equipment may be devised must be subjected to
empirical testing itself to substantiate that it fulfills its function. If the equipment
is not fully tested, it may have uncertainties which will compromise the data
obtained by using it.

Test equipment should fulfil a specific need, and the need must be adequately



[ECHNICAL LIBRARY

60

defined. Once the need has been adequately defined, then the simplest, stablest,
most direct device and/or technique should be devised:

(a) to produce test results of an adequate signal-to-noise ratio,

(b) to provide sufficient operational flexibility for obtaining all or most of the
test information needed,

(c) to allow referencing to some fixed datum or at least provide the ability for
direct comparison with another similar device.

In any field of endeavor, it is best to strive for the ideal even though it is known
that in reality the ideal can never be achieved. This is equally true in the case of
test instrumentation where certain ideal characteristics can be listed despite the
fact that compromises must be made in the real-life situation to allow progress.
An ideal set of test instrumentation would exhibit the following characteristics:

(a) simplicity, (b) versatility, (c) reliability, (d) repeatability, (e) stability,

(f) low cost.

The first characteristic, simplicity, will aid in achieving the other characteristics.
This point is more important today than ever before because the temptation to com-
plicate test instrumentation and equipment with highly sophisticated sensors and
their support equipment is greater today than ever before. Sound progress is
made only with proven calibrated instrumentation. This does not in any way imply
adisregardforbetter instrumentation, only that a newdevice, like any standard instru-
mentation, should notbe relieduponuntilall of its operating characteristicsare
thoroughly understood and calibrated.

Versatility may be relatively unimportant in a large production facility, but it is
especially important in the case of a research and development organization such
as the Instrumentation Laboratory. A versatile test station permits conducting a
great many different types of tests in various testing modes. In addition, various
gyros of the same family can be tested without major equipment changes because of
adjustable excitations and varied interconnecting possibilities.

Reliability simply means that the equipment will continue to perform to its specified
level for a given period of time. This does not mean that specifying or defining
realistic reliability criteriais a simple task, since this can be a long and tedious
empirical effort.

Repeatability aids the user in developing confidence in the predictability of the in-
strumentation, which in turn may lead to successful computer programming of test
sequences. Computer direction of repetitive operations is in existence in opera-~
tional systems now; and in some production test facilities, programmed testing
has been in operation for a number of years. However, these tests have had a re-
latively wide band of acceptance criteria. The computer-controlled test station
would aid the test engineer to test and evaluate the gyro almost simultaneously.
This would permit the observation and investigation of any inconsistencies before
the parameters causing them had an opportunity to change - thus, the test engineer
would have more of an opportunity to observe and detect the cause of transient con-
ditions,

Stability relates to the level at which the equipment will operate during its life.
Highest accuracy requires a nimimum bandwidth of variation from a specified op-
erating level, or greater stability. This in turn means higher cost since more
effort must be expended on the equipment to make it capable of the specified per-
formance, and more testing must be done to certify the equipment's ability to per-
form as specified. In addition, stability means inherent low response to changes
in environment such as temperature variations, power variations, vibration, or shock.
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Cost is a relative matter, which in the case of instrumentation, as in the case of
gyros, should probably be stated in cost per use hour (see chapter 3). As gyro
testing requirements become more stringent in terms of both performance and
duration, the requirements on the test equipment obviously must keep pace. For
example, a power supply that is expected to have a reliable operating life of ten
years must itself be tested by its manufacturer for a longer period of time than a
supply with an expected reliable life of only one year. Obviously, this adds to the
initial price of the supply, but the cost per use hour of the more expensive supply
may be less.

The performance of today's and the expected performance of tomorrow's inertial
gyros are the major factors in the cost of test equipment. For example, consider
figure 4-2, which is taken from various unclassified sources. That figure shows
that published gyro performance today is of the order of 0.001 degree per hour
random drift. Test-station-induced drift should therefore be less than 10 percent
of the gyro drift or 0.0001 degree per hour random drift. Figure 4-3 is an ex-
trapolated curve of test station cost as a function of station-induced drift, which
shows that a test station introducing less than 0.0001 degree per hour would cost
of the order of $ 100,000. Meeting the best performance levels shown on figure
4-2 requires test stations stable to 0. 00001 degree per hour, or 0.036 second of
arc per hour. Such a station would cost in the vicinity of a quarter of a million
dollars. ’

Cost is determined by many other factors in addition to the level of performance
required. Some of these are: (a) the number of test stations required, (b) funding
available, (c¢) time available, (d) ingenuity, (e) inventiveness, (f) current tech-
nological advances in allied fields, (g) techniques employed. However, the major
factor remains the level of precision required.

The interdependence of all the individual parts of a test station is now so evident
that the test station and gyro are being treated as a system in itself. Knowledge
of the expected performance of the individual parts such as the gyro to be tested,
the gyro and table electronics, the test turntable and the gyro holding fixture enable
the instrumentation engineer to evaluate the total performance of the system.

When the test station is treated as a complete system and the gyro holding fixture
is attached to or is part of the test table, alignhment corrections may be made at
the gyro interface. This can compensate for limited machining capability else-
where in the turntable assembly. If sufficient data is accumulated in the perfor-
mance of a test station, it is further possible to program compensating events or
phenomena which will correct any periodic misbehavior of the test station. It is
even possible that future test stations will have a programmed monitor that will
correct the test station's environment whenever necessary. This effort is already
underway in the form of servo-controlled platforms that stabilize the axis of the test
equipment with respect to local gravity and the earth's axis. Efforts to reduce the
effects of equipment-generated errors and uncertainty are evident in simultaneous
multiple-gyro testing where one gyro, in effect, monitors the others and in gyro
testing directly in a stabilized-inertial-system configuration.

Test-instrumentation philosophy can probably best be summarized as follows.

The test equipment should be the simplest system possible that will enable the gyro
test engineer to subject the gyro to the proper desired inputs while at the same time
minimizing the effect of extraneous inputs. Thus, the test results will be obtained
in the most economic manner with a minimum of uncertainty.

Objective of this Chapter

The objective of this chapter is to describe methods and techniques of implementing
the philosophy just stated. After briefly reviewing the history of gyro test
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instrumentation at MIT, section 2 describes today's typical one-gravity (one-g) test
station and predicts the changes that will occur in tomorrow's test station. Section
3 covers modes of testing: table-tracking microsyn (or sectosyn) tests to check
out the station, and the basic gyro test modes - servo-turntable and rate-feedback,
Environmental-simulation test stations are covered in section 4. These include
angular- and linear-vibration stations and a centrifuge station. Error sources

and their minimization are covered in the next two sections, test-station generated
in section 5 and environment generated in section 6. The overall instrumentation
effort is summarized in section 7. ‘

2. One-Gravity Test Stations

Gyro testing in the one-g environment has always been the mainstay of gyro evalua-
tion efforts. Even with today's emphasis on missile guidance with its accompanying
high-g levels, the one-g test station is still the major gyro-evaluation tool.

The one-g test station is utilized in virtually all phases of gyro evaluation at MIT.
These include not only tests on complete gyros but also tests performed during
instrument design and assembly. An example of the latter category is testing per-
formed on a viscous integrator (the gyro unit without an angular-momentum gen-
erator) to evaluate the performance of the signal- andtorque-generator components.
Examples of the former category are a specialized set of acceptance tests for a
specific application or a comprehensive set of engineering evaluation tests to in-
dicate the direction of future design efforts. Diagnostic testing performed to iden-
tify specific gyro anomalies is a further example of this category. In the case of
test programs which include environmental testing at higher g levels, i.e. centrifuge
testing and/or vibration testing, the one-g test station is normally utilized to obtain
performance data from a set of control tests performed immediately before and
after the environmental exposure.

To satisfactorily complete all the functions just described, the one-g test station
must possess all of the characteristics described in the previous section. A high
degree of versatility and flexibility is required, especially in the case of a research
and development organization, so that many different tests on various models may
be conducted at one installation. High reliability is required to achieve consistency
and repeatability among tests and to permit the accomplishment of long-term (thirty
days or greater) performance runs. Efficient processing or accomplishment of
tests coupled with the minimization of human error dictates that simplicity of design
and operation be heavily considered.

Design and construction of gyro test stations is a highly specialized art as is evi-
denced by the fact that there are currently only three major manufacturers of com-
plete test-station complexes in the entire United States. These three organizations
have acquired familiarity with the problems confronting the gyro-testing organiza-
tion through the demands for tighter tolerances, lower-friction bearings, higher-
precision electronics and more reliable long-term performance.

This section describes the evolution of today's typical one-g test station at the In-
strumentation Laboratory and indicates possible future approaches to test-station
design. Although the test station and gyro are, in reality, designed as a complete
system, for ease of presentation the test-station history is broken up into its three
basic components - the test turntable, the gyro holding fixture and the electronics.
Evolution of the current state-of-the-art in each of these areas is described in the
following three subsections and is followed by a description of possible next-genera-
tion test stations. Specific modes of testing and the particular instrumentation re-
quired for these modes are covered in section 3.
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Turntables

The basic functions of the gyro test turntable are to provide an axis about which
angular velocity may be imposed or compensated for and to provide for orientation
of this axis with respect to the earth’s axis and the local gravity vector. To ac-
complish these functions the gyro test turntable must have certain basic features

as indicated in figure 4-4. There must be a mounting surface, or table top, to
which the gyro and its holding fixture can be secured. The table top must be cap-
able of rotation through 360 degrees about the table axis. Another axis, perpendi-
cular to the table axis, called the trunnion axis must be capable of rotation through
at least 180 degrees for various orientations with respect to gravity. A third axis
parallel to the local gravity vector, about which the entire turntable can be rotated,
the rotary table axis, is optional. The precision with which these axes are located
with respect to one another is a function of the accuracy of the gyro to be tested

and of course, of the capability of the fabricator. In addition to the bare essentials
indicated in the figure, the turntable must include rate and servo drives for the table
axis, a table-angle indicating device, slip rings, an incremental angle readout or
drive sensor (a table-tracking microsyn or sectosyn), associated wiring, etc.

Early MIT Tables. The earliest predecessor to the gyro test turntable as it is
known today was constructed about 1945, Typical machining tolerances on this
table, which was designated as Model A, were in the range of 0,001 to 0.0001 inch.
The table axis was supported by conventional ball bearings and was driven by a dir-
ect-drive alternating-current torque motor. Use of this motor was in advance of
the state-of-the-art, and difficulties due to eccentricities resulting from machining
limitations were experienced. A major problem was heating of the motor due to
internal power dissipation and subsequent expansion problems, which eventually
caused the table to bind. Another problem was found to be angular drift of the
trunnion axis during positioning and lockdown of about five-to-six seconds of arc.

Angular-position readout on the Model A table was accomplished by means of a
microswitch and small balls imbedded on the circumference of the table top at ten-
degree intervals, The position resolution was of the order of minutes of arc.

The next table to be developed was the Model B, two of which are shown in figure
4-5. The Model B tables were first operational about 1950 and, like the C tables
to follow, were basically a modification of the Model A.

The major difference between the Model A and Model B tables was the replacement
of the direct-drive a. c. torque motor with a precision gear train. Servo-turntable
testing, where the servo loop is closed to the gyro through rotation of the test-
table top, was accomplished by means of a small a.c. torque motor which drove
the precision gear train. During rate-feedback testing where the table is driven
at some multiple of earth’'s rate, a synchronous motor was used to drive the gear
train. Accuracy of the gear train was a few minutes of arc.

A photoreflective technique of angle readout was tried on the Model B tables for
a short period. This technique could probably be developed to a useful level in
the light of today's technology, but it proved to be unsatisfactory at the time.

The Model C table, which was put into service about 1953, featured refinements
to the gear drive of the Model B tables. The gears were fitted and lapped, but
gear-tooth errors were still evident.
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The Model D Family., Most of the test turntables currently in use in the United
States can trace their lineage back to the test tables developed at the Instrumentation
Laboratory and in particular to the Model shown in figure 4-6. The Model D,

which became operational about 1954, represented a complete upgrading in turn-
table design (4).

The Model D tables used precision tapered roller bearings to support the table axis.
The bearings were matched pairs with a total indicated runout (TIR) that did not
exceed fifty microinches. The bearings were located 93 inches center-to-center
on the shaft; this geometry permitted a maximum coning of only two seconds of
arc, a factor of three improvement over the earlier tables. The bearing inner
races were a tight fit to the table shaft, and the outer races were press-fitted into
the trunnion., In that manner, relative motion of these major contributors to coning
error was kept to a minimum. As noted, machining tolerances were held to fifty
microinches as opposed to 100 microinches on the Model B and Model C tables.

The ball-and-microswitch table-position indicator on earlier tables was replaced
on the Model D table with an electro-optical pickoff system (5). The optical
system was associated with a photocell scanning device that generated a pair of
peaking signals each time the ruled lines of a precision circular scale passed over
a light source at the index point, The pair of peaking signals were generated by

a set of splitter prisms and a shutter mechanism in the path of light to the photo-
cell. With proper electrical circuitry, the change in phase of the pair of peaking
signals tripped a relay, thereby recording (through auxiliary equipment) the instant
of time at which the peaking signal reversed phase. This elapsed-time record was
obtained for each of the ruled lines on the circular scale. (The record of time re-
quired for angular increments of table rotation is used to evaluate the gyro on test. )

Experience on the earlier tables using servo motors to drive the table through a
large-ratio gear train had shown that improved dynamic performance as well as
reduced maintenance could be achieved by eliminating the gears. As a result, the
Model D table was designed for direct d. c. torque-motor drive.

In 1959, preliminary development was started on a fluid-bearing test turntable.
The purpose of the fluid bearing was both to reduce the instantaneous changes in
friction in the tapered roller bearings and to provide a reduction in shaft coning
error. This effort culminated in the so-called Model D prototype fluid-bearing
table, which was basically a test bed to prove the noncontact liquid-seal techniques
and to indicate feasibility of such a table. Figure 4-7 is a photograph of the com-
pleted table.

Bearing friction was significantly reduced in the Model D prototype table. Friction
torque in the Model D tables was approximately 1. 25 foot-pounds; in the Model D
fluid prototype, it was 0.16 foot-pounds. This factor, of course, contributed sig-
nificantly to the reduction of friction perturbations during testing. In fact, the
Model D prototype table was so successful that all of the remaining D tables at MIT
were converted to fluid-bearing tables. This conversion, along with other updating,
resulted in the Model D fluid-conversion table; of which a cutaway view and a photo-
graph are shown in figure 4-8.

Table-shaft runout (coning) in the Model D fluid conversion tables is 0.2 second of
arc as opposed to five seconds of arc in the Model D tables. Orthogonality of the
table axes is on the order of + 1 second of arc on the D fluid conversion tables,
whereas it was + 5 seconds of arc on the D tables. Bearing radial stiffness is
virtually identical for both tables: 15 X 106 pounds per inch for the fluid bearing
versus 15.4 X 106 pounds per inch for the tapered roller bearings.
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Model E Table. Design and construction of a completely new gyro test turntable
was the next step in the evolutionary process. The design goals were:

(a) elimination of magnetic materials in the table structure

(b) tighter orthorgonality requirements on the table axis (i.e., trunnion to
table shaft, table yoke to trunnion) to the limit of manufacturing capability

(c) the stiffest table-shaft bearing consistent with lowest operating friction
(d) an advanced table-angle readout device

(e) integration of the test electronics into the table structure wherever possible

The culmination of the effort was the Model E turntable, which represents the state-
of-the-art in operational tables today. Figures 4-9 and 4-10 are cutaway views
and photographs of the Model E table.

Some of the major characteristics of the Model E gyro test turntable are tabulated
below. A more complete description follows the tabulation.

(a) The foundation is a large steel base ring which bolts in place by means of
six lag screws.

(b) A stationary base bolts to the base ring in six places and has three leveling
bolts which rest on the three load-leveling pads, 120 degrees apart from
each other, on the base ring.

(c) A rotarybase, bolted to the stationary base on each of its four corners,
permits adjustment of the turntable yoke about the vertical with an accuracy
of +3 seconds of arc.

(d) Pressure-compensated axial and radial fluid bearings are used on the turn-
table shaft. Three radial fluid bearings have a total stiffness of 25 x 106
Ib/in. Two thrust bearings have a combined stiffness of 50 x 106 Ib/in.

(e) Aglass dial is mounted beneath the table top and is scribed around the top
of its circumferential edge with graduations that are one degree apart and
shorter graduations that are six minutes of arc apart. The scribed gradua-
tions are accurate with 2 seconds of arc. The glass dial is mounted so that
the graduations are concentric with the axis of rotation of the turntable shaft
within three seconds of arc.

(f) Anoptical readout system, a dual photoelectric scale reader, is used to
define the rate of rotation of the turntable by relating the angular position
of the table top to recorded time. The accuracy of this system is not
limited by the accuracy of the glass dial but only by its own stability.

(g) A magnetic table-tracking device, a sectosyn, is used to track the angular
position of the turntable top with respect to a sidereal reference with an
accuracy of +2 seconds of arc.

(h) Pressure-compensated air bearings are used on both ends of the trunnion
axis,

(i) Anoptical readout system accurate to within 1 second of arc is used to
determine the trunnion tilt angle with respect to the vertical. This system
eliminates eccentric errors by simultaneously indicating opposite sides of
a graduated six-inch dial. Movement of a deviating prism moves the lines
of right- and left-hand scales into coincidence and a micrometer scale indi-
cates the true gimbal angle.
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(i) Anoptical readout system, a filar reading system, is used to project a
magnified image of a one-degree segment of the glass dial on a screen and
permits adjustment of a calibrated indicator to determine the angular posi-
tion of the table top within +5 seconds of arc.

(k) Two slip-ring assemblies provide eighty-four rings and brushes to permit
the transfer of energy between the stationary and rotating components of
the test table. The slip-ring assemblies have a friction torque of 1. 97 oz-in.

The basic structural material of the Model E turntable is type 356 aluminum be-
cause it is nonmagnetic, easily cast, easily machined, of proven stability, and
compatible with the casting technique used to contain the various fluid lines within
the table structure. The need for 360-degree rotation about all table axes sug-
gested that fluid transfer be accomplished at a minimum radius from each axis to
keep coupling friction torques as low as possible.

The various stainless-steel-tubing fluid conductors were assembled and silver
soldered prior to placement in the mold. Type 304 stainless steel was used for

the fluid conductors to meet the nonmagnetic-material requirements and to approxi-
mate the 356 aluminum's coefficient of expansion sufficiently to reduce separation

of the casting from the stainless steel. One problem that did occur was distortion
of the yoke arms, which upon further calculation was found to be caused by the
stainless-steel conductors in the arms. The problem was corrected by the applica-
tion of strain and heat to the yoke in a compensating direction with a final stress-
relief program. Appropriate stress-relieving programs were performed at points
of gross material removal in an attempt to reduce residual strain to a minimum.

The table-axis bearings in the Model E table are pressure-compensated fluid
bearings. The fluid used is a grade of aviation instrument oil. The fluid flow
was designed small to keep the support equipment (pumps, reservoirs, etc.) of a
reasonable size for the operating pressures used. The bearing operates on a
pressure of 200 Ib/in. Flow restrictors are jeweled orifices. The bearing sur-
faces are hard coated (aluminum oxide), ground and lapped. As already noted,
radial bearing stiffness is 25 X 106 1b/in and thrust bearing stiffness is 50 x 106
Ib/in. The bearing total indicated runout is less than 10 microinches.

The table-tracking worm wheel is a fifteen-inch-diameter aluminum gear, hard
coated for abrasion resistance, with 1440 teeth machined and lapped to the mating
worm gear. The worm gear, spring loaded to compensate for worm-wheel irre-
gularities, has provisions to be driven by any of a series of geared speeds of a
synchronized motor.

The tracking gear is supported by air flowing through jeweled-orifice flow restric-
tors. Operating pressure is 30 Ib/in2 and air flow is approximately 0. 34 standard
cubic feet per minute. The radial and thrust gaps are less than 0. 0002 inch.

All bearing surfaces arehard coated, ground and lapped. The tracking gear is
equipped with an E-type transformer array which enables the test engineer to track
table position as a function of null-signal variation. This process is similar to the
table-tracking microsyn on the Model D tables except that the null sensitivity has
been increased ten times by an appropriate increase in radius from the axis of rota-
tion to the transformer pole faces. Thegear mayalsobeusedtodrive theturntable
when its air support bearing is deactivated on one side, thereby locking the gear

to the table shaft.

Design of the dual-head optical pickoff was initiated as part of the Model E table
design along with its accompanying servo table optical pickoff electronics. The
basic principle of the design is the observation and recording of successive single
scribe marks on a precision glass dial as the scribe marks traverse two indices
separated by a calibrated distance.
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The tilt axis of the table is supported for rotation with 180-degree air bearing,
pressure compensated with jeweled-orifice restrictors. The bearing areas are
hard coated, groundand lapped. The bearings are activated by a switch-and-
solenoid-valve pair arrangement with an electrical interlock to prevent the tilt-
drive motor from operating if the air should fail or not be switched on. The tilt
drive is variable speed with a manual option for fine positioning. . An air-actuated
brake band holds the tilt position when the bearings are deactivated.

The rotary table supplies the test engineer with another degree of freedom about

the vertical axis. This enables the table axis to be positioned to any azimuth within
the accuracy of the optical readout of the rotary base, which is defined by the
supplier as within three seconds of arc.

The gyro-test-fixture interface surface on the test-turntable top is square to the
table axis with 4, 85 x 10-6 radians. An optical check was made of the squareness
and orthogonality after two years and no appreciable change was found.

Gyro Holding Fixtures

The gyroholding fixture is the interface device that matesthe gyroontesttothe test
turntable. The fixture maybeas simpleadeviceasapair of anglebracketsoras
complex as a completely enclosed pressure- and temperature-controlled stand that can
be accurately rotated about two orthogonal axes. As withany piece of test equipment,
the requirements of the particular task dictate the ultimate design.

Standard machine or tool parts would be perhaps the simplest, least-expensive gyro
holding fixture. For example, angle brackets used singularly or compounded can
provide multiple-orientation testing with respect to a fixed surface by merely re-
positioning the bracket, or brackets. Two simple brackets with a precision spindle
between them can provide even more flexibility. In general, however, flexibility
and simplicity work against one another in test-fixture design. The currently used
two-axis test fixture is an attempt to provide almost unlimited flexibility to the test
engineer while simultaneously providing the technician with as simple a device as
possible commensurate with the ultimate in technical precision.

Early Types. Figure 4-11 is a photograph of a gyro test fixture used at MIT in the
1945-1950 era. It was developed to provide the least-complicated device that per-
mitted orientation of the gyro on test about each of its three axes with some degree
of precision. The fixture material was brass, which had sufficient mechanical
strength and stability and was easily machinable. Machining tolerances were of the
order of 0.001 inch.

Positioning the gyro output axis (the longitudinal axis of the cylindrical gyro shown
in the photograph) about the gyro input or spin axis (IA or SA, perpendicular to
each other and to the output axis, OA) could be very tedious since the torque applied
to the fastening screws on the trunnion axis caused a torque moment about the
trunnion axis. Depending on the accuracy required, this torque moment could
excessively prolong alignment time. Thus, the major inadequacy of this fixture
was the limited alignment accuracy that could be obtained in a reasonable time.

This illustrates one extremely important point in test-instrumentation design -
namely that an artisan can achieve the ultimate in accuracy with fairly crude equip-
ment and that a trade-off generally must be made between built-in accuracy and cost.

Figure 4-12 shows the first of the so-called two-axis test stands. This particular
version was in use from 1953 to 1960, and incorporated the modifications that were
found necessary to increase testing accuracy, repeatability and rapidity. The
braced trunnion support of the older fixture was replaced with a symmetrical stiff
aluminum casting of type 356 aluminum stress-relieved for long-term stability.
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The bearings caps, which clamp the trunnion shaft to the carriage, were enlarged
in proportion to the overall fixture and a through-boring operation was performed
on the carriage to place the trunnion bore parallel with the fixture base within

0. 0005 inch in 10 inches, or 10 seconds of arc. A two-stage gear box was added
to facilitate positioning the gyro about its input or spin axis and additionally to
provide sufficient torque capability to hold and position the gimbal accurately as
the clamping screws were torqued down on the bearing caps. Technicians still
found difficulty, however, aligning the gyro in this fixture. The difficulties were
attributed to the clamping screws which would apply a torquing moment to the
trunnion shaft as the technican attempted to simultaneously force the trunnion gimbal
into position and fasten it firmly in place with the clamping screws. This problem
was not finally resolved until the next generation of fixture,

The wide gimbal frame of the two-axis stand had a twofold purpose. One was to
provide a larger area for more accurate alignment of the sleeve in the gimbal frame
to provide orthogonalities of approximately 50 seconds of arc. The other was to
provide support for the larger sleeves necessitated by the fact that the gyros to be
tested were mounted by their end bosses, which required a mating mounting plate

at the gyro's extremes.

Up to this time, fixture modifications were basically to stiffen and ruggedize the
structure. These were not done because of enviromental conditions but rather to
increase the repeatability characteristics of the fixture from one gyro to another.

Two-Axis Universal Fixture. Figure 4-13 shows the fixture used at the Instrumen-
tation Laboratory for gyro testing since 1963(6). As the figure shows, the carriage
was only slightly modified; but the size of the carriage, and of the overall fixture,
was predicated on the expected size of the gyros for the next ten years and the size
of the turntable mounting surface. The bearing caps were modified to provide a
constant spring force applied to a friction disc. This in turn applied a force to the
trunnion shaft sufficient to hold the trunnion gimbal at any attitude with respect to
the fixture base with any gyro that would fit the fixture without assistance from a
holding device.  This modification permitted the combining of two operations into
one, which is usually a good justification for making a change.

A positioning device was added to the trunnion axis which facilitated positioning the
gyro about its input or spin axis to discrete 45-degree intervals. These intervals
are accurate to 2 seconds of arc and are repeatable to 12 seconds of arc.

The sleeve and trunnion gimbals were redesigned to provide a friction holding force
between them. In addition, a micropositioning block-and-screw device was added
to permit accurate positioning of the gyro input axis about the output axis.

The gyro cradle was designed to provide a common mode of mounting for any style
gyro. Its basic concept utilizes three strong mounting flanges which mate with
three precision inserts affixed to, and final machined on, the trunnion gimbal.

Domes were included in the redesign of the sleeve to provide an integral pressure,
vacuum, and temperature-control facility. Thus, the gyro on test is isolated from
possible changes in the laboratory ambient.

At about the time the current two-axis fixture was developed, the gyro-test-station
complex was just beginning to take on the aspects of a complete system in itself.

As a result, one two-axis fixture was assigned to each gyro test turntable and was
aligned specifically to that table. The procedure was performed using level vials
accurate to two seconds of arc to transfer the reference axis from the test turntable
to the fixture mounting surface. This technique circumvents to some extent the
buildup of tolerances.
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Fig. 4-15 Model D test station circa 1954
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Electronics

The electronics portion of gyro test instrumentation has gone through much the
same evolutionary process as the test turntable and gyro holding fixture. As will
be shown, a sharp contrast exists between early attempts at electronic test-station
instrumentation and what exists today.

The basic functions of the test-station electronics, i.e. excitation, control and
monitoring, were required in the early stations and are still required in the
present-day stations, These include electrical excitation of the gyro wheel;
signal-generator, torque-generator and suspension circuitry; positional control
of the gyro float and unit orientation, in other words, the rate-feedback and servo-
turntable loops (see section 3); and data acquisition and monitoring of the signal-
generator output and other gyro parameters. Although the electronics performs
the same basic functions, the scope, degree of sophistication and means of im-
plementation have changed drastically.

History. Figure 4-14 depicts a gyro test station about 1950. The various items
of electronics equipment are general-purpose readily available devices; little
specifically designed equipment was required. Accuracy was of the order of 10
percent. The test engineer is manually clocking the table rate during a servo-
turntable run by observing a graduated scale on the table and using a stop watch.

Inertial-navigation systems at this time were used primarily for aircraft navigation
over relatively short periods of time (a few hours) and were calibrated prior to
each flight. Thus no long-term gyro performance tests were required, and long-
term equipment reliability and stability were unimportant. Even short-term
equipment errors were relatively insignificant with respect to the level of gyro
performance at the time.

As gyro design progressed and more refined instruments for the navigational ap- -
plication emerged, the need for more accurate performance data and the depen-
dence of the performance data on the test equipment became clearly evident.

The development of the gyro mathematical model and progress in instrument design
proceeded hand in hand. Model terms were postulated and then experimentally
evaluated. There were times when the ability of the test equipment to truly mea-
sure gyro performance uncovered and made possible the rectification of design
defects. There were other times when gyro performance exceeded the ability of
the test equipment. As the model developed, more and more emphasis was placed
on the accuracy and quality of the test equipment.

Figure 4-15 depicts the electronic test equipment in use with one of the early Model
D turntables about 1954. That figure illustrates one of the first attempts to pro-
vide specific permanent electronic test instrumentation. The console on the left
was a wheel-power distribution source housing three-phase wheel-supply control
panels for several test stations. The power source for the gyro-wheel excitation
was a remotely located rotating motor-generator set. The right-hand console
contained the gyro microsyn excitation sources, i.e. oscillator and amplifiers,
rudimentary monitoring equipment and the table servo-loop electronics. The
accuracy and short-term stability of this equipment was a few percent.

The steady decrease in the rate-detection threshold of the gyro unit and increasing
emphasis on long-term testing made the consideration of errors in the performance
data produced by the electronic test equipment mandatory. Accurate determination
of gyro performance now involved more subtle effects such as microsyn reaction
torques, wheel-power sensitivity and disturbances caused by small temperature
variations. The effects of time, temperature excursions, line-voltage fluctuations
and electrical loading conditions all had assumed increased importance. In order
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Fig. 4-17 Gyro test station-circa 1965
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that extraneous effects could be removed from the data of a completed test, it
became common practice to continuously monitor variables other than those directly
related to instrument performance, i.e. torque-to-balance in the rate-feedback
mode or table rate in the servo-turntable mode. Among these additional para-
meters were such things as ambient temperature, microsyn-excitation voltages,
gyro-wheel-excitation voltage and a. ¢. line voltage.

The test station depicted in figure 4-16 can be considered the forerunner of present-
day gyro test stations. Major improvements in the electronic test equipment
included a more precise self-contained wheel-excitation source and fork-controlled
oscillator for microsyn excitation. These sources had accuracy and long-term
stability (one or two days) of better than one percent. The station was equipped
with an improved servo amplifier utilizing a motor-generator set to drive the table
d. c. torque motor in the servo mode, and an automatic electro-optical system was
installed for determining table rate. The gyro, shown mounted on the turntable,
utilized a magnetic-suspension technique for controlling translational movement

of the gyro float, and the electronics console provided means by which this sus-
pension circuitry could be adjusted and monitored. Mobile strip-chart recorders
were moved to within close proximity of the station to provide the necessary re-
cording capability.

Current Practice. Experience with early generations of test stations coupled with
steadily improving gyro performance characteristics dictated the philosophy of
rigidly controlling all inputs (electrical and otherwise) to the gyro undergoing tests.
To accomplish this objective, which would result in the determination of true gyro
performance free of equipment-induced errors, a number of factors had to be
evaluated. Among these were:

(a) The ability of the equipment to perform the test. This required definition
of the anticipated level of performance of the gyros to be tested and a cor-
responding equipment-error level to be decided upon. In other words, an
error budget had to be established.

(b) The performance level of each individual component of the electronics
system. The errors of each component had to be determined and their
relationship and effect on the other components evaluated.

(c) Monitoring capability. Provisions had to be made for monitoring many
test variables to assure adherence to the specified equipment operational
levels.

(d) Flexibility and cost. These factors had to be considered together since
the high cost of gyro test.equipment generally dictated that it be used for
as many tests as possible and for as long a time as possible to reduce the
cost per use hour,

(e) Reliability. Longer-term tests were required as gyro operational time
between calibrations was extended from hours to months. Interrupted tests
and repeated tests as a result of equipment break-downs not only would
delay gyro programs but also would be more costly.

(f) Consistency between stations. This factor was necessary if data taken on
different test stations was to be compared. In addition, it eased the pro-
blem of operator training.

(g) Thorough test-station evaluation and check-out capability greference (7) gives
a complete test-station check-out procedure). Test stations were by now
sufficiently complex to warrant meticulous examination of all operating
functions before being declared acceptable for gyro testing. Although this
increased the initial cost,. it decreased cost per use hour of the test station
by increasing test-station reliable operating life.
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One of the first test stations exemplifying the above characteristics is shown in
figure 4-17. Two of the more obvious changes in this test station from the elec-
tronics point of view are the increased monitoring capability, illustrated by the
eight-channel recorder in the left-hand rack, and the electronics mounted on the
top of the gyro test table. The table-top electronics were necessary to locate
particularly sensitive circuitry in as close proximity to the gyro as possible.
Included in the table-top unit is the magnetic-suspension circuitry, which must
be close to the gyro to eliminate the effects of lead capacitance. In addition, the
signal-generator-output and temperature-controller preamplifiers are located in
the table-top unit to eliminate the need of passing low-level signals through slip
rings and long cables. This alleviated noise and interference problems.

One means of eliminating connector and slip-ring resistance problems at high-
current levels would be to mount all of the various precision a. c. power supplies
required for gyro excitation on the test-turntable top. However, size and weight
considerations rule out that approach. This problem has been solved by the use

of remote-sensing low-current leads at the gyro connector to result in highly stable
excitations at the gyro - rather than at the power-supply output.

Figure 4-18 is a photograph of a present-day test station. The most obvious dif-
ferences between this test station and its predecessors are its digital as well as
analog data-recording capability and increased analog monitoring capability. A
not-so-obvious difference is the fact that the main electronics console itself is air
conditioned with the inside temperature maintained at 75 +5°F with a stability of
+0.5° F over a seven-day period. Commercial equipment using solid-state cir-
cuitry was selected to improve performance and reliability and to reduce weight,
size, and heat generation. - In-house-designed equipment includes extensive use
of transistors for the same reasons.

Figure 4-19 illustrates the arrangement of the electronics equipment in the test
station. Weight of equipment and ease of meter, oscilloscope and recorder
readings were prime considerations in the arrangement. Units containing test
points and controls are located conveniently for operating personnel. The table-
mounted electronics are divided into two groups: those mounted on the rotating
table top and those mounted on nonrotating parts of the table.

Not all of the electronics are used simultaneously since these include components
used during test-station-check-out runs, rate-feedback tests, earth-reference
servo-turntable tests, and inertial-reference servo-turntable tests. The various
modes of testing are described in section 3.

The following paragraphs give brief descriptions and some of the more pertinent
parameters of the various items of electronics.

Main Console - Rack 1

The 400-Hz Power Supply is a flexible a. c. power supply used as the excitation source
for the temperature controller. It can be externally driven by a 20-volt rms signal
and furnishes 400-Hz single-phase power. It features separate plug-in external-
signal drive units and plug-in oscillators, which are available in both fixed and
variable frequencies from 45 to 5000 Hz.

The Magnetic Amplifier Temperature Controller maintains the temperature within
the two-axis test stand to a preset narrow range. Temperature stability is
40.1°F/24 hours at 125°F.
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The Temperature Controller and Monitor Unit (with two identical table-mounted
dual preamplifier units) controls the gyro temperature to a narrow preset range

at the gyro flotation temperature. Stability is better than 0.01° F per day at 125°F.
The preamplifier units on the test table contain the control and monitor bridges in
addition to associated preamplifiers. The temperature control and monitor unit

in the console contains the power supply and power amplifiers for the gyro heaters
and the power supply required for the temperature-controller dual preamplifier
unit.

For both channels, the error signal from the control bridge and the error signal
from the monitor bridge are received in the temperature control and monitor unit.
The control-bridge error signal is fed to the temperature-controller power amplifer
and thence to the gyro heater. The monitor-bridge error signal is routed to the
station recording system.

Meters are provided to monitor the heater voltage and current as well as the outputs
of the twod. c.- power supplies +40 volts and +100 volts, respectively.

The Power Distribution Unit distributes power to the various console and table units.
It also contains safety circuits and the central grounding point for the test station.

The D.C. Power Supplies (+28 voltsand -28 volts) are commercial units modified by
replacing the control potentiometer with a fixed resistor to provide fixed voltage
outputs. The essential regulating circuitry employed is a closed-loop d. c. servo
system providing voltage regulation of 0.01 percent. The following units are
supplied power by these supplies:

(a) reference amplifier

(b) master oscillator

(c) signal-generator-preamplifier module

(d) buffer-amplifier (auxiliary magnetic-suspension unit and torque-generator

voltage-supply phase adjust)
(e) rate-feedback-loop amplifier

The Microsyn Voltage Supplies are two a. ¢. sine~-wave power supplies, one for signal-
generator and one for torque-generator excitation. These units are completely
transistorized, have an output voltage range from 1 to 121 volts rms continuously
adjustable, and will provide 20 voltamperes or 1} amperes. Stability is 50 ppm

for a period of one week after suitable warm-up. Voltage regulation is by means

of the remote-sensing technique previously described to eliminate the effects of

slip rings and line drops..

Main Console - Rack 2

The STOPE (Servo Table Optical Pickoff Electronics) Marker Unit is used when
the gyro is operated in the rate-feedback mode. While the table is being driven at
ten times earth's rate or some multiple, the marker unit produces a signal at every
ten degrees, usually 0° 10° 20° etc. of table rotation. This signal is used to
operate marking pens on the strip-chart recorders.

The STOPE Control Unit consists of two 28-volt power supplies and associated
circuitry for controlling the power to the table-mounted STOPE. Other components
included in the unit are a meter for monitoring + 28-volt power supplies and an
adapter for coupling the signal to the elapsed-time recorder. A variable 60-Hz
voltage source is used to provide the light source. The 115-volt 60-Hz shutter-
motor supply is also controlled by this unit.
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The Oscilloscope in Rack 2 is intended for the general-purpose display of selected
console signals. Identical X and Y amplifiers are provided thereby permitting
phase measurements.

The Phase-Angle Voltmeter is a multifunctional instrument designed for precise
measurements of complex a.c. signals at any of the three fixed frequencies. It is
intended to measure magnitude and phase angle of a signal; however, it can func-
tion as a vacuum-tube voltmeter, phase-angle meter, in-phase and quadrature
signal meter, phase-sensitive null detector, impedance meter, and power-factor
meter. This unit is included in the console for monitoring the signal-generator
output signal, checking the phase relationship between signal and reference of the
gyro-float radial and axial signals, adjusting input versus reference of the servo
amplifier, and checking phase relationship of wheel-supply phases A and B and the
wheel current versus voltage. It is also used for any troubleshooting problems
that may arise.

The Ducosyn and Sectosyn Control Unit controls the excitation for the gyro mic-
rosyns and for the table-mounted sectosyn. It includes provision for open-loop
torquing of the gyro as well as for routing appropriate signals for the servo and
rate-feedback loops. The output of the signal-generator voltage supply is routed
through this unit and fed to the gyro signal-generator primary and magnetic-
suspension windings. The output of the torque-generator voltage supply is phase
adjusted in this unit and fed to the gyro torque-generator primary. The unit also
has provision for controlling the sectosyn excitation voltage and for routing of the
sectosyn output signal.

The Reference Amplifier Unit consists of eight individual amplifiers of identical
design. Separate control is thereby provided for any a.c. reference signals such
as signal-generator excitation, torque-generator excitation, or gyro float radial
and axial signals. The signals can be phase shifted through 360 degrees and are
used as references for oscilloscopes, phase-sensitive demodulators, and other
signal-monitoring devices.

The Servo Amplifier accepts an a. ¢, error signal from either the gyro or an angle-
to-voltage transducer and supplies d.c. power to the torque motor of the table to
control table position. The low-level circuitry of the unit is constructed on five
plug-in, printed-circuit cards. These include an a.c. amplifier/demodulator, a
d.c. amplifier, an a.c. feedback amplifier, a phase-shift amplifier, and an over-
current protection circuit. The demodulator receives its reference voltage from
the signal-generator voltage supply.

To prevent table runaway, rate-trip circuitry disconnects the torque motor when
the table rate exceeds a preset level. The trip level can be adjusted from 0. 1rad/
sec to a point where the rate trip becomes inoperative.

The Rate-Feedback-Loop Amplifier may be any one of three circuits -a d.c. tumbling
loop, an a.c. tumbling loop and product resolver, or a pulse-torquing loop. Basically
allthree providea current (d.c., a.c., or pulses) to the gyro torque generator to cancel
the gyro float unbalance during a rate-feedback, or tumbling, test. The input to

the loop is the gyro signal-generator output signal, which is coupled through the
table-top-electronics preamplifier. A high-current, low-sensitivity tunibling loop

is required for a gyro with high unbalances whereas a low-current, high-sensitivity
tumbling loop is used with a low-unbalance gyro. '

The recording of current to the gyro torque generator can be calibrated in torque
units and thus is a record of the torque to balance the gyro. With thed. c. tumbling
loop, the current can be recorded directly on a strip-chart recorder. With a.c.
tumbling loop, the torque-generator primary and secondary excitation currents are
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fed to the X and Y coils of a product resolver, the output of which is a d.¢. current
that can be recorded on a strip-chart recorder. With the pulse-torquing loop, a
pulse count can be fed directly into the digital data channels,

Main Console - Rack 3

The Power Control and Monitor Unit controls and monitors the 115-volt, 60-Hz line
power to the console. A voltmeter and ammeter monitor the voltage and current
supplied to the line-voltage regulator, and a main power switch to this unit controls
the power to the line-voltage regulator. (Each component in the console also has
individual on-off switches).

The Dual-Trace Oscilloscope provides dual-trace capabilities by utilizing twin
vertical amplifiers for simultaneous comparison of signals suchas signal-generator-
end and torque-generator-end radial and axial signals, and STOPE and STOPE
marker wave shapes.

The Digital Voltmeter is a five-digit transistorized multimeter capable of measuring
d.c. volts, d.c. ratios, a,c. volts and resistance. Decimal-point placement and
d. c. signal polarity are determined automatically and are displayed along with the
digital value of the input signal on a three-position tilting readout.

The Master Oscillator Unit generates all frequencies required by the test station
except the sidereal-time frequency. Its primaryuses are microsyn-voltage-supply
excitation, suspension-voltage-supply excitation, and wheel-supply excitation.

All frequencies are provided time locked or in phase synchronism with each other.
Frequency stability is § parts in 107 per month.

The Power-Factor Correction Unit is designed to correct the lagging phase angle
caused by the inductive gyro load. Decade capacitors connected in parallel with
each phase of the power supply are arranged so that panel adjustments can correct
the lagging power factor.

The Wheel Supply provides the excitation for the gyro wheel. Theunitiscompletely
transistorized, has an output voltage range from 1 to 121 volts rms continuously
adjustable, and will provide 20 voltamperes or 1} amperes. Stability is 50 ppm
for one week after suitable warm-up. Voltage regulation is by means of the remote-
sensing technique previously described toeliminate the effects of slip rings and line
drops.

Main Console - Rack 4

This rack, which has no controls on the front panel, houses voltage regulators and
encloses one of the building columns in the test laboratory, where clear floor space
is greatly limited.

Main Console - Racks 5, 6, 7

The remaining three racks of the main console each contain an eight-channel strip-
chart recorder, thus giving a total analog recording capability of 24 channels. The
eight-channel recorders are direct-writing devices capable of accepting either

a.c. or d.c. signals., Signals to be recorded are processed by input circuitry
called signal conditioners. In the case of d.c. signal, the signal conditioner is a
d.c. amplifier. In the case of an a.c. signal, it is either a rectifier or a phase-
sensitive demodulator depending on the nature of the a. c. signal to be monitored.
The signal conditioners impart the necessary gain or attenuation to the signal so
that the necessary recording sensitivity may be obtained on the chart. The re-
corder includes a precision highly stable (20 ppm) d.c. zero-suppression source.
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The output of this source is used to buck out or cancel the major unchanging portion
of the input signal, thereby allowing significant scale expansion and monitoring of
the residual or varying portion of the signal. These recorders are capable of
monitoring incremental changes in the test variables to a resolution of 0. 01 percent
over periods as long as a week. Parameters recorded are the gyro signal-genera-
tor excitation and output signal, torque-generator excitations, float radial and axial
signals, wheel-excitation voltage and current, gyro temperature, ambient tempera-
ture, console temperature, power-supply outputs, etc.

Table-Mounted Electronics

The test-turntable-mounted electronics comprise basically two major items: the
table-top unit which rotates as the table rotates and the servo-table-optical-pickoff
electronics (STOPE) unit, which is mounted on the nonrotating part of the table.

The Table-Top Electronics Unit, which is shown close-up in figure 4-20, comprises
those items that must be mounted as close to the gyro as possible. These include:

(a) Signal-generator preamplifier. This module also contains reaction-torque
and elastic-restraint-compensation circuitry.

(b) Magnetic-suspension modules. These four modules contain the gyro
magnetic-suspension external circuitry and gyro float radial and axial
position-monitoring circuitry.

(c) Temperature-controller dual preamplifiers. These two modules each
contain a dual preamplifier for zone temperature control of the gyro.

(d) Wheel-control module, which contains wheel-rundown- and excitation-
monitoring circuitry.

The STOPE Unit and optics are mounted on the nonrotating part of the table.

The position of the table is optically determined by photocell-optical methods.

At preselected positionsan accurately coordinated pulse is electronically generated
for actuation of timers or other devices. The STOPE accepts the photocell-cir-
cuitry output, which is a 120-Hz suppressed-carrier signal. This signal is then
amplified and demodulated. The null of the demodulated signalactuates a Schmitt
trigger which provides a negative impulse of approximately 1-microsecond duration.
This 1-microsecond impulse can be used totrigger anelectronic timer or a -28-volt
pulse which in turn actuates a relay controlling an elapsed-time recorder. The
STOPE also contains a duplexer circuit which, if a duplex optical system is used,
switches the input alternately from one photocell to the other. Theduplexer circuit
simultaneously switches the output to the proper channel.

Digital Data Channel - Rate-Feedback Tests

Conventional analog-data acquisition and reduction techniques required that the
torque to balance thegyrofloat be continuously monitored and recorded on a strip-
chart recorder during a rate-feedback test. The magnitude of this quantity was
manually transcribed from the chart as a function of turntable angle, and the data
were then subjected to Fourier analysis and other data-reduction routines. One
major drawback to that procedure was lack of resolution due to a relatively wide
bandwidth of noise present in the data and corresponding difficulty in interpreting
the trace on the paper chart. Eyeball averaging was a common tool in data pro-
cessing.

The advantages of digital-data acquisition and reduction, i. e. consistent automatic
interpretation of data coupled with rapid mathematical manipulation by computer,
are solutions to the limitations of the analog loop previously described.
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For digital-data processing to be used with the analog loop, the performance data
must be converted to digital form. The d.c. output voltage from the product re-
solver or from the d. c.tumbling loop is applied to the input of a voltage-to-frequency
converter, which functions as an analog-to-digital converter. The frequency of

the sinusoidal output of this converter (0 to 150 kHz) varies directly with the magni-
tude of the d. c. input voltage. Hence variationsin frequency aredirectly related to
torque variations. As the input voltage is bipolar (+or - for CW or CCW torque),
the converter contains a built-in offset voltage that causes the output frequency to
be 50 kHz with no input present. Negative voltage inputs cause output frequencies
below 50 kHz; positive inputs cause frequencies above 50 kHz. The computer
program is structured to accept inputs corresponding to 50 kHz as zero torque.

The pulse train is received by a preset counter and timer unit. As the name
implies, the unit has two functions. The preset counter may be set toany desired
integer value (N) and will generate a start pulse on receipt of the first pulse in
the train and a stop pulse on receipt of the Nth pulse. These pulses are used to
control the timer circuitry. The timer measures the elapsed time between start
and stop pulses by counting the frequency of a precisioninternal1-MHz oscillator
and displays this time in microseconds. Since the number of pulses (N) and the
time required to accumulate them are the required information for computing
torque, all necessary data has been obtained. The counter and timer operate in

a continuous mode in the sense that they are designed to measure consecutive time
intervals of N pulses with no loss of information. In addition to visual display,
the elapsed time is coded in binary coded digit (BCD) form, fed to a printer and
tape, and appears as hard copy on printed tape. The intercoupler receives the
parallel-form BCD output of the counter-timer and converts it to serial informa-
tion for punching on tape. A data-channel control panel is provided to allow indi-
vidual control of the various units and to contain circuitry for manually entering
identification data on the punched tape.

This readout is also used as the acquisition equipment with the pulsed torque loop.
In this case, the information is already in digital form and the analog-to-digital
conversion is not required. The pulse train is fed directly to the counter-timer,
and the operation is then the same as for the analog loop.

Digital Data Channel - Servo-Turntable Tests

The gyro-drift-data monitor is a precision electronic timer utilized as a means of
measuring and recording turntable rate during servo-turntable tests. This rate
may then be compared with earth's rate and the gyro drift rate determined. The
gyro-drift-data monitor accepts electrical pulses generated by the photoelectric
scale readers mounted on the test turntables. Two such readers are in use and

are mounted nearly 180 degrees apart on the periphery of the glass scale. Each
reader generates a pulse every one degree of table rotation, and the drift-data
monitor computes the elapsed time between successive pulses by counting the fre-
quency of a precision crystal-controlled oscillator. The stability of this oscillator
is 1 ppm per 100 days. With both scale readers in operation, the drift-data monitor
measures the elapsed time between pulses from each scale reader and computes
the mathematical average. This averaging technique corrects for the errors intro-
duced intothe data by eccentricities inthe glassdial. The output information from the
monitor consists of two variables of quantities. The first is the time interval or
table-rate information, and the secondis the total accumulated turntable angle.
This output is presented in three ways: (a) as a visual digital display on the in-
strument front panel, (b) as copy on an electric typewriter, (c) coded and punched
on paper tape. In addition, the typewriter may be used to enter test identification
on the punched tape if desired.
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Fig. 4-20 Close-up of table-top electronics unit
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Future Test Stations

Future test stations may be of diverse types ranging from more simple test stands
than today's to complete inertial-navigation systems at the two extremes with a
next generation of the current test station somewhere in between. Each divergent
approach has advantages and disadvantages that must be weighed against the part-
icular factors pertinent to the design at the time.

Added precision can be achieved if flexibility is sacrificed. This would mean
simple test stands each at a fixed orientation parallel or perpendicular to the earth's
axis, vertical, or horizontal. Each stand could have a singular high-precision
fluid bearing or merely provide a mounting surface for a high-precision test fixture.
Devices capable of sensing local vertical could be affixed directly to each stand in
order to monitor and maintain orientation of the gyro mounting surface.

Another approach to a gyro test station is to test the gyro in an inertial-system
configuration. This has the advantage of testing the gyro with the hardware with
which it is to be used, but it has the disadvantage of decreased flexibility plus the
increased cost of tying up expensive system hardware to test components.

Future steps in the design of a next-generation test station at the Instrumentation
Laboratory where flexibility is one of the prime considerations-will involve con-
tinuing improvement in many of the areas previously described. Emphasis will
continue to be given to the development of electronic equipment with enhanced pre-
cision, flexibility, and long-term stability and reliability. Test-fixture and turn-
table design will focus on the use of new materials and new methods of achieving
even tighter mechanical tolerances. The goal of this effort is a one-g test station
having the basic functional characteristics of present-day test stations but pos-
sessing increased versatility coupled with the ability to further insulate the gyro
from extraneous perturbations generated either by the test station itself or by its
environment. Base-motion isolation, azimuth determination with continuous as-
tronomical reference, and instrument-temperature-control capability are the
salient areas for future development effort.

The next generation of test station will undoubtedly provide for simultaneous mul-
tiple-gyro testing in the rate-feedback mode unless a major breakthrough is
achieved in the state-of-the-art of environmental control (see section 6). With
more than one gyro on the test table, anomalies appearing simultaneously in the
data from all gyros can be dismissed as enviroment or equipment induced. In
other words, the gyros on test are the only devices known today with the precision
capable of monitoring themselves (see chapter 5). )

Until recently, the techniques and metrology utilized in gyro test instrumentation
have been largely analog in nature. Experience has already shown that certain

gyro performance parameters may be more accurately and efficiently determined
using digital-data acquisition and reduction techniques. The speed, capacity and
precision of digital techniques have already been proven compatible with the per-
formance levels of today's gyros and the expected performance levels of tomorrow's,
This greatly expanded use of digital technology will also be an integral part of to-
morrow's test station.

Computer-control will probably be another feature of tomorrow's test station. For
example, consider the following problems that exist in present-day test stations and
the effect of computer control on these problem areas:

(a) The need to monitor and record additional test parameters concurrently
with performance data. With the aid of a multiplexer, virtually any number
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of parameters could be recorded in digital form and stored on magnetic tape
for easy retrieval. Preset limits on parameters could be programmed into
the computer and an alarm circuit activated if these limits were exceeded.

(b) Inefficient methods of correlating auxilary information with performance
data and inefficient storage mechanisms. Paper analog recorder charts
are currently folded and filed away, but only eight channels of data are
available on any one chart. Correlation of data is difficult because of
varying time bases and because of the literally miles of paper tape that are
accumulated. Data storage on magnetic tape would alleviate these problems.

(c) Inconsistency and lack of repeatability in performing tests. Whenever a
human operator is involved, the possibility of error exists. Computer-
controlled sequenced testing would eliminate this possibility and would also
eliminate transients in the data caused by personnel activity in close proxi-
mity to the test station.

(d) Time lag between data acquisition and data reduction for evaluation. A
computer operating in real time at the test station could analyse the test
data as it was taken and thus reduce data turn-around time.

Thus, a completely automated multiple-gyro test station controlled by a digital
computer that will guide the station through the test sequences appears to be next
step in one-g test-station evolution at the Instrumentation Laboratory. Type of
test, table orientation, table rate, fixture positioning, excitation-voltage levels,
excitation frequencies, and all other test variables will be predefined and under
control of the computer. Human intervention or assistance will not be required
during the normal course of a test sequence. This will result in two major bene-
fits: increased consistency and decreased disturbances from personnel activity
near the station. All of the variables that can influence gyro performance will be
monitored and recorded on magnetic tape. Although the majority of this data may
not be used, it is necessary that it be available for future reference or correlation
studies. A block diagram of such a test station is shown in figure 4-21 (8),

3. Modes of Testing

The one-g test station is the most versatile tool available to the gyro test engineer.
The many types of tests that are conducted on such a station are described in
chapter 5; for the purposes of this chapter, it is sufficient to describe the various
modes of testing.

All of the tests conducted on a one-g test station fall into one of four basic modes;
(a) open-loop tests, (b) table-tracking-sectosyn tests, (c) rate-feedback tests,
(d) servo-turntable tests.

Open-loop tests are self-explanatory and therefore will not be discussed further.
Table-tracking-cectosyn tests are the final check-out test on the test station itself.
They are closed-loop servo tests, but no gyro is in the test loop. Rate-feedback
and servo-turntable are the basic closed-loop gyro-test configurations.

Table-Tracking Sectosyn Tests
The complexity of today's gyro test station is such that a complete check-out of the

station itself must be conducted before a gyro is ever mounted on the table (7).
The final performance run of this check-out is the table-tracking-sectosyn test.
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Figure 4-22 illustrates the basic circuitry employed in a table-tracking-sectosyn
test. The sectosyn is excited and connected in the servo loop. The sectosyn
rotor is driven at earth's rate, thereby creating an error signal to the servo loop,
which in turn drives the servo motor to null the sectosyn. The table rate is mea-
sured and treated as if it were actual gyro data. The run is normally of the same
duration as the currently specified duration of gyro servo runs. Rate data is mea-
sured every degree of table rotation and is averaged over ten-degree increments,
which results in thirty-six data points per revolution. These are plotted and sub-
jected to Fourier analysis. Also plotted is a point-to-point deviation curve com-
paring each revolution to the previous revolution. Figure 4-23 represents two of
the five revolutions of test data obtained on a test station at the Instrumentation
Laboratory. The lower curve indicates the basic inaccuracy of the station, while
the upper curve represents the point-by-point deviation of that revolution from the
previous revolution, in other words, the station uncertainty. The Fourier coef-
ficients of the basic curve and an rms of the deviation are recorded at the bottom

of each sheet. The sharp peaks of the basic curve from each revolution are caused
"~ by micro-imperfections inherent in the gear and worm mechanisms used to drive
the sectosyn. Translational motions of the gear with respect to the table shaft pro-
duce the complex waveform of the curve which may be analyzed into Fourier coef-
ficients C, through C,. '

Large discontinuities in the basic curve accompanied by poor deviations are indica-
tive of high and/or varying friction in the table bearing. The cause can be further
correlated by comparing these curves to the sectosyn output signal, which is re-
corded during the run. The output signal should remain relatively small (about

0.5 mv) and should be constant throughout the run. If the table-bearing friction

is high, a large signal will be generated to produce a torque to overcome this fric-
tion at which time the table will usually drive through the sectosyn null and stop
until enough signal is again built up to drive the table.

As well as using the average of the two photoelectric readouts, one can be used
separately to trigger a clock. This data should be very similar to the averaged
readout data unless one of the photoelectric readouts is not functioning correctly
due to misalignment, loose -components, etc. A comparison of the two recordings
will indicate which of the photoelectric readouts is at fault.

Rate-Feedback Tests

The total torque appearing about the output axis of a gyro in an inertial-system
application is composed of precession torque resulting from angular rates about
the gyro input axis, command torque generated by the gyro torque generator, error
torques and uncertainty torques: 'error' is defined as the predictable component

of inaccuracy, which can be measured and compensated; 'uncertainty' is the ran-
dom component of inaccuracy, which is only predictable statistically (9). The
error torques include mass unbalances, compliances, bias torque, etc. (see
chapter 5). As mentioned previously, gyro testing at MIT is directed toward
determining a set of torque coefficients for the gyro error model. Accurate know-
ledge of the magnitude and time stability of these coefficients is necessary if the
system computer is to be programmed to compensate for the error torques.

The rate-feedback mode of testing is the primary method used at MIT for obtaining
the data from which the torque coefficients are computed. Testing is normally
performed with the test turntable rotating at some multiple of earth's rate with the
gyro oriented such that its sensitive axis, the input axis, remains perpendicular to
both the table rate and earth's rate. One such orientation is depicted in figure 4-24,
The signal-generator output signal is amplified and applied as a correction current
to the gyro torque generator to keep the gyro float at its zero-angle position, i.e.

at the signal-generator null. With the sensitivity of the torque generator known,
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a record of the current to the torque generator yields the error torque of the gyro
float about the output axis as a function of the turntable angle with respect to a
given reference. Analysis of the data from tests in various orientations yields
the gyro error coefficients (see chapter 5).

Until recently, testing in the rate-feedback mode was accomplished using analog
restraint loops. Early analog restraint loops utilized direct-current circuity with
the gyro torque generator. However, this required a d.c. reference current to the
torque-generator primary, which resulted in a reaction torque that did not exist
when the d.c. current was removed, i.e., when the gyro was not in the d. c. rate-
feedback mode. In addition the d.c. current magnetized the torque generator which
introduced hysteresis-type torques that could be eliminated only by frequent demag-
netization. To circumvent these problems, an a.c. restraint loop was devised, and
the d. c. loop is currently used only with gyros that incorporate permanent-magnet-
type torque generators. In these units, the polarity of the developed torque is de-
pendent on the direction of current flow in the torque-generator windings, and a bi-
polar d.c. loop is used.

Limitations in the torque-resolution capability of analog loops and the dissimilarity
with the system torquing circuitry (which are normally digital in nature) have
fostered the development of digital pulsed-torque restraint loops for use in the test
laboratory. All these types of loops - a.c., d.c. andpulsed - aredescribed inthe
following subsections.

A.C. AnalogRate-Feedback Mode. The total torque about the output axis of the gyro
under test is determined by measuring the required torque supplied by the instru-
ment's torque generator to balance the gyro float. This torque may be expressed
as:

M(tg) =T (res) I(tg) K(1g) cOS O (Eq. 4-1)
where

M(¢g) = total applied torque in dyne-cm

I(rer) = torque-generator primary reference current in ma
I( tg) = torque-generator control current in ma

K(.,) = torque-generator sensitivity in dyne-cm/ma2

] = angle between I(res) and I( tg)in radians

The quantities I ef ) K(1z ), and cos 8 are either known for a particular instru-
ment or are fix in value ? or a particular test. Hence, all that is required for the
determination of M(, ) is a knowledge of the control current, I, y. The function
of the rate-feedback loop is to hold the gyro float at or near null by applying a feed-
back current, I .. ) to the gyro torque generator to cancel the torque causing the
float to leave null.

Figure 4-25 is a functional block diagram of the a. c. analog rate-feedback loop in-
corporating both analog and digital readout. The loop is closed to the gyro through
the filter, tumbling amplifier, and current-sensing network. The filter removes
unwanted electrical noise from the signal-generator output voltage. The tumbling
amplifier is a variable-gain a. c. amplifier utilized asa current source for the torque-
generator control winding. The current-sensing network develops a voltage pro-
portional to Iy, ), which serves as the input signal to the recording circuitry.

The torque- generator primary current, I . R -is supplied by a frequency source
and the torque-generator-excitation amplifier (similar circuitry is used to develop
the signal-generator primary excitation current). The two inputs to the product
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resolver are the torque-generator primary current, I¢ery and the recorder-
amplifier output current. The recorder amplifier is required because the output
of the current-sensing network is normally a low-level signal. The product resol-
ver is an electronic multiplier which produces d.c. output voltage proportional to
the dot product of the two input currents. Since these currents are I(,.;) and a
current directly proportional to I tg), €quation 4-1 has been mechanized. The d.c.
output voltage of the product resolver is directly proportional to the torque
required to balance the gyro float.

Since the developed torque is proportional to the product of I, .¢) and I(,g),
variations in either will produce torque changes. The product resolver takes into
account changes in I, caused by small variations in I, . due to equipment
instabilities. The d.c. output of the product resolver may be directly recorded on
an analog strip-chart recorder and the data reduced manually, or the digital read-
out equipment described in section 2 may be used.

Figure 4-26 is a mathematical block diagram of the analog loop. In that diagram

My = gyro drift torque in dyne-cm
Mg = torque to balance in dyne-cm
Ny(1a) = ambient input noise in dyne-cm

Ccro = gyro damping coefficient in dyne-cm/sec

p = Laplace transform variable

T = gyro first-order characteristic time in sec
A, =float (gimbal) angle in radians

S(Sg) = signal-generator sensitivity in mv/mr

N = electrical noise in volts

e

St gy =rate-feedback ¢umbling) loop sensitivity in ma/mv

I(tg) = torque-generator control current in ma

S(tgy = torque-generator sensitivity in dyne-cm/ma
=Igen)K(tg)

With no input to the system other than the drift torque, M, the system transfer
function is

Sse)Sctp)
Litg) C(cro 4-2)
Ma  SepSe)rScen ®a-
% 4 p(7p +1)
Ccmo

Substituting jw for p, the amplitude ratio in the steady-state case is

Ss)S ()
Lieg C(cro
—Md W) =

2 (Eq. 4-3)
‘/wz +(§'(_sg)_s£tﬂ)i_t_g_)_7_w2)

Cccryo
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At w = 0, equation 4-3 may be solved for I, yielding

M, 0)
I 0) = ——
(tg)() S(tg)

(Eq. 4-4)

which is independent of the amplifier gain, VS(tl). As a result, the feedback cur-
rent, I(y,, is a direct measure of constant drift torques, i.e. at w = 0.

If the conditions 0<w< \/S(sg)S(tg)S(tg)/c(CF)o and 7 < 1 are applied to
equation 4-3,

|Md )
S(tg)

(Eq. 4-5)

Tt~

as a good approximation. Hence, in this frequency range, the feedback current
I(( is again a direct measure of sinusoidal drift torque of constant amplitude
imfépendent of the amplifier gain, S.g.

However, in the system described by the transfer function of equation 4-2,
amplifier gain, S(,¢), has a direct effect on the gyro float-to-case angle, A, at
all frequencies. The expression relating float angle and drift torque is from
Fig. 4-26),

1
A €(cro
My~ S San Sty
d (=020 (lk)+p (rp +1) (Eq. 4-6)

Ccro
Applying the same frequency conditions as before, at w =0 and p =jw
Md (0)

A0z ————— ’
) StSunSaw (Eq. 4-7

and at 0~ w N VS8t 9yS(t Ccrpo With 7<1

My ()
A )~ —Ma . 4-8
A e SSaOHSw Eq )

As equation 4-8 shows, the gyro float-to-case angle is inversely proportional to
amplifier gain, S¢,¢y. This offset angle results in microsyn reaction torques and
cross coupling between the gyro input and spin axes.

To summarize the foregoing, the feedback current resulting from constant
amplitude torques (w = 0) is an instantaneous direct measure of the unbalance
drift torque and is independent of the loop-amplifier gain. At frequencies other
than w = 0, the amplitude of the feedback current is a direct measure of the
unbalance drift torque, but there is a time delay between the instantaneous value
of the gyro drift torque and the feedback torque (which is related to the phase
angle of the transfer function, equation 4-2). This time delay depends on the
value of the loop-amplifier gain and is inversely proportional to it. This latter
consideration is depicted in figure 4-27 where the time lag is represented by t;.
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The time delay is the equivalent of a phase angle between the gyro drift torque
and the lagging feedback torque. This angle is referred to as the dynamic
response angle (DRA) and should be kept small if the assumption that the instan-
taneous value of the feedback torque is equivalent to the gyro drift torque is to be
valid. A high value of loop-amplifier gain is consistent with a small DRA and
also results in a short characteristic time (CT) - 'characteristic time' is the time
required after a step input for the output to reach 63 percent of its final value
starting at the initial value. A relatively long CT is desired in order that the
loop act as a filter to high-frequency interfering inputs about the gyro input axis.
This effect is exhibited in figure 4-28 in which the response to a pulse input is
described for both a long and a short characteristic time. The choice of loop-
amplifier gain, S, ¢,, and therefore characteristic time, must be a compromise
between the long éT Jesired for adequate filtering and the short CT consistent
with a small DRA and minimum elastic-restraint torque.

D.C. Analog Rate-Feedback Mode. The d.c. analog rate-feedback mose is used
today only with gyros incorporating permanent-magnet-type torque generators.
This torque generator consists of a stable multipole permanent-magnet rotor
mounted on the gyro float and an air-core stator mounted on the end housing.
Impedance is independent of the angular displacement of the rotor with respect to
the stator, and the time constant is low, which is important in pulse-torquing
applications. The torque on the rotor is proportional to the magnitude of the
torquing current, and its direction depends on the polarity of the current.

Figure 4-29 is a functional block diagram of the d. c. loop, which is essentially the
same as the a.c. loop previously described. A 4800-Hz carrier is supplied to the
gyro signal generator and as a reference to the phase-sensitive synchronous
demodulator. The suppressed-carrier signal from the signal generator is ampli-
fied and then demodulated, amplified in a d. c. amplifier, and applied to the torque
generator as a d.c. current. A d.c. voltage directly proportional to this current
is fed to the recorder amplifier for the analog readout or to the analog-to-digital
converter in the case of digital readout.

The mathematics of the d.c. rate-feedback-loop operation are identical to those of
the a. c. loop. '

Digital Rate-Feedback Mode. As the performance level of inertial gyros has
steadily improved, the requirements on accuracy and resolution in the determina-
tion of the gyro torque coefficients have become increasingly stringent. With the
analog restraint loop, factors that could be overlooked when the requirement for
unbalance-torque determination was on the order of one part in a thousand
become limitations when greater resolution is required. Characteristics such as
gain instability, linearity, and phase-shift variations in the recording circuitry
are directly related to the ability to accurately measure torque and serve to
degrade the quality of measurement. In addition, the product resolver used with
the a.c. restraint loop is an electromechanical device employing a pivot-and-jewel
mechanism, thefriction of which contributes further uncertainty to the torque
measurement. These factors coupled with susceptibility to physical and electrical
noise inputs dictate that an improved means of measuring unbalance torque be
utilized.

Digital methods in which the torque is applied to the float in discrete pulses are

in general use in inertial-guidance systems. A digital torque loop for use in the
test laboratory offers the required torque-resolution capability and is relatively
free of the disturbances previously described. This subsection describes a digital
restraint loop currently in use at the Instrumentation Laboratory and examines

its limitations.
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In the analog loop, the torque to balance the gyro float (or feedback torque) is a
continuous quantity equal and opposite to the gyro drift torque under constant
torque conditions, and equal and opposite to the gyro drift torque under varying
torque conditions except for a dynamic lag angle which is kept to a minimum. In
a digital restraint loop, the feedback torque, M .,,, is not a continuous quantity
but comprises a series of torque pulses of constant magnitude and fixed time
duration. The pulses are applied to the torque generator in such a manner as to
cause either positive or negative torque (CW or CCW) as required by the float
position. As each pulse has a specific torque weight, determination of the gyro
drift torque is made from a knowledge of the number and polarity of torque pulses
applied over an interval of time. Hence, the information derived is the average
torque over a time interval rather than the instantaneous value of torque as in the
case of the analog restraint loop.

Figure 4-30 is a block diagram of the digital rate-feedback loop in the binary mode.
('Binary' is defined as existing in two states, in this case as either positive or )
negative pulses. In ternary pulsing, three states exist: positive, negative, and
zero). If the gyro float is subjected to a torque, the resulting rotation about the
output axisis sensed by the signal generator. The signal-generator signal is
amplified and sampled by the interrogator, which transmits a torque command to
the switch calling for a torque polarity that will drive the float towards null. The
interrogator receives clock pulses from an external source at intervals of T
seconds. The interrogator is constrained such that the torque commands from

the interrogator to the switch can only change on the negative-going slope of the
clock pulse. The action of the interrogator is depicted in figure 4-31. Depending
on the command signal, the output of the torque switch will be a current pulse to
the torque-generator primary of constant amplitude and of duration NT, (where N
is the number of clock pulses received by the interrogator between changes in

state of its output).

Since the loop operates in the binary mode, it must be in either of the two
available states, i.e. applying positive or negative torque current pulses to the
torque generator. Hence with no gyro drift torque, My, present, the gyro float is
still subjected to torque pulses, the average of which must equal zero over a
period of time.

With the gyro float on one side of null, restoring torque pulses will be applied to

it until it is driven through null and out the other side. The float will not receive
a restoring torque pulse of opposite polarity immediately after it crosses null but
only on the next clock pulse when a torque-polarity reversal can take place. After
the torque-polarity reversal occurs, the float is subjected to a number of pulses of
the new polarity until it is once more driven through null, where the process is
repeated. The float thus alternately receives an equal number of positive and
negative restoring-torque pulses, and as a result-oscillates about null, i.e. limit
cycles, the limit cycle being described by the mode. Thus, if the float alternately
receives two or three restoring-torque pulses, the limit cycle is termed as the

2:2 or 3:3 mode, etc. Ideally the 1:1 limit cycle mode will correspond to the zero-
gyro-drift condition. This is shown in figure 4-32 (10).

With a gyro drift torque, My, present, the float will be subjected to a feedback
torque, M¢,,, such that it will be constrained around null. The difference in

this case, as opposed to the case with zero My, is that the limit cycle is now
-unbalanced - for example, a 5:2 mode might be typical - and the resulting difference
between the number of positive and the number of negative pulses is proportional

to the applied feedback torque. This situation is illustrated in figure 4-33a.

Since the feedback torque must occur in integer numbers of discrete pulses, the
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feedback torque alternately leads and lags the gyro drift torque with the resulting
float-angle condition described in figure 4-33b. This condition may result in a
torque readout error if the time over which the net difference in torque pulses is
accumulated does not coincide with the zero-angle crossover points. As shown in
figure 4-33c, at T, the average angle is zero corresponding to exact cancellation
of My; therefore, there is no readout error. Over time T,, the average angle
is not zero, M, has not been exactly compensated, and a readout error exists.
This effect and other error sources are treated in detail in reference 10. As may
be seen, the magnitude of this error is dependent on the limit-cycle mode: i.e.
the higher the moding, the larger the error. To reduce this error to acceptable
limits, it is necessary to reduce the limit-cycle mode by increasing the frequency
at which the loop will oscillate.

In the binary torque loop, the upper limit of this frequency is controlled by the
interrogator which may only change states coincident with a clock pulse. Hence
the upper frequency limit for oscillation is f = (1/2)T, or the 1:1 limit-cycle mode.
This result may be achieved by applying lead compensation as described in
reference 11, Table 4-1 displays the maximum lag angles associated with the
possible limit-cycle modes and the frequency of oscillation in terms of the clock
frequency and the corresponding lag angles.

Table 4-1 Limit-cycle mode and maximum phase lag
for various frequencies of oscillation

Frequency Limit Cycle Maximum Phase
Mode Lag

wg/2 1:1 180°

w /4 2:2 90°

w,/6 3:3 60°

w,/8 4:4 45°

w,/10 ' 5:5 36°

The mathematical block diagram for the system is shown in figure 4-34. In that
diagram

M(int) = interfering torque
K, = gyro transfer function
p(7p +1)
p = Laplace transform variable
K, = amplifier and demodulator gain
ch(p) = compensation-network transfer function
N(E) = describing function for the nonlinear elements (interrogator,

switch, and current source)
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The corresponding system transfer function is
KK

2
M(tg)  prrpsay Cre(PIN(E) : (Eq. 4-9)
M, KK,
"pm-:—l)cfc(p) N(E)
Defining
K,K
Gy (P) = —— Gy (p) (Eq. 4-10)
p(rp+1)
we have

M(tg)  Gy(PIN(E)

= .4-11)
M, " 1+G,(p)N(D) Eq
where
G1(p) = transfer function of linear elements in the loop
N(E) = transfer function of nonlinear elements in the loop
The poles of equation 4-11 are found by setting
1+ Gy(jw)N(E) =0 (Eq. 4-12)
or . 1
G, (jw) =« —=—— . 4-13
1(jw) NCE) (Eq )

In order to determine if a limit cycle can occur, the functions G, (jw) and - (1/N(E))
are plotted on a Nyquist diagram or Nichol's chart. At each possible frequency of
oscillation, the maximum phase-lag angle from table 4-1 is added to the transfer
function of the linear elements. If an intersection with -(1/N(E)) loci occurs, the
loop may oscillate at that frequency. Compensation consists of adding sufficient
lead to cancel the phase lag associated with the frequency of oscillation.

Figure 4-35 is a Nichol's chart of the uncompensated'system. These plots show
that the system can sustain limit cycles at the following frequencies.

Limit cycle mode Frequency

1:1 w./2
2:2 ws/4
3:3 ws/6

Figure 4-36 is a Nichol's chart of a compensated system. The compensation used
has the following transfer function

(87 p+1)(7p+1)
(tsp+1)

where 1

Ts = 7t

That figure shows that the compensated system will sustain only the 1:1 limit cycle.
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In addition to frequency compensation discussed above, the digital torquing loop has
a number of design parameters that limit the accuracy and resolution of the
measurement of unbalance torques. They are:

(a) signal-generator null sensitivity

" (b) torque-generator current magnitude

(c) torque-generator current stability

(d) sampling frequency

(e) sampling-frequency stability

The signal-generator null sensitivity affects the accuracy and resolution of
measurement because the gyro is an integrating device; that is, the signal-
generator output is proportional to the integral of the net torque applied to the

torque-summing member. For a typical gyro, this relationship can be expressed
by the equation

E. = KT microvolts (Eq. 4-14)

o meru

where

Eo = signal-generator output

T =time

K =a constant proportional to gyro response time
If E_is considered the noise threshold or null sensitivity of the gyro, the time
required to move through various noise thresholds as a function of net torque
can be calculated.
In order to maximize system performance, the resolution of the digital torquing

should be equal to or greater than the resolution capability of the gyro signal
generator. The digital torquing resolution as a function of time is given by

T
Resolution = M,z 1_'3 (Eq. 4-15)

where

M(tg) = restraint torque magnitude

T = torque pulse width in seconds

s
T = data accumulation time

The digital torquing resolution is a function of the pulse weight (pulse height times
pulse width).

For a compatible system, the resolution of the torque generator is equated to the
resolution of the signal generator. Figure 4-37 shows plots of gyro resolution
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as a function of time for various realizable signal-generator noise thresholds
and associated pulse weights. These curves show that a digital torquing loop can
easily provide a torquing resolution equal to the sensing resolution of the gyro
signal generator while simultaneously nulling out large values of interference
torques.

The error introduced by torque-generator current instability is directly related
to the magnitude of interference torque, int), for which the torque generator
must compensate. For the error contribution’'due to current instability to be
equivalent to the weight of one pulse, the following relationship holds.

al =M(tg) . T
T(vg) Mg T (Eq. 4-16)

Figure 4-38 gives plots of the torque-generator current stability required to
measure gyro drift as a function of gyro bias torque. These curves show that
high resolution cannot be achieved if the torque generator must compensate
very large unbalance torques.

The error due to frequency instability would be the same as that due to current
instability. However, this can be made negligible by the use of the very sta})le
crystal oscillators available today. Long-term stabilities of one part in 10° per
100 days are easily attainable.

Servo-Turntable Tests

The servo-turntable test is useful in gyro evaluation because it is the only test
in which the gyro is operated in the manner in which it is used in the system.

In both, the loop is closed to the gyro through motion of the base upon which the
gyro is mounted, and the loop dynamics are similar. Unlike the rate-feedback
test whose basic purpose is to measure the gyro error coefficients, the basic
purpose of the servo-turntable test is to measure the long-term performance
of the gyro. ’

One typical gyro orientation used in servo-turntable testing is depicted in

figure 4-39. In that figure, the gyro is mounted with its sensitive axis, the

input axis, parallel to both the test-table axis and the earth's axis. The gyro
senses full earth's rate, and the resulting precession of the gyro float drives it
away from its null position with respect to the case. As indicated in figure 4-40,
the output signal from the gyro signal generator is amplified and fed to a servo
motor that drives the test turntable in the proper direction to compensate for the
earth's rate input. Thus, the gyro stabilizes the turntable with respect to inertial
space, and the turntable rotates at nearly one revolution per sidereal day in the
direction opposite to the earth's rotation. If the turntable rate is measured as a
function of turntable angle with respect to the earth and if the earth's-rate input
is subtracted, the remaining rate is due to error and uncertainty torques in the
gyro and to errors and uncertainty in the test equipment. This rate can be
converted to equivalent torque units. The result is the unbalance torque about the
gyrooutput axis as a function of turntable angle.
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A Fourieranalysis of servo data will yield some of the gyro torque coefficients,
but no one servo test will yield all of the coefficients. However, as previously
noted, servo tests are used more as a measure of long-term gyro performance
than as a means of determining individual torque coefficients. For example, in
a multi-revolution test, the first revolution can be considered a calibration run.
Data from this revolution can then be applied to the gyro float as correction
torques from the gyro torque generator during succeeding revolutions or can be
computed from the data obtained during succeeding revolutions. The results,
then, arean indication of the nonrepeatable errors, or uncertainty, of the gyro
and test setup.

Another common servo test is the OA-vertical, 1A east (or west) test where
the gyro senses no earth’s rate. In the ideal case in this test, the turntable
would remain stationary with respect to the earth. Any rotation of the turntable
top as indicated by the table-tracking sectosyn is therefore a measure of the
error and uncertainty torques within the gyro and the errors and uncertainty of
the test setup.

The servo system should be a high-gain loop in order that the maximum torque
stiffness be obtained. High stiffness is desirable to attenuate as much as

possible all unwanted loop disturbances. The servo loop used at MIT has a forward
gain of approximately 1.5 X 10°, which makes synchronization a difficult

problem because the resulting conditionally stable system when cascade
compensation is used becomes unstable when the forward loop amplifier saturates,
i.e. on turning on the system. ('Synchronization' is the ability of the loop to

drive to null during turn-on procedures when some of the loop components may be
saturated. By 'conditionally stable' is meant a situation where a large enough
increase or decrease in gain will result in instability). This nonlinear saturated
system is easily stabilized and forced into the linear region of operation by the

use of tachometer feedback, but introduction of the tachometer results in an
unwanted base-motion interference. This can be visualized by noting that if the
table top is stabilized with respect to inertial space and the tachometer is mounted
on the base (since it cannot be mounted in inertial space), then any relative motion
between base and table results in a signal that is not referred to inertial space

and is thus an interfering input. In a well-designed servo loop, however, the
tachometer-feedback-caused base-motion interference is smaller than the error
resulting from base-motion acting as a direct error source. Thus, ‘the tachometer
can be left in the loop to serve as a stabilizing network even in the linear region

of operation, which considerably simplifies the loop design and construction.

Figure 4-41 is a mathematical block diagram of the servo-turntable loop.
In that diagram

Uy = gyro drift to be measured
p = Laplace transform variable
=0 +jw

Y, (p) H/eer oS K
Tp+1

H = gyro-wheel angular momentum
Cicrro= gyro damping coefficient

8¢ 5g) = gyro-signal-generator sensitivity
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K; = equivalent servo gain in cascade with gyro output
T = gyro first-order characteristic time

Y(p) = cascade compensation transfer function, having neither
poles nor zeros atp =0

Y, (p)= tachometer-feedback transfer function, having neither
poles nor zeros atp = 0

Y. (p)= motor transfer function = KT /R
(1+p/R/L)
Ky = motor torque constant
R = motor resistance
L = motor inductance
M 4013 interfering torque
J = moment of inertia of the table
W;r = angular velocity of the table relative to inertial space
K = motor back-emf constant

W, = angular velocity of the table base relative to inertial space

sr = angular velocity of the table relative to its base

int = interfering

The transfer function for this system, neglecting interfering inputs is

w r _ Y(' Yng —
U T = (PF).¢ (Eq.4-17)
PG+ Y, Yy Ym) +pY, K +Y; Yng

m--c

where
(PF)¢ = closed-loop performance function

This relationship considers the motion of the turntable with respect to inertial
space as the system output and the interfering inputs M4,y and Wipyne equal
to zero.

In actual practice, the output quantity which is measuredis the turntable rate with
respect to the base, Wgy. This quantity necessarily includes the base motion of
the table structure with respect to inertial space, and this interfering input is
designated W( 1y, in figure 4-41. The remaining interfering input, M¢y,¢) is
due to table friction, table-mass unbalance, gyro reaction torque and motor-
ripple torque.

The dependent of the monitored table rate, Wy, on the closed-loop performance
function and the interfering inputs is

pM (int) (szb pKe 1 \

Wir= (FF)eq |Uy+ Y, Y, Y, '\ Y, TYY,T (PF)Cg) Wasmt [ (mq. 4-18)
where

Wis = Wig + Wep

Wik = angular velocity of the earth relative to inertial space

Wgs = angular velocity of the base relative to the earth

Since the earth's rate, Wy, is a constant, equation 4-18 may be rewritten as
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Wy = (PF)CI Uy

PM ity (Psz PK, 1
+ + + +

Wgp (Eq. 4-19)
YmeYg Y, Y: Y, (PF)CQ)
where

W, = table drift rate with W;; neglected

Examination of equation 4-19 reveals that the drift velocity, W,, is dependent on
the gyro drift to be measured, Uy, and on four error terms induced by the
" interfering inputs, three of which result from base motion, Wyg.

The effect of the interfering input, M(int), on the drift velocity is

_ (PF)cg PM (4 (Eq. 4-20)
W cYY,Y,
due to '

M (int)
where
Y,Y,Y, = torque stiffness M

Y (p) Yi(p) Yo (P) &« M, (Eq.4-21)

Hence, the error contributed to M(,, ) is reduced by increasing the torque stiff-
ness, Mg.

Similarly the error terms

2

Wa = (PF)cg "_Y"WEB (Eq.4-22)
due to Yg
tach

and
K

Wo = (PF)y 5 < Wes (Eq. 4-23)
due to e '
motor back
emf

contributed by the tachometer and table torque motor which are the result of base
motion are reduced by high values of Y, and Y, Y,, respectively. Both of these
conditions are compatible with high torque stiffness.

The remaining error term

Wy , = -Wgp (Eq. 4-24)

due to
base motion

is due directly to base motion and is falsely interpreted as motion of the table with
respect to the base. No provision for minimizing this error source may be made
in the servo-system design, but other methods such as base-motion isolation (see
section 6) may be used.
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4, Environment-Simulation Equipment

Environment-simulation equipment runs the gamut from extremely complex
devices of such a size that they require special buildings or structures to simple
devices that can be stored away in the test laboratory when not in use. An example
of the former type is a large centrifuge for generating sustained linear accelera-
tion while Helmholtz coils for magnetic-field generation and pressure domes for
pressure-and vacuum-sensitivity tests are examples of the latter. Since the
characteristics of these latter devices are generally well known, they will not be
discussed further in this paper.

The effects of two environments on the precision gyro are of particular concern to
the inertial-system engineer today. With the current emphasis on missile and
rocket guidance, the acceleration-squared-sensitive terms of the gyro error
model have taken on increased significance and must be accurately measured in
the high-g environment. This has resulted in the use of linear vibrators and
centrifuges to generate high linear-acceleration levels. Particularly in the
strapdown application, but also in gimbaled systems, angular vibration can cause
appreciable changes in gyro performance. Thus, a precision angular vibrator

is used to check the effects of such an environment on the gyro performance.
These three types of environment-simulation equipment - linear vibrator,
centrifuge, and angular vibrator - are described in this section.

Linear Vibrator
The basic requirements of a test station for sinusoidal vibration testing are (12):

(a) - to produce a pure sinusoidal rectilinear vibration with a high translational
acceleration and a minimum amount of angular vibration at the gyro
compliance calibration frequencies (less than 100 Hz); this frequency
range is considerably below any structural resonant frequencies in current
gyros and is usually lower than the wheel-rotation frequencies (200 to 400

Hz);

o) to produce sinusoidal vibrations at high translational acceleration at
frequencies from 100 to 2000 Hz to evaluate component and sub-component
fragility;

(c) to produce sinusoidal vibrations at frequencies up to 5000 Hz to evaluate

gyro structural-response characteristics.

Electrodynamic vibrators are commercially available to satisfy the requirements

of items (b) and (c). These vibrators cannot generally satisfy the requirements of
item (a) because of their relatively large amount of cross-axis vibration and
angular vibration. The problem of meeting the requirements of item (a) was
approached at the Instrumentation Laboratory by two specific test stations. The
first approach was a precision linear vibrator and the second was an electrodynamic
vibrator-slip table combination.

Precision Linear Vibrator. Figure 4-42 is a schematic diagram of the precision
linear vibrator and figure 4-43 is a close-up view of a gyro mounted in the
vibrating carriage in a fixture that is rotatable about a vertical axis. The

fixture shown supports the case of the gyro at an angle such that the gyro output
axis is accurately aligned parallel to the earth's polar axis of rotation. The gyro
can be rotated about its output axis until its input axis is at any desired angle with
respect to the acceleration field, which is horizontal. By changing fixtures, the
gyro can be aligned to any other orientation with respect to the earth or with
respect to the horizontal acceleration field.
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The carriage is supported on guide shafts ‘and is driven by an eccentric through

a slider, which gives an action similar to that of a conventional Scotch yoke.
Backlash, which would cause errors in the system, is eliminated through the use
of preload springs. These force the carriage to follow the slider by keeping the
slider in contact with the drive block even under the peak acceleration that occurs
during any test. The springs have a natural resonant frequency between 400 and
500 Hz, while the maximum frequency of vibration is only 50 Hz.

In order to obtain the greatest possible precision in the system, cam-shaft
deflection is made as small as possible by using shafts of substantial diameter.
The drive shaft is carried between heavy inner and outer bearings that reduce
bending distortion of the shaft to a minimum. The drive-shaft cams are rotated .
at constant speed by means of an electric-motor-powered drive unit.

Changes in linear-acceleration amplitude are made by changing the drive speed
and by changing from one drive shaft to another with an eccentric giving a
different amplitude. The drive speed is continuously adjustable from 600 to 3000
rpm, thereby giving a vibration frequency up to 50 Hz with an acceleration up to
10 g's.

All sliding surfaces are lubricated by oil supplied under high pressure. Sliding
surfaces and hydraulic-pressurized bearings are used throughout rather than ball
bearings in order to achieve smooth acceleration curves that are free from the
erratic high-frequency-interference effects that may accompany the operation of
ball bearings. The lubricating oil is cooled by passing it through a heat exchanger
using water as a coolant.

Because of its all-mechanical construction, the precision linear vibrator is
limited to 10g's for a 20-pound specimen (fixture plus instrument). In addition,
this vibrator is a constant-displacement machine so that a change in acceleration
requires a change in frequency. Thus, it is difficult to differentiate gyro-
compliance-coefficient frequency dependency from acceleration dependency
although interfering effects from angular vibrations due to lack of rigidity of the
carriage or the bearings can be estimated by tests at reduced wheel speeds.

Electrodynamic Vibrator-Slip Table Combination. The second approach used at
the Instrumentation Laboratory to meet the requirements of item (a) above was to
use a commercially available high-force electrodynamic vibrator with its axis
horizontal driving a precision slip table, With the vibrator decoupled from the
slip table, items (b) and (c) above can be satisfied. Figures 4-44 and 4-45 are
schematic diagrams of the setup, and figure 4-46 is a photograph of the

vibrator inside its acoustically shielded room. The acoustically shielded room is
necessary because the noise generated by the vibrator in operation might damage
the hearing of test personnel in the area (see 'Acoustic Noise' page 173). Figure
4-47 shows a gyro mounted in a vibration fixture on the slip table during testing.

As indicated in figures 4-44 and 4-45, the vibrator and slip table are mounted in
an air-spring-suspended seismic mount. The four air springs on bellows and the
large seismic-mass base provide high test-system inertia and isolation from high-
frequency input disturbances from the test-area environment during high-
acceleration testing.

Since the entire test system is not geometrically symmetric, the system center of
gravity does not coincide with its geometric center. This factor alone requires
accurate balancing and leveling through precise control of each of the leveling
elements, or air bellows. This control is accomplished by regulating the air
pressure to the four bellows. Because of the different loading conditions
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Fig. 4-47 Gyro unit on vibration test
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between the two sets of bellows, two independent-pressure air-supply systems are
available. The main air-supply system comprises an air compressor, pressure
regulators, fittings and air lines. To back up the main system in case of failure
during a test, an auxiliary system composed of pressure tanks and regulators

is connected in parallel with the main system. Check valves prevent reverse air
flow into the compressor and thus direct the flow directly to the air bellows for
proper regulation of supply pressure.

Environmental-temperature variations contribute to uneven air pressures due to
density variations of the air in the bellows. This fact necessitates precise
temperature control in the test area. In addition, dimensional stability of the
entire system structure is gained through proper temperature control.

The slip table is designed to operate with minimum friction while being driven by
the vibrator. This efficiency of operation is gained by use of a hydraulic system
in conjunction with the slip table, i.e. the slip table rides on two low-friction
hydraulic tracks. Their primary purpose is to restrict the table motion to the
thrust axis only, in addition to providing a low-friction bearing surface for the
table.

Checkout of the electrodynamic vibration system was accomplished through the
use of autocollimators and mirrors to check the alignment about three axes
(pitch, roll and yaw) while the system was in operation. Frequency levels and
angular motions of the base were detected by monitoring the outputs of velocity
transducers and crystal accelerometers positioned at several locations. In
addition, transverse motion of the base was checked with respect to the table
thrust axis.

The system was found to be, according to specifications, subject to a displacement
limit of 1.0 inch peak-to-peak and a velocity limit of 65 inches/second. Cross-
axis vibration was measured with accelerometers mounted transverse to the table
thrust axis and is guaranteed to be less than 10 percent for the operating range of
20 to 1500 Hz, exceeding 10 percent in no more than two narrow frequency bands
in the range of 1500 to 2000 Hz.

The total harmonic distortion is less than 5 percent from 20 to 2000 Hz, with the
exception of the second and third submultiple of the axial resonance which did not
exceed 20 percent. Distortion was measured with a commercial distortion
analyzer.

Acceleration of the base for vertical operation of the vibrator is guaranteed to be
less than 3 percent to 25 Hz and less than 0. 5 percent above 25 Hz. Accelerometers,
mounted on the seismic base, were used for this checkout.

As previously noted, the vibrator is capable of operating over a large range of
frequencies (5 to 3000 Hz). The system geometry limits the physical size of the
attached slip table to 13} inch diameter. A table-mounted test specimen (gyro
and fixture) weighing approximately 40 lb reduces the acceleration output
capability of the system. However, the system is capable of delivering a constant
force output of 8000 Ib. With this output force level, a 40-1b test specimen
(combined with the 138-1b effective weight of the slip table and shaker armature)
would be subjected to a 45-g acceleration loading. The performance
characteristics are summarised in the nomograph of figure 4-48.

Since future vibration test programs may impose demands on the gyro and its
positioning fixture to withstand acceleration inputs up to 100 g's, a mechanical
modification has been proposed to upgrade the vibrator and slip table to that level.



[ECHNICAL LIBRARY |

132

After investigating a variety of possible schemes, the one finally chosen that |
seemed to be the most practical from the standpoint of fabrication, cost and .
dependability was a resonant structure mounted in series with the slip table. The |
resonant structure consists basically of two cantilever beams anchored to the vi- |
brator's seismic walls and to the slip table. The spring effect of cantilever

beams imparts a multiplying effect to the previously available maximum |
accelt;ration at a particular narrow range of operating frequencies (approximately

75 Hz).

The main objectives in the design of the structure are keeping the repeated stress
level well below the endurance limit of the structural material, ezse of fabrication
and simplicity of installation and operation.

Centrifuge

The precision centrifuge offers the only means, on Earth, for applying a steady-
state acceleration of 10 to 100 g's for indefinitely long periods. The principal
interference to testing that must be accepted is the angular velocity of 10

rad/sec that even the largest centrifuges require to achieve 100 g's. This
interference is particularly troublesome for gyroscopic instruments that generate
torques proportional to input angular velocities. For gyros, this problem is so
great that steps have to be taken to minimize even secondary interferences; that
is, the gyro wheel is either stopped completely or is rotated at very low speed,
or the gyro is mounted on a counter-rotating platform.

The principal requirements of a centrifuge for gyro testing are that its velocity,
W(C ) remain stably vertical at all times, that its arm test platform be maintained
at’a fixed angular orientation with respect to Wy, and that the arm be as long as
possible (consistent with the second requirementg. These requirements have been
met at the Instrumentation Laboratory by means of the 980-cm-arm centrifuge
shown in figure 4-49, which is capable of producing 100 g's.

In order to assure long-term vertical stability of the centrifuge-angular-velocity
vector, the centrifuge rests on a stable foundation produced by driving steel
pilings to bedrock and then pouring a heavy concrete mat on top. The bearing
system of the spindle makes use of the natural centering action of a large
tapered roller (apex down), which carries practically all of the vertical load, and
a second tapered roller approximately 1. 5 meters below, which is preloaded and
stabilizes against any lateral unbalance forces., The spindle may be adjusted to
the vertical and requires readjustment after several months running. The arm
speed is controlled by variations in the flow rate to a hydraulic-power drive
system for the spindle in response to the error between the called-for speed and
the instantaneous tachometer-measured speed.

The natural tendency of the arm to uncurl its cantilever droop as speed increases
would produce unwanted changes in the test-platform angular orientation. This
effect is therefore compensated by countermoments adjusted with lead weights
located on top of the steel table that is visible in figure 4-49 near the end of the
arm. An optical system is used to observe changes in the test-orientation
platform angle due to elevation or depression of the arm while centrifuging.

Angular Vibrator

The MIT precision angular_vibrator is a two-gimbal device capable of producing
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sinusoidal angular oscillations simultaneously about two orthogonal axes—
figure 4-50 (13). When vibration is required about only one axis, the other
gimbal may be locked in position. The gyro unit to be tested is mounted in the
inner gimbal, which is pivoted in the outer gimbal. Different mounting plates
afford selection of gyro orientation with respect to the vibrator axis. The
vibrator outer-gimbal axis is permanently aligned east-west; thus it is
perpendicular to the earth’s rotational axis. The average position of the inner-
axis is aligned north-south parallel to the earth's rotational axis. Microsyn
signal generators are mounted on the gimbal axes of rotation to provide
continuous monitoring of the amplitude and phase of the vibration inputs.

Drive blocks, riding on eccentric cams, generate sinusoidal angular oscillations
of their respective gimbals. A pictorial representation of the drive shaft may be
seen in the enlarged diagram at the bottom of figure 4-50. The phase adjustment
between the oscillations of the two gimbals also may be seen in that diagram.
Phase adjustment is accomplished by releasing the phase-locking clamp, turning
the adjustment shaft to the desired phase difference, and relocking the clamp by
tightening six bolts. The gimbal-vibration amplitudes may be varied by turning
the amplitude-adjustment shaft by a method similar to that used to vary phase.
Turning this shaft causes the drive-block eccentric to shift position with respect
to the shaft eccentric.

The vibrator is designed to apply angular vibrations to the instrument under test
in three ways:

(a) input from outer gimbal with the inner-gimbal amplitude set at zero
) input from inner gimbal with the outer gimbal locked in place
(c) input to both inner and outer gimbals.

These capabilities may be used to provide an input to any single defined gyro axis
or to any combination of two axes. In addition, input to three axes is possible;

for example, by mounting the gyro output axis along one of the vibrator's axes and
by rotating the gyro in its support plate so that both the spin and the input axes will
receive a portion of the gimbal-axes oscillation.

The angular vibrator has the following specifications:

(@) the inner-gimbal amplitude can be set from 0 to 2. 5 milliradians.
(b) the outer-gimbal amplitude can be set from 0 to 5 milliradians.
(c) the frequency range is from 10 to 30 Hz using a small pulley of the drive

and from 30 to 115 Hz using a larger pulley.

d) the phase between the oscillations of the two axes is variable from 0 to
+ 180 degrees. .

Fixtures

Whenever a gyro and its holding fixture are anchored to a vibrator or a

centrifuge, the structural characteristics of the fixture must be taken into account.
In the ideal case, the fixture should behave as a rigid body throughout the
frequency spectrum of the input and add or subtract nothing from the vibration

or sustained acceleration. If the fixture is dynamically incompetent, however,
resonances will appear and produce undesirable angular or linear motions about
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and along each of the fixture axes. To prevent the desired input from becoming
contaminated with these spurious inputs is a difficult task that becomes more
critical as fixture size and complexity increase.

The gyro-holding fixture may take on various basic geometrical shapes for a
particular application. However, the important design considerations include
structural rigidity, light weight, and accessibility in terms of permitting the gyro
to be monitored during the test. The use of basic fixture geometry aids in the
dynamic analysis as part of an on-the-board fixture design effort. In other words,
natural frequencies and mode shapes can be more accurately determined if basic
design geometrics are assumed.

Unfortunately, the holding fixture usually must be rather complex in construction
in order that meaningful test data may be obtained from the gyro. In other words,
the fixture probably will be neither symmetric in geometry nor constructed as a
one-piece member. In fact, since the gyro must be tested in various orientations
with respect to gravity and the earth's polar axis, a two-or three-gimbaled
fixture may be required. Figures 4-51 and 4-52 are photographs of a gyro
centrifuge and a gyro vibration fixture, respectively.

Fixture complexity cannot be neglected in an error analysis since the fixture is
essentially an elastic member subject to vibrational stresses, strains and
deflections. If the test fixture were indeed symmetric in geometry, then an error
analysis could be greatly simplified since basic beam theory could be applied.
Even though this is not possible in the real world of complex test fixtures, some
basic assumptions must be made if meaningful test results are to be achieved.

Fixture error analysis can start with the premise that basically the fixture and
gyro package are an oscillating cantilever beam. The desired results of the
analysis are vibration amplitudes, natural frequencies, and mode shapes. The
analysis must be simplified because of complexities such as density or mass
distribution due to geometry variations of the fixture structure, I the deflection
of the beam is y,

gZ—( = slope
2
dy _ M = bendi
—> = M = bending moment
dx
d3
—5 =V = shear (Eq.4-25)
dx

where the boundary conditions are (figure 4-53)

x=0: x=£:

2
y=Yosinwt dy _,
dx (Eq.4-26)

3
dy _ dy
R
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Fig. 4-52 Gyro vibration fixture



[ECHNICAL LIBRARY

138

These are, of course, crude assumptions since it may not be possible to accurately
determine the mass distribution throughout the fixture assembly. Also, if a large
contribution of mass density is concentrated near the free end of the beam (or
fixture), then the assumption can be made that

3 2
4y om, 4y
dx ¢ ax? (Eq. 4-27)

at x = 0. Values for mode shapes and frequencies can be determined if the above
boundary conditions are substituted into the general relation for beam analysis

y = A sin mx+B cos mx+C sin hmx+D cos hmx (Eq. 4-28)

where the constants are determined from the known end conditions of the beam.
The process involves the reduction of a determinant to obtain the desired results.

The requirement for a good test fixture is maximum stiffness for the lightest
possible weight. This seems reasonable since maximum stiffness permits testing
over a larger range of frequencies and amplitudes than would otherwise be the
casc. A light-weight fixture permits testing at higher acceleration levels for a
given force input since the effective driven mass of the testfixture and gyro
package is smaller. However, a trade-off must usually be made in the area of
stiffness versus weight.

If resonant levels do occur during testing, then relatively large amplitudes of
fixture displacement are possible. Since purely analytical calculations are
difficult in determining resonant frequencies and amplitudes for the test fixture,
experimental means must be adopted if what actually happéns under various test
conditions is to be investigated. A method commonly used is to monitor the output
of accelerometers mounted at various points on the test fixture and on a dummy
gyro mounted in the test fixture to simulate an actual test situation. This is a
simple but nevertheless effective method of determining test-fixture capabilities
over various frequency and amplitude ranges.

Evaluation of the data from the accelerometers can be used as a basis for a more
efficient fixture design. From this reasoning, it can be concluded that a gyro
test fixture is designed to function over a specified range of amplitude and
frequency levels only. Input levels outside this range will cause unwanted inputs
to the gyro because of excessive fixture movement and distortion.

In order to facilitate the task of predicting the test fixture's dynamic behavior

by using classical theory, it is necessary to design and fabricate the simplest,

yet fully functional, fixture structure possible, In this way, dependable results
can be obtained from a classical-theory approach. Actual testing will result, of
course, in useful information about fixture behavior from accelerometers mounted
on the fixture. An accurate prediction by classical means, however, will save
much time in preventing the fabrication of useless fixtures. If means are
available to construct a mathematical model of the fixture, then this approach’
should yield an even more complete analysis of the fixture characteristics and
general behavior. .

Electronics

The electronics required for gyro excitations and monitoring and for the rate-
feedback loop are basically the same for environment-simulation test stations
as for one-g test stations. The servo-turntable loop and optical pickoff
electronics are usually not required because environment-simulation tests are
generally conducted in the rate-feedback mode. In addition, the long-term-
stability requirements of the electronics may be somewhat less stringent for the
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environment-simulation test station because of the shorter duration of the tests.

Figure 4-54 shows the electronics consoles of the electrodynamic vibrator-slip
table test station, which can be considered a typical example of the electronics
required for an environment-simulation station. Looking at the racks in that
photograph from left to right, only rack number 2 is unique to the vibration test
station; the other four contain the various gyro-excitation, monitoring, control-
loop, and data-acquisition equipment. Very briefly, the functions of the various
racks are:

Rack No. Function

1 Wave analyzers and recorders for gyro wheel and
bearing-retainer noise.
2 Vibrator control console, which includes controls

for operating the vibrator and monitoring electronics
for vibrator operation, i.e. accelerometer outputs,
ete.

3 D.c. and a. c. gyro-excitation sources and gyro-control
electronics, which include rate-feedback loop, gyro
temperature controller and mode-selection panel.

4 Eight-channel strip-chart recorder for recording
test data in analog form.

5 Digital data-acquisition equipment for recording
test data in digital form on punched tape.

Figures 4-55 and 4-56 are close-up views of two of the panels in rack number 3.
Figure 4-55 shows the mode-selection panel, or gyro-control unit, which controls
all gyro system functions. The left-hand section of the panel controls the
application of power to the gyro electronics unit shown in figure 4-56. The two
right-hand sections of the panel each control one gyro and contain rate-feedback
loop controls, wheel-excitation mode selector, and a gyro-heater duty-cycle
monitor. The gyro electronics unit shown in figure 4-56 contains d.c. power
supplies, a frequency-conversion unit, a square-wave gyro-wheel supply, and
PIGA and gyro rate-feedback loops.

As noted in section 2, it is desirable that some of the electronics be physically
as close to the gyro on test as possible. The high-g equivalents of the table-top
electronics units described in that section are the gyro proximity packages which
are mounted in the vibration and centrifuge fixtures (Figs4-51 and 4-57). These
proximity packages contain five modules:

(a) signal-generator preamplifier

(b) temperature-controller preamplifier

(¢) gyro magnetic-suspension external circuitry

(d) torque-generator drive circuitry

(e) gyro caging circuitry.



[ECHNICAL LIBRARY

142
5.Error Sources

The basic standards of reference against which gyro performance is measured are
earth's rate, gravity, and sidereal time. Obviously, error and uncertainty in the
values of these standards will mask the true performance of the gyro on test, but
two other sources of error are of more significance to the instrumentation
designer. These are errors and uncertainty generated by the instrumentation and
those generated by the environment.

Since the inertial gyro is basically a precisely balanced electromechanical device,
anything that upsets its balance or that generates a spurious angular rate will
tend to obliterate the desired gyro-performance data. For example, the gyro
will respond to angular rates generated by misalignment or platform tilt, to
angular and linear vibration, to electrical-excitation changes, and to changes in
its thermal or electromagnetic environment.

After briefly discussing the accuracy of the standards of reference, this section
describes mechanical and electrical sources of error and uncertainty generated
by the test instrumentation and techniques for their minimization. Error and
uncertainty resulting from the environment are discussed in section 6.

Basic Standards

The only rate on earth constant enough to be used as a standard against which to
measure gyro performance is the rate of the earth's daily rotation. The earth
makes one revolution per day consistent to one part in 30 x 10° (14). While

this accuracy is sufficient for testing today's gyros, it has been shown that if
gyro performance approaches a level of 10-¢ degrees per hour (0.000067 meru),
fluctuations in the earth's spin rate must be taken into account (14}

A new absolut e determination of the specific force of gravity has been made by
the U.S. National Bureau of Standards, which indicates a vglue of g equal to
9.801018 m/s” with a standard deviation of 0.3 x 10~° m/s” or 0.3 milligal (15).
This standard deviation is approximately 0.3 ppm of the value of g. Reference 15
also states that the difference in the values of g at two locations can be measured
more accurately (to + 0.01 milligal in the best determinations) than the absolute
values themselves,

Various manufacturers of frequency-counting time recorders are now specifying
accuracy on the order of one part in 10 for a period of twenty-four hours and
three parts in 107 for a period of seven days. Thus, inaccuracy in the basic
standards of reference is not a significant source of error for the test-instru-
mentation designer today.

Mechanical-Instrumentation Error Sources

The basic concept of gyro testing with earth's rate and gravity as standards of
reference requires that the gyro be accurately oriented with respect to the earth's
polar axis and the local gravity vector. Any misalignment will result in
erroneous test results.

The gyro is directly affected by misalignment anywhere in the set of building
blocks making up the test-station complex: the table mounting surface, the

table, the gyro holding fixture, or any parts related to this set. Misalignment can
result from seismic or cultural disturbances that cause floor motion (see

section 6). Long-term angular motion may be the result of machining stresses

in the gyro test table or mounting fixture, or in overloading in excess of original
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design loads. In addition, excessively high stresses in clamping or locking
devices used to accurately position test equipment can produce plastic deformation
over an extended period of time, thereby causing changes in azimuth or level of
the test station.

Early testing procedures proved that the gyro was more capable of defining
alignment of its input axis with the appropriate table axis by electrical means
rather than by any other means. This was, and for that matter still is,
accomplished by 'yozzling' the test table, which consists of oscillating the test
table, and therefore the fixture and gyro, about the trunnion axis of the table.
The error angle that the gyro input axis forms with the plane perpendicular to
the trunnion axis introduces a component of the yozzling rate to the gyro through
its input axis. Since the signal-generator output is proportional to the total
angle accumulated about the trunnion axis, the gyro is considered aligned in

the fixture with respect to the trunnion axis when the signal-generator signal

is minimized by successive adjustments of the gyro orientation. This technique
of aligning the gyro to the test-table axis requires that the test fixture be aligned
within specific tolerances with the test table so that as the gyro is reoriented on
the test table by manipulation of the test fixture, the alignment accuracy is
maintained between the gyro and the test-table axis. The orientation of the
test-table axis is also required to be within certain limits with respect to the
earth's rotational axis and the local gravity vector.

The precision required for alignment of the various parts in the test-station
complex is directly related to the type of test to be performed and the level of
accuracy desired. For instance, a rate-feedback test, which is the test generally
used for measurement of the error coefficients of the single-degree-of-freedom
gyro, requires that the gyro input axis be accurately aligned perpendicular to both
the test-table axis and the earth's axis so that the gyro is insensitive to the table
rate and to the earth's rate. Even assuming that the gyro were aligned perfectly
with respect to the test-table axis so that the gyro is insensitive to the table rate,
misalignment of the table axis with respect to the earth's axis will introduce an
error of approximately 0.3 meru per minute of arc misalignment (16).

- In an effort to assign a value of error directly attributable to mechanical sources,
it will be assumed that the gyro is aligned in the rate-feedback mode with its input
axis perpendicular to both the table axis and the earth's axis. It should be
understood that the gyro can, at times, be in a more disadvantageous position
with respect to table motion or to the tolerance build-up of the component parts

of the table. Various mechanical error sources and the value attributed to each
are discussed in the following paragraphs, using the current Model E test

station as an example.

Gyro End Mounts. A possible source of error contribution is the gyro end mounts.
This condition can result from improper mating with the fixture mounting surface
and/or the gyro end bosses on which they are clamped. Possible sources of
alignment error which must be checked include the following areas:

(a) surface tolerances at interface between clamp and fixture

(b) surface finish at interface between clamp and fixture

(c) thermal coefficient of expansion

(d) hole clearances of attaching and mounting screws

(e) deflection due to gyro weight in test orientations
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(f) stress induced by clamping

These precautionary measures will reduce the possibility of mounting misalign-
ments associated with the gyro and mounting fixture.

Current machining limitations are such that a maximum misalignment of two
seconds of arc (0.01 meru) could be introduced as a function of misalignment of
the gyro with earth's axis because of the mating of the gyro with the end mounts
and the end mounts with the test-fixture surface.

Two-Axis Test Fixture. Since the first connected member to the gyro unit is the
test fixture, it can be suspected as contributing possible errors due to motion
about the gyro input axis. The various orientations of the gyro as dictated by

the test program can be easily accomplished with use of such a test fixture.
Accurate alignment of the three gyro axes with respect to the local gravity vector
and earth's rotational axis for any particular test orientation depends, of course,
on the accuracy of the fixture itself. This includes gimbal errors, indexing errors,
etc., which, if not properly controlled, can lead to the eventual misalignment of
the gyro axis from its desired position for a specified test. The misalignment
error in milliradians manifests itself in meru output error. Thus it can be seen
that accurate positioning of the unit is mandatory for monitoring gyro performance
and can only be accomplished with a highly accurate fixture device. A check of
fixture quality can be made with the use of mirrors and autocollimators, while
the fixture gimbals are being repositioned and indexed for the required gimbal
test orientations.

The following parameters must be carefully checked for possible sources of
error:

(a) surface tolerances at clamp interface

(b) parallelism of clamp mounting sources

(c) condition of mounting surface (roughness, etc.)

(d) thermal-expansion effects

(e) orthogonality of fixture axis

(f) positioning or indexing accuracies on table

(g) surface condition of base mounting surface

(h) deflection due to weight shifts and vibrations

(i) stress induced by clamping

A maximum tolerance build-up of five seconds of arc is possible in the gyro
fixture. This would be the equivalent of 0. 025-meru error introduced to the
gyro in the rate-feedback mode.

Test Turntable. The test turntable can be broken down to the table top and its
supporting structure which includes bearings, base ring, rotary table, trunnion
axis, etc. It is difficult to determine accurately the relative movement between
these table members because of bearing wobble, shaft runout, etc. However,

with the use of appropriate test equipment, the accuracy of the table
specifications can be checked.
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Table Top - the mounting surfaces of both the table top and the test fixture must
be accurately machined so that a pure interface condition is obtained. Clamping
of the fixture to the table surface should receive careful attention since uneven
bolt torques can lead to uneven fixture internal stresses which result in distor-
tion or deflection of the fixture; required bolt torquing should be adjusted with
precision torque wrenches. Machine finish on the table top can exhibit a one-
second-of-arc error in perpendicularity to the turntable-shaft axis: this could
introduce as much as 0. 005- meru error to the gyro under appropriate
conditions. The following items should be carefully checked as possible error
sources:

(a) condition of mounting surface
(b) material thermal properties
i temperature gradients
ii thermal capacity
iii coefficient of expansion
(c) stress levels of surface
(d) symmetry about table axis
i mass unbalance
ii geometric unbalance
iii moment of inertia
Yoke Motion - any nonuniform expansion or contraction of the yoke arms will show
up as a motion in the tilt axis, shaft axis, and table-top level. Temperature
recordings on a typical table have shown a 2°F differential change. This is
probably caused by the fact that oil is fed through one arm of the yoke and not the
other. Approximate calculations indicate that for 1°F difference in yoke arms,
a one-second-of-arc (0. 005-meru) movement is translated to each of the above-
mentioned axes.
Main Support Bearing - with a dimensional tolerance for roundness of the radial
bearings and flatness of the thrust bearings of 25 x'10~6 inches total indicated
runout, a shaft wobble of 0.4 second of arc (0. 002 meru) is possible.
Table Trunnion Axis - the trunnion assembly is supported by air bearings at the
end of each arm and is held in position by brake shoes at each bearing. The error
attributable to the trunnion assembly (azimuth error) has a value of one second of
arc (0.005 meru). The condition and performance of the bearings must be
carefully checked for:
(a) runout
(b) axial movement

(c) axial alignment

d) fi'ictional torque level
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Rotary Base - the rotary base, bolted to the stationary base on each of four
corners, permits adjustment of the turntable yoke about the vertical with an
accuracy of three seconds of arc (0.012 meru). Current alignment procedures
permit alignment to local vertical to two seconds of arc (0.010 meru).

Statlonax("y Base - the stationary base has a coefficient of linear expansion of
12 x 10-° inches per degree F. The height of the base is 8% inches or 0.001
inch per degree F. Since 0.001 inch is one second of arc in 20 inches, a one
degree F temperature gradient from one side of the base to the other will
subject the entire table to a one second of arc tilt (0.005 meru). Current
alignment procedures permit alignment to local vertical to two seconds of arc
(0.010 meru).

Azimuth Positioning. Azimuth table alignment is usually made from references
previously established. These references, which probably are not established to
better than five seconds of arc (0.02 meru), determine the alignment. Ideally,
the astro-azimuth technique which uses direct star observations can reduce this
misalignment to within 0. 2 second of arc (0. 001 meru).

Summary. Table 4-2 summarizes the possible mechanical-instrumentation error
sources. It is difficult to predict the cumulative effect of the errors since any
attempt to algebraically sum these errors could result in an extreme error, or
coincidental cancellation could produce no observable error.

Table 4-2 Mechanical-instrumentation error sources

Maximum misalignment Equivalent error

Error Source (second of arc) (meru)
Gyro end mounts 2 0.01
Two-axis test fixture 5 0.025
Test turntable
Table top 1 0.005
Yoke 1 0.005
Main support bearing 0.4 0.002
Trunnion assembly 1 0.004
Rotary base 5 0.02
Stationary base 3 0.015
Azimuth positioning 5 0. 02

Electronic-Instrumentation Error Sources

The required performance characteristics of the test instrumentation utilized
in testing gyros are directly dependent on the calibre of the instrument being
tested and the desired accuracy and resolution of the performance data.

As mentioned previously, gyro testing is accomplished at MIT by determining a
set of torque coefficients for the gyro error model. These coefficients describe
the response of the instrument, in terms of torque about the output axis, to
influences other than angular rate about the input axis. In other words, they are
error torque coefficients. Variations in these coefficients caused by factors
external to the gyro appear as uncertainty in the gyro performance data. In
addition, the accuracy to which the performance data is known is dependent on the
data acquisition technique and the capability of the monitoring or measuring
equipment. The following paragraphs describe the major sources of performance
error and data-acquisition error that may be attributed to the electronic
instrumentation
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Performance-Error Sources. The most significant equipment-induced
contributions to error torque about the gyro output axis are variations in
reaction torque and mass-unbalance torque. Reaction torque is a characteristic
of the electromagnetic elements, i.e. the ducosyns which comprise the signal-
generator, torque-generator, and magnetic-suspension components of the gyro.
Variation in mass-unbalance torque is caused by displacement of the center of
mass of the gyro float and is commonly the result of changes in the gyro
temperature. (Mass-unbalance variations may also be due to other influences).
The manner in which the electronic instrumentation is related to these errors is
discussed in the following paragraphs as reaction torque, wheel-power sensitivity,
and temperature sensitivity.

Reaction Torque - reaction torque is a magnetic effect caused by lack of
symmetry in the flux distribution between separate pole pieces in the microsyn.
This dissymmetry is caused by machining imperfections in the manufacturing
process and the inability to wind identically equally effective ampere turns on
each pole. Since magnemotive force or flux density in the magnetic circuit is
proportional to current in the microsyn windings, reaction torque is dependent
on excitation current and, in fact, is directly proportional to the square of the
excitation current. Reaction torque is a property of the microsyn and hence
cannot be an error attributable to the test equipment. However, changes in the
microsyn-excitation current caused by variations of the excitation source will
result in reaction-torque variations and thereby contribute uncertainty in the
performance data. To reduce this uncertainty to acceptable levels, the output
stability of the microsyn-excitation source must be very closely controlled.
Since the signal-generator, torque-generator and magnetic-suspension elements
are electromagnetic microsyns, all three can contribute to the total reaction
torque.

Wheel-Power Sensitivity - the gyro wheel is driven by a two-phase hysteresis
motor excited by a precision voltage source. Variations in the voltage-
excitation level to the motor cause corresponding variations in the magnitude of
the phase currents. thereby maintaining the constant total developed torque
required to keep the wheel in synchronism. Since the motor windings possess
resistance, incremental changes in the phase currents result in small variations
iy the total power dissipated within the motor structure in the form of heat or
I"R loss. The resulting expansion or contraction of the motor component parts
may result in a shift in the location of the center of mass of the float and thereby
contribute uncertainty to the determination of mass-unbalance torque. This
effect is termed wheel-power sensitivity and is expressed in meru/watt, meru/
volt or meru/amp. - As was the case with reaction torque, the effect of wheel-
power sensitivity is minimized by strictly controlling the output characteristlcs
of the gyro-wheel-excitation source.

Temperature Sensitivity - the gyro float is buoyant in the flotation fluid at a
specific temperature called the flotation temperature or unit operating
temperature. Balancing of the float is a critical operation that is carried out at
the unit's flotation temperature in order that mass-unbalance effects may be
minimized. During operation, the temperature of the gyro is maintained as
closely as possible to the flotation temperature by a heater-sensor configuration
attached to the gyro case and a precision temperature controller. Since the gyro
float is dimensionally sensitive to temperature, changes in the location of the
float center of mass may result from temperature variations. This effect is
similar to that described under wheel-power sensitivity; however,
perturbations in the unit operating temperature may arise from causes outside
the gyro case as well as from within. For this reason, the gyro temperature-
control hardware should isolate the unit from ambient-or environmental-
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temperature excursions as well as attempt to compensate for internal
disturbances. Temperature sensitivity is expressed in meru/°F and its effect is
minimized by closely controlling the gyro temperature.

Equipment Considerations - minimizing the sources of uncertainty in the
performance data as discussed in the previous sections requires a high degree of
stability and control in the electrical excitations or inputs to the gyro undergoing
tests. In the case of reaction torque or wheel-power sensitivity, the undesirable
effect is maintained within acceptable limits by providing excitation sources
having exceptionally stable output-voltage characteristics. As stability
requirements become more stringent, it is not sufficient to design or purchase a
source with the required stability specification at its output terminals. Factors
such as variation in connector contact resistance and slip-ring-resistance
changes serve to degrade the stability of the excitation actually supplied to the
gyro. Excitation sources employing a remote-sensing technique are used to
overcome this problem. As the term implies, remote sensing provides for
monitoring of the excitation signal at a point in close proximity to the gyro with
the correction or feedback signal being returned to the source via low-current-
carrying conductors. Stabilities on the order of 0.005 percent may be achieved
by this method utilizing currently available commercial equipment.

Gyro-temperature-control electronics is also subject to proximity considerations.
Normally, the gyro temperature is sensed by a resistance winding or sensor
affixed directly to the case of the gyro. This sensor forms one leg of a precision
bridge which generates the error signal for the heater circuitry. Stability of
temperature control is largely dependent on the ability of this bridge circuit to
accurately detect small incremental differences between set-point temperature
and actual gyro temperature. In some instances, the fixed legs of the bridge

are mounted directly on the gyro to take advantage of the relatively constant
thermal environment and inherently short lead lengths. In other cases, the
bridge is mounted nearby with suitable precautions taken to prevent excessive
thermal disturbances. Whatever the configuration, error sources such as
contact resistance, thermal emf's, lead resistance and temperature variations
must be considered in designing and fabricating the temperature-control circuitry.

In addition to providing for control of the gyro excitations, means of monitoring
the performance of the various circuits should be provided. Continuous mon-
itoring of performance parameters such as signal-generator excitation, gyro-
wheel excitation and gyro temperature not only provides information relative to
equipment performance thereby assisting in reducing troubleshooting time, but
also allows for correlation of anomalies in the gyro performance data with
corresponding excursions in the monitored variable. In the past, high-resolution
analog strip-chart recorders have been developed for this purpose. These
multiple-channel recorders accept either ac or dc signals and possess zero-
suppression circuitry with stability on the order of 20 ppm. Recording
sensitivities of 0,01 percent of the input signal are easily achievable with these
instruments.

Data-Acquisition Error Sources. As described in section 3, the two major modes
of gyro evaluation at the MIT Instrumentation Laboratory are rate-feedback tests
and servo-turntable tests. In the former, the performance data are a measure of
gyro unbalance torque as a function of gyro position and in the latter, the
performance data are deviations in turntable rate from a known reference.

Rate-Feedback Tests - with the analog rate-feedback loop, the unbalance torque
is obtained by measuring the magnitude of the feedback current to the gyro torque
generator. This measurement is made open loop and is dependent for accuracy
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and resolution on the characteristics of the recording circuitry. Gain instabilities,
phase shifts and electrical noise in the circuitry place a practical limit on torque
resolution and must be considered in determining the error contribution of the test
equipment. In addition, further uncertainty is injected into the data by the need
for human interpretation of a strip-chart recording. Resolution capability of this
configuration is on the order of 0.5 meru.

As an alternative to manually translating the unbalance-torque data to numerical
form, an analog-to-digital converter is used to log the recording-circuit output
directly on punched paper tape. This method also minimizes the effect of noise

by averaging the data over predetermined time intervals. Significant improvement
in resolution may be achieved by this method, and the data is in a form readily
adaptable to computer reduction.

With the digital rate-feedback loop, the unbalance torque is obtained by
accumulating the net number of discrete torque pulses of a given polarity on an
electronic counter. Since total elapsed time for a data sample and the net pulse
count of the data sample are the two variables required for torque calculation,
either of two methods of instrumenting the readout may be used. The time inter-
val may be predetermined and the pulse count over the time interval be the
measured quantity, or the number of desired torque pulses may be preset and the
elapsed time for the preset number of pulses to accumulate be measured.
Instability in the clock frequency may result in lost data pulses in the first
method; hence the latter readout configuration is commonly used. As the weight
in meru-seconds of a specific torque pulse is dependent on the length of time over
which data is gathered, torque resolution may be enhanced by expanding the data-
accumulation time. Since the digital rate-feedback loop does not possess the
data-acquisition errors inherent in the analog rate-feedback loop, it offers
improved unbalance-torque-resolution capability.

Servo-Turntable Tests - various methods can be used to record the turntable rate
during servo testing. The method employed at the MIT Instrumentation Laboratory
utilizes a duplex photoelectric-scale-readout system consisting of an accurately
engraved glass dial mounted concentrically with the turntable shaft and a pair of
photoelectric readout devices. The engravings are sensed by the readout devices
which trigger a clock. The readout devices, mounted 180 degrees apart, are so
arranged that the trigger pulse to the clock is the average of both readouts, The
reason for this is twofold. First, if only one readout was employed, a failure in
the readout system would cause a lapse in data until the fault was remedied. This
would result in an expensive and time-consuming rerun. Secondly, by averaging
the readouts, most of the indicated error in table-rate caused by table-axis

radial eccentricity and glass-dial concentricity with the table shaft is removed.

The glass dial is mounted on the rotating portion of the turntable so that the
graduations are concentric with rotation of the turntable shaft within 3 arc seconds.
The accuracy of graduation is 2 arc seconds. During performance runs, the
primary interest is the comparison of the basic unbalance curve with the reference
curve or with the previous revolution. Therefore, in this instance, the graduation
accuracy does not play an important part except that the basic unbalance curve

will have discontinuities if the graduation accuracy is poor. However, during
short runs, such as multi-position or cogging tests, coefficients are being
determined and excessive error in graduations will cause large errors in the
coefficient magnitude.

Since the table drives at approximately earth's rate, it requires four minutes to
travel 1 degree.
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1°/4 min = 3600 Sec/4 min
900 Se¢/min
1 §€¢/0. 001 min

an

At earth's rate, an error of 0.001 minute over a one-degree interval results in
an error of 0.25 meru. Therefore, an error of 1 arc second in the glass dial can
be indicated as an error of 0. 25 meru in the unbalance coefficient.

To record the table rate for the servo mode of testing, a precise time source is
required which is not normally a part of the test station. Since the table rate

is a direct function of earth's rate, it is commonly measured utilizing sidereal
frequency to drive a clock. A drift in the frequency source will cause errors in
the indicated gyro unbalances because the clock is triggered by the photoelectric
readouts. The frequency source should be at least one order of magnitude
better than the performance requirements of the gyro. For example, if an
accuracy of 0.3 meru (one part in 10 000 of earth's rate) is required, then the
clock must have an accuracy of one part in 100 000. Therefore, the drift of the
clock must be less than 0.8 second in 24 hours. For a one-degree table interval,
timing accuracies necessary for corresponding error requirements are as
follows:

Timing accuracy (min) Error (meru)
0.01 2.5

0.001 0.25

0. 0001 0.025

6. Environmental Considerations

Current philosophy of gyro-test-station design has been described in the previous
sections along with the techniques for minimizing the errors generated by the test
instrumentation itself. At this point, then, the instrumentation engineer may feel
that he has devised the ultimate in a gyro test station, and perhaps he has. All he
now needs is an isothermal room free of magnetic fields having an absolutely
stable floor that is unaffected by earth tremors or cultural activity in which to set
up the test station. Obviously such a room is unavailable today, at least on the
earth, and therefore the instrumentation engineer must now direct his thinking
toward subjects such as site selection and preparation and base-motion isolation.
These and other environmental aspects of test-station design are covered in this
section,

Site Selection and Preparation

The task of setting up an advanced inertial-test facility requires definition of the
most sensitive device to be tested and, specifically, its sensitivity to as many -
disturbing inputs as it is possible to get data on by theoretical or empirical means.
These disturbances may be constant or they may vary with some degree of
predictability. If the disturbances are constant, then certain assumptions can be
made and the performance of the inertial instrument can be evaluated with a
certain degree of success. If the disturbances are varying, then assumptions are
difficult, if not impossible, to make with regard to the effect the disturbance will
have on the inertial instrument. It is for this last reason that it is necessary to
perform a good investigation of the site to be used for a test facility. This does
not imply that the site will be dependent on the results of the investigation alone
since there may be overriding influences. It does mean, however, that the
instrumentation engineer will have the basic knowledge and data available to him
to define the particular disturbance problem facing him.



[ECHNICAL LIBRARY

152

GYRO ORIENTATION: OA VERTICAL
DATE: SEP OCT 1967
TEST: EARTH FIXED

NOTE: EACH BAR REPRESENTS RANGE OF 12 FIVE-MINUTE TORQUE MEASUREMENTS EACH HOUR

TORQUE ASOUT OA

L as S,

| N N B

START OF RUN 9 28.67 AT 1700 HOURS

‘— LINE VOLTAGE DROP

| | FRI_ | SAT 4 SUN | MON | TUE | wED | THU | FRI_| SAT | SUN | MON |
i T 1 1 T T T T ] T T 1

VA Yzl

(2] oav (0:00 am - 500 PM)

U272 micnt (500 Pu . 8:00 AW

Fig. 4-58 Effect of cultural activity on gyro test data

GYRO TEST

GYRO TEST TABLE
LABORATORY L4 )

0 — |1 BASEMENT FLOOR
AIR GAP
0 —
0 — _sorstuu R
FINE $AND - -
0 -
courucr SAND

=
s
|
——

i

0 - ’!/.//
0 —
SOFT BLUE CLAY SUBFSOR&AC%“%TG?M
>
10 — o ?/ <G
= g azom\cx : I
= I TS i z

Fig. 4-59 Cross section showing soil c¢onditions under the MIT
Instrumentation Laboratory.



[ECHNICAL LIBRARY

153

Once the sensitivity of the gyro to be tested has been defined, a location can be
sought within the framework of the other restrictions that are bound to be imposed,
namely, money, proximity to other facilities or to trained personnel, transportation
availability, and all of the other economic factors governing any site selection.

Site evaluation within a given area can usually be best left to experienced
seismological consultants once they have been informed of the maximum g and
angular-displacement levels that can be tolerated. The reason for this is that the
costly equipment and trained personnel necessary to do competent work in the
field of seismology are usually not available within the inertial-component
manufacturer's or R and D firm's organization. However, this is a decision which
must be left to the individual setting up a test facility and which is dependent on
the accuracy desired for the facility. At any rate, the precision of the investiga-
tion can be defined as ten times more precise in magnitude than the magnitude of
the test information to be obtained in the next ten years. This precision and time
relationship seem right to accommodate both economic considerations and the rate
of advancement of technology.

Seismic activity is generally noticed by the layman only when it assumes the
proportions of a large earthquake, However, the precision inertial gyro is
sensitive to microseismic activity, particularly to angular disturbances in the
0.1-Hz range, although most seismic activity is predominantly translational in
nature, Other natural disturbances which contribute to the microseismic
disturbances and of themselves cause ground or structure angular motion are:

(a) variations in ground water level
(b) seasonal changes in soil characteristics (i.e. freezing and thawing)

(c) radiant energy from the daily transit of sunlight across a facility (this
is thought to be a major contributor to the typical diurnal tilting found
in most test facilities)

Cultural activity may cause translational motion and most of the tilting or angular
motion sensed by a test facility. There is no standard relationship between
cultural activity and quantity of angular displacement observed in any given test
facility because each facility generally has unique geological and structural
characteristics and, therefore, responds differently to the various typical inputs.
The typical cultural inputs to a test facility include the following:

(a) personnel activity
(b) heavy machinery, including both manufacturing and utilities
(c) vehicular traffic inside or outside the facility

The combined effects of cultural activity on gyro test data are depicted
dramatically in figure 4-58, which is a portion of the test data from a long-

term earth-fixed test taken on a gyro test station which is mounted directly to
the test-laboratory floor. Each vertical bar represents the range of twelve
five-minute torque measurements made each hour. Note that the torque
excursions are smallest over the weekends and at night when the cultural activity
within and around the laboratory is at a minimum. The only exception to this is
the large spike appearing just after midnight each weekday when a railroad train
passes within about twenty feet of the test station. The fact that the torque range
in general is greater in the afternoon each day than in the morning (even on week-
ends) may be the result of the sun heating the south wall of the test laboratory



[ECHNICAL LIBRARY

154

and causing building tilt or it may be due to heavier afternoon traffic on the main
highway that passes the laboratory.

Since both artificial and natural continuous disturbances are accentuated in soft
ground, seismological stations are usually located in well-consolidated rock,
preferably on granite or Paleozoic sediments (17). The implication here is that
more consistent, repeatable phenomena can be recorded on a bedrock installation.

One gyro manufacturer in the United States, Northrop Nortronics, was able to
reach a bedrock outcropping when they excavated for an addition to their facility
in Massachusetts. They constructed a 18 x 16 x 10-foot concrete block weighing
approximately 170 tons on the rock outcropping. The block, in turn, was
surrounded by a trapezoidal retaining wall upon which a floor was constructed for
personnel traffic. The concrete block has cylindrical passageways cast into it
through which air maintained at a constant temperature (£ 1°F) is circulated to
minimize tilt caused by temperature gradients. This resulted in a reduction in
typical tilt measurements from a few seconds of arc to less than 0. 6 second of
are.

Another firm, LTV Aerospace Corporation in Michigan, has located an inertial-
test facility in an unused portion of an operating salt mine located 1100 feet beneath
the surface of the earth. The laboratory site, carved out of natural rock salt, is
at least two miles removed from the main shaft and active mining operations.
Noteworthy advantages of the underground location are:

(a) bedrock floor, which provides extreme resistance to seimic disturbances,
very low test-pier-construction costs and no restriction on equipment size
and weight

(b) constant 57 £ 1°F ambient temperature, which reduces heating and air-
conditioning costs

(c) elimination of radio-frequency interference
(d) low laboratory-construction costs (if the mine is already available)

Initial measurements showed ambient vibration levels averaging from 1 to 5 micro-
g'sfor frequencies below 20 Hz and from 10 to 30 micro-g's in the 20 to 200 Hz
range. Floor stability is excellent: a 10-minute tremor recorded during initial
observations moved the bedrock floor only £ 3 seconds of arc; heavy traffic

within 20 feet and personnel movement within 6 feet produced no measurable
disturbances (18).

One possible disadvantage of the salt-mine site is that it was necessary to use gyro
compassing techniques to establish a prime meridian, which is accurate to 5 to 10
seconds of arc. Astro-azimuth techniques using direct star observations can
result in accuracies within 0. 2 second of arc.

Another manufacturer. Martin Company in Colorado, did just about everything
that should and could be done in selecting a site for, designing and constructing a
test facility. However, when their facility was complete and personnel were
moved in to utilize it, it was found that personnel walking outside of the building
could produce acceleration values at the test station in excess of the design goals.
This was accomplished through an unfortunate tuning of the building structure.
With some minor modification, they expect to achieve a 10 micro-g maximum
acceleration ambient. Maximum floor tilt during a 13-day test was found to be

2. 3 seconds of arc over a 24-hour period; total peak-to-peak change during the
test was 3. 3 seconds of arc (19).
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In contrast to the examples just mentioned, all of which were located on bedrock,
Honeywell Corporation's test facility is located in Florida on extremely sandy
soil. They took particular care to lower the existing water table under their
plant to keep the sand in a most advantageous dry condition to minimize transmis-
sibility of cultural or seismic disturbances, even to the extent of constructing a
moat around the facility. They also took care to minimize vibration internal to
the structure by individually isolating any rotating or oscillating machinery.

Thus, site selection for an inertial-gyro test facility is primarily dependent on
the sensitivity of the gyro to be tested and on the constraints imposed by manage-
ment. Site selection and preparation is summarized in reference (19) as follows.

'Management should be informed that, because of the state-of-the-art
limitations, it is impossible to guarantee what performance parameters
can be met before the construction of critical components is complete.
The difficulty in establishing reasonable funding estimates for facilities
with predetermined performance criteria should be stressed.

Ambient conditions should be determined before the site selection is
made.

The construction schedule should allow for field testing after completion
of critical components and for probable remedial action.

Design details should have flexibility which permits economical
revisions to vary the damped natural frequencies of the structural
components to avoid a resonant condition that may be produced by
some unpredictable mode of vibration.

All details should be carefully analyzed to reduce vibration transmission
from normal building activity to the inertial test pad. The minuteness of
vibrations which can cause accelerations in the micro-g range should be
constantly remembered. It is essential to control load paths in order
that the building components located adjacent to the inertial test pad
perform as predicted.

Generally, better control can be obtained by placing vibration-generating
equipment on isolated foundations rather than supporting the equipment from
building components that have more complex vibration modes. '

Base Motion

Each of the examples in the preceding subsection described a situation where a
gyro manufacturer was setting up a complete new facility and where he had a
certain amount of flexibility as to exact location within a given area. Now let us
consider the situation where a high-precision test facility must be set up within
an existing building, which is situated in what is perhaps a less-than-ideal
location. For example, consider the Instrumentation Laboratory of MIT. It is
a typical four-story brick-shell wooden New England mill-type structure,
constructed about the turn of the century and used originally for the manufacture
of shoe polish. It is situated between a city street and a railroad line and is less
than 100 yards from a major highway. Figure 4-59 is a cross-section view of
the Instrumentation Laboratory showing the ground conditions beneath the
building. Some of the effects of this location have already been shown in

figure 4-58.

In such a situation, and even in the case of a new specially designed and construc-
ted facility where the ultimate in performance is desired, it is necessary to
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control the environment in which the gyro is tested. Control, of course, does
not always mean elimination of all troubles; but it does mean reducing unwanted
inputs to acceptable levels, which for testing purposes should be at least an order
of magnitude smaller than the signal level of the data being sought. For example,
consider a test station that is being set up to test gyros for the next decade whose
drift performance is assumed to be of the order of 0.0001 degree per hour.

Even if all of the error budget is expended on angular motion of the test platform,
angular motion must be less than 0. 00001 degree per hour or 0. 03 second of arc
per hour. Since one second of arc is the angle subtended by 0.000058 inch at one
foot, which is approximately equivalent to the thickness of this sheet of paper at
60 feet, the magnitude of the job necessary to stabilize the environment becomes
more apparent.

Many and varied solutions have been attempted to control micro-g and tilt
disturbances at a gyro test station. It is a classical observation that
simultaneous isolation from both high-and low-frequency disturbances is quite
difficult. One possible solution seems to be the spring mounting of a large mass
for isolation from disturbing frequencies above 10 Hz and the use of a servo-
controlled platform for isolation from lower frequencies.

The remainder of this subsection describes the approaches to the problem of
control of base motion at MIT. MIT's solution is not pointed out as necessarily
the best isolation technique because the environmental problems in each area will
undoubtedly be quite different from those that were experienced at the
Instrumentation Laboratory.

Effects of Base Motion. An error model equation has been developed that
indicates the effects on the MIT single-degree-of-freedom floated integrating gyro
of motions of the test-turntable base (20). It should be noted that this equation is
applicable only to a gyro having characteristics similar to the following:

Gain ~ 1

Characteristic time ~ 1 millisecond

Lowest resonant frequency > 800 Hz:

Anisoelasticity factor 1to 1.6

Ratio of damping to critical damping = 0. 01
1t is also assumed that cross compliances between the output and spin axes and

between the output and input axes are negligible. For such a gyro the maximum
possible error, E, in meru, due to turntable base motion is

E = 0.005¢, + 1.11e, + 0.0035¢Z + 0.0035¢3 + 0.107e2
+BAZ + 5.5A3 + TAZ + 9A% + 11AZ + 19.5A% + 54A2 (Eq. 4-29)
+500A% + 850A2

where
€ , = maximum angular displacement of the platform in a three-month
period (sec of arc) - assumed recheck of table alignment every
three months.
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eo = largest rms value of the average angular rate of the platform (sec of
arc/minute) measured over (averaged for) a time interval At for a
set of representative periods of time T. For typical gyro-performance
tests, At and T are specified as follows:

Test at

{minutes) (hours)
10 x ER tumbling
1°cogging 4 1
1°servo

1 x ER tumbling
10°cogging 40 10
10°servo

Fixed-azimuth or earth-
reference drift tests where
rate is averaged over one-
hour periods

60 50

For example, for the 1°-servo test, the specification requires that the
average rate of the platform be obtained by measuring the angular
displacement during four-minute intervals. The rms value of the 15
consecutive measurements made during each hour is then obtained.
The largest of the rms values that occurs during a representative
24-hour day is substituted in the specification.

€%, €3, e3=sum of the peak mean-squared angular oscillations measured about
three orthogonal axes in the bandwidths of 1-10, 10-100, and
100-5000 Hz, respectively.

AZ...A% =sum of the peak mean-squared linear vibrations measured along three
orthogonal axes in the bandwidths of 0-100, 100-200, 200-300,
300-400, 400-500, 500-600, 600-5000 Hz, respectively.

Ag, Ag =largest value of the sum of the peak mean-squared linear vibrations
along three orthogonal axes in the range between 600 and 5000 Hz in
150 and 50 Hz bandwidths, respectively.

Now let us analyze each of the error contributors to equation 4-29. The first

term €,, represents the maximum angular displacement of the turntable over an
assumed three-month interval between calibrations. The turntable may be
mounted on a flexible or elastic foundation that can, andin fact does, distort and/ .
or oscillate with a varying load such as personnel walking through the area
(Fig.4-60) or merely as the result of personnel activity in the building (Fig.4-61).
The possibility of disturbing the test table is also increased whenever any heavy
equipment such as electronic consoles or hydraulic equipment is moved into or

out of the area.

An additional problem can occur if the turntable base and the foundation on which it
rests is actually shifted due to settling of the building foundation over a period

of time. Such a case can occur when the building is located on a 'soft' land area
such as is the case of the Instrumentation Laboratory. Shifting can occur, of
course, if the turntable is subjected to accidental physical contact from

personnel and/or other test equipment.
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The fact that thermal gradients are present cannot be over-emphasized. The

test environment itself is air-conditioned so that thermal gradients are minimized
but the thermal gradients outside the test area can possibly contribute to
disturbance displacements inside the test area. Radiational cooling of the building
exterior can cause dihedral shifting of the walls. Unless the test area is com-
pletely isolated from the rest of the building, this problem cannot be ruled out.
Even weather changes, if drastic enough, can cause thermal stresses and
displacements in the building structure which are transmitted to the test area.

In addition to this phenomenon in the exterior environment, the simple case of
vehicle movements such as automobile traffic, railroad trains, buses, heavy
trucks, etc., can contribute enough disturbance to shift and/or vibrate the
building and its foundation (Fig.4-62). Tests using precision tilt sensors located
in close proximity to a test turntable have shown both short-term and long-term
tilt with the above factors as known inputs.

The second term of equation 4-29,e, is the largest rms value of the average
angular rate of the platform measured over (averaged for) a time interval At for
a set of representative periods of time T. For example, in a servo test the
requirement is that the average angular rate be obtained by measuring the angular
displacement during a time interval (At), of four minutes. If T =1 hour is
chosen, then the rms values of fifteen consecutive measurements are obtained
during that time. The largest of the rms values that occurs during a
representative 24-hour day is the value finally chosen.

All of the factors discussed in the case of the coefficient € can just as well
contribute to the case of platform angular rate since the base or floor is
subjected to the above excitations whereby motion can result in translation
and/or rotation. Since the turntable and its base may be rigidly secured to the
floor and little or no isolation exists through the structure, any floor motion is
felt at the test platform.

2

The next three terms of equation 4-29, € i, ez, and €3 are the sum of the peak
mean-squared angular oscillations measured about three orthogonal axes in the
bandwidths of 1-10 Hz, 10-100 Hz, 100-5000 Hz, respectively. The maximum
error that may be produced by angular vibration is, in meru

2.1/2 ) ’
-3
Efax) =0.324x 10 [ deh) ]f 8 57 ¢’ () dw (Eq. 4-30)

o]
where (47w

€ (w) = the peak power sgectral density of the total angular vibration
(seconds of arc)

T = gyro time constant (sec)

w = vibration frequency (rad/sec)
E = error in rate (radian/sec)

h = gyro gain

Equation 4-30 may be approximated by a numerical integration. Assuming an
angular-vibration-measuring instrument whose gain is unity and whose time
constant is 1 millisecond, the maximum error in meru is approximated as

Emax) = 0.0035¢¢ + 0.0035¢3 + 0.107 % (Eq. 4-31)
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‘Fig. 4-60 Effect of personnel in area on gyro test data
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Fig. 4-61 Effect of personnel activity in building on gyro test data
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Angular vibrations can exist about the spin, input and output axes as a result of
floor oscillations. An acute form of oscillatory motion, for example, can be
associated with any earth tremors that may occur in the vicinity of the test area
and its surroundings. Of course, the test platform could oscillate in any number
of modes and phases; but the total oscillation can be resolved into its components
about the spin, input and output axes, which is treated in the above expressions.

2 2
The remaining terms of equation 4-29, A, through Ag, are the total peak mean-
squared magnitude of linear vibratory acceleration (g2 peak) in bandwidths from
0 to 5000 Hz, These terms represent errors in the compliance torques associated
with translational acceleration along the input and/or spin axes. In actual
practice, however, these terms can be virtually ignored. As mentioned in
reference 21, under emphasis was placed on the steady-state translational errors
introduced by high-frequency vibrations, since they do not occur in practice. The
acceleration sensitivities of a well-designed gyro are such that accelerations of
0.01 g above 1 Hz produce negligible measurement errors after averaging the
gyro output signal. At lower frequencies, the displacements required to produce
a significant error are very much larger than those encountered in practice. It

is concluded that no translational-vibration isolation is required for gyro testing.
Accordingly, a translational vibration of 0. 001 g is considered tolerable. Thus,
the largest and more significant errors (in practice) in gyro testing are caused by
the rates associated with angular vibrations of the test platform.

Isolation. Problems associated with test-station stability have been pursued by
Instrumentation Laboratory personnel since 1957 because of large-magnitude
disturbances that were showing up in the test data even then. These were found to
be caused by the movement of railroad trains and by movement of large heavy
pieces of equipment within the laboratory near a test station.

Preliminary investigations of the floor of the gyro test laboratory showed that
the five-inch-thick concrete was acting like a membrane. People walking near
a test station caused tilt of the order of seconds of arec, and a diurnal variation
was detected on the order of two-to-four seconds of arc (Fig.4-63). This work
was tediously carried out with level vials calibrated to 1.42 seconds of arc
sensitivity.

The first attempts at isolation of a test station from floor motion are depicted
schematically in figure 4-64. The theory behind these endeavors was to support
the test table at the nodal points in the floor membrane. These nodal points were
the area immediately around the building-load-bearing columns, which in turn
were supported by pile bents driven to refusal in the subsoil.

The first isolation platform comprised two parallel steel beams supported at

the building nodal points as indicated at the left of figure 4-64. Data taken at an
accelerometer testing table mounted midway on the two beams showed a substan-
tial reduction in transient deflections caused by personnel, but the diurnal
variations persisted.

An isolation platform for a gyro test turntable was then constructed in the same
area. This platform consists basically of two steel beams welded together in an

X pattern. The ends of the X are welded to 12-inch-diameter steel-tubing supports
which support the X approximately one inch above the floor. The cylindrical
supports are mounted around the building columns but do not touch the building
columns. In this manner, the platform is supported by the building pilings beneath
the floor. 'A turntable base ring is welded at the junction of the beams. This ring
provides a mount for the turntable and also stiffens the structure. The accelero-
meter test platform was maintained at one side. Figures 4-65 and 4-66 are photo-
graphs taken before the false floor was constructed, and figure 4-67 shows the
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Fig. 4-62 Effect of passing trains on gyro test data
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TECHNICAL LIBRARY

162

N |/ PARTITION

OPTICAL
MEASURING
TABLE BASE

{for pendulous accel-
erometer testing)

GYRO TEST
" TURNTABLE
MOUNT

BUILDING
COLUMNS

TOP VIEWOF PLATFORM

BEAM SUPPORT
(not attached
to column)

CONCRETE FOUNDATION PILES
FLOOR

SIDE VIEW OF PLATFORM
(false floor not shown)

Fig. 4-64 TFloor-isolation platforms



TECHNICAL LIBRARY

163

Fig. 4-66 Floor-isolation platform and optical measuring table for pendulous
accelerometer testing
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complete setup after installation of the false floor. Some of the estimated
parameters of the X-type isolation platform are:

Weight of platform 800 Ib

Load to be placed on platform 2000 1b

Total load on floor 2800 Ib

Load at each bearing area 700 1b

Area at bearing 26.5 in®

Bearing stress 26.4 1b/in?
The following calculations wére made to define the platform's susceptibility to
deformation and vibration. All computations concerning the beams were made

assuming the beams to be simply supported. The deflection of a simply
supported beam is

Fe3
81 = BEI (Eq.4-32)

where
Ay = deflection of beam (neglecting weight of beam)
F =force applied to beam = 2000 Ib
£ =free length of beam = 11,85 ft
E = modulus of elasticity = 29 x 10° 1b/in”
I = moment of inertia of beam = 69.2 in”
Substituting numerical values into equation 4-32 gives
A, =0.0597in (Eq.4-33)

Deflection due to weight of the beam itself is

A, =5wed : ' (Eq. 4-34)
384EI
where

w = unit weight of beam = 20 Ib/ft
Substituting numer_ical values into equation 4-34 gives

A, =0.0044 in (Eq.4-35)
Total deflection, Ay, is'the sum of Ay and A, or

Ay =0.06411in (Eq. 4-36)

Since two similar beams are sharing the load, the resisting moment of inertia
is doubled and total deflection is halved. Using this fact, the natural frequency
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of the isolation platform can be computed from the relationship

1
fp =5 ‘/% (Eq. 4-37)

where

f, = natural frequency
g = acceleration of gravity = 386 in/sec2
A =Ag/2=0.0321 in
Substituting numerical values into equation 4-37 gives
f, =17.5Hz (Eq.4-38)

Measurement of natural frequency with a velocity pickoff gave a value of 18 Hz,
which agreed so well with the calculated value that computations for the other
extreme (fixed-end beams) were deemed unnecessary. The setup closely
approximates simply supported beams because the beam supports are not
attached to either the floor or the building columns. The slightly higher value
was expected because the assembly is actually stiffer than defined in the
computations. However, this appears to be a sufficiently low natural frequency
to avoid most of the transient vibrations of motors, etc.

Although a generally accepted method of obtaining a stable base is to sink a -
column into the ground to a depth at which a stable bearing is accomplished and
then isolate the column from surrounding vibration sources and media, that
method was ruled out at the Instrumentation Laboratory at the time. One reason
was the condition of the water table, and another was the excellent results
obtained from the earlier platform for accelerometer testing in eliminating
transients caused by personnel. However, both platforms are susceptible to
movement of the building pilings.

Servo-Controlled Isolation. Present-day control of base motion at the
Instrumentation Laboratory comprises servo-controlled ground-tilt-isolation
platforms upon which the gyro test turntables are mounted as shown in figure
4-68 (22). The ground-tilt-isolation platform consists basically of a circular
steel weldment which is supported at three points - a fixed pivot point and two
micromotion drives. The circular weldment is an annular ring of hollow
rectangular cross section. A circular member, which is the support for the test
table, is welded to the bottom of the annular ring. Three brackets with gussets
to provide bearing points for the pivot point and micromotion drives are equally
spaced on the circumference of the annular ring.

The circular base has two axes of motion at an included angle of sixty degrees.
When a ground tilt causes the platform to rotate about one of these axes, the
motion is sensed by a pendulous sensor, which is located in a temperature-
controlled housing just over the micromotion drive. There are two tilt sensors
on each of the two active axes. One is in the servo-control loop; the other
monitors the actual tilt of the axis, thus indicating any shift in the null point of
the controlling sensor. The voltage output of the pendulous sensor is proportional
to the deviation of the pendulum from the zero-tilt position. This voltage is
amplified and continuously fed to one phase of a two-phase servo motor. The
servo motor drives a highly refined micromotion unit that converts the rotary
motion to vertical translational motion, thereby leveling the platform. Each of
the two servo systems consists of a tilt sensor, a servo motor, a gear train, a
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micromotion drive, and the necessary electronics (Figs.4-69 and 4-71). The
servo loops can function either independently or simultaneously. The overall gear
ratio in each servo loop is 1860:1; in other words, 1860 revolutions of the servo
motor are required for one turn of the micromotion lead screw.

Test results have shown that the ground-tilt-isolation platform maintains a level
base within £ 0.2 second of arc for periods ranging from many days to a few
months. A typical segment of data is shown in figure 4-70. The intermittent jags
in the data were found to be caused by stiction of the lead screws in the micro-
motion drive. This problem is being alleviated by replacing the ordinary micro-
meter screws with ball screws and ball-bearing thrust washers. Some of the
basic parameters of the ground-tilt-isolation platform are:

Weight of base 1800 lb

Load-carrying capacity 22 000 1b
Annular-ring ID 48 in

Annular-ring OD 56 in

Annular-ring cross section 4 in'x 10 in
Support bracket size 12 in x 12 in
Micromotion drive max. motion + 0.030 in
Load on each drive 2000 1b

The ground-tilt-isolation platform has proven to be effective in isolating against
low-frequency disturbances lower than 1/10 Hz. A recent attempt at the
Instrumentation Laboratory to control high-frequency motion is depicted in figure
4-72. That figure shows concrete bases for seven ground-tilt-isolation platforms
and accelerometer test tables. The bases are set in pea stone and are surrounded
by a retaining wall, the combination of which is expected to effectively attenuate
high-frequency culturally induced motion. Preliminary evaluation of this setup
has shown a decrease in noise of less than an order of magnitude as compared to
noise measured with the tables directly mounted to the building floor. This evalu-
ation is continuing.

A proposed experimental design for soft mounting on the ground-tilt-isolation
platform to isolate against high-frequency disturbances (>10 Hz) is shown in
figure 4-73 (24). Soft elastic supports on the framework carry a granite-block
mounting surface for the gyro test table. The soft elastic supports will isolate
the gyro from high-frequency disturbances that are within the boundary of the
ground-tilt-isolation-platform correction capability. The entire assembly is
enclosed in a housing that provides control of temperature, acoustic noise,
barometric pressure and radio-frequency interference. Although this proposed
design is limited to the isolation of frequencies higher than 10 Hz, its operation
will provide background knowledge for the isolation of low- and intermediate-
frequency vibrations.

Other Considerations

In addition to the site-selection and base-motion considerations already discussed,
the instrumentation engineer must evaluate the thermal, acoustic-noise, radio-
frequency interference and magnetic environments in which he intends to set up
his test station.
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Thermal Environment. Ambient temperature at a test station can cause problems
in two ways: either by remaining constant at too high or too low a level or by
varying erratically with time. If the temperature is constant at some level other
than the ideal (and if a correction cannot be made), then the heat-sink interface
to the gyro must be altered to provide the necessary potential for heat flow out of
or into the gyro. Caution should be exercised in altering heat-sink interfaces in
that the physical stability of the material used as insulator or conductor should
be investigated along with its thermal stability. Varying temperature is not
usually a problem because most large air-conditioning installations today are
generally well planned and integrated with the test area. A smaller facility,
however, with individual air-conditioning equipment may find that the air-
conditioning cycle is apparent in their gyro test results.

Air motion can also result in anomalies in gyro performance, but well designed,
positioned and baffled air conditioning usually minimizes or eliminates these
problems. In the case of centrifuge testing, the device being tested is mounted
inside a wind shroud to eliminate the direct effects of air velocity; however,
cooling of the enclosure may be a problem.

Acoustic Noise. Sound is a form of vibration that may affect both the gyro and
personnel working in the area. Ultra-high-precision gyro test facilities are
therefore shielded acoustically to prevent noise from external machinery, etc.,
from reaching the gyro on test. In addition, some test devices themselves must
be acoustically shielded to prevent acute discomfort or even injury to personnel.
An example of such a device is a large electrodynamic vibrator such as that
described on pages 126ff.

The vibrator and associated slip table are enclosed in the acoustical room shown
in figure 4-74. The walls of the room are four-inches thick constructed of
sixteen-gage galvanized-steel exterior sheet and twenty-gage perforated interior
sheets and filled with Fiberglas to a density of 6 1b per cubic foot. The room
contains a door for personnel and equipment access, a special port for theodolite
sighting to check gyro alignment on the vibrator, and the necessary apertures for
air-conditioning ducts, cables to the electronic consoles which are cutside the
room, electrical wiring and plumbing (for cooling the vibrator). Prior to
installation of the shielding, the noise level near the vibrator was 107 db at

2000 Hz, which is equivalent to that generated by a subway train passing a station
or by a punch press. After installation of the acoustical enclosure, the noise level
was of the order of 60 db, which is equivalent to a quiet typewriter or a soft voice.

Radio-Frequency Shielding. Since certain types of gyros may be sensitive to radio-
frequency interference, the instrumentation engineer may be called upon to provide
shielding against such a disturbing input. One such room at the Instrumentation
Laboratory is constructed of plywood which has zinc-coated steel permanently
bonded to it (Fig.4-75). The joints are specially treated as are all access ports,
including the door, as shown in figure 4-76. R.{. attenuation within the enclosure
is greater than 80 db at 21 MHz.

Magnetic Shielding. Magnetic fields must also be investigated by the instrumen-
tation engineer and dealt with in a degree proportional to the sensitivity of the gyro
being tested. Usually the gyro itself will include some magnetic shielding as part
of its outer housing or thermal jacket, but additional shielding may have to be
provided by the instrumentation engineer especially on fixtures to be used in

close proximity to sources of high magnetic fields such as electrodynamic
vibrators.
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A variety of materials are on the market today for use as magnetic shields, and
the instrumentation engineer must choose the material best suited to his

particular requirements. Regardless of the material chosen, annealing procedures
should be carefully adhered to and the shielding design should be as nearly
'water-tight', i.e. without apertures, as possible. )

Testing of magnetic materials at the Instrumentation Laboratory has tended to
dispel the widely held notion that mumetal is extremely sensitive to shock.
Deformation of annealed mumetal by vibration, peening, drilling, cutting, sawing
and filing did not produce significant changes in its shielding qualities (23).

7. Conclusions

Test equipment philosophy at the Instrumentation Laboratory of MIT considers
individual pieces of equipment as interrelated parts of a complete system. In
other words, each test station and the gyro or gyros to be tested thereon is
considered as a complete system. The performance characteristics of eachpart
or subsystem are carefully examined on an individual basis to determine their
adequacy for the particular function involved and then re-examined from the
standpoint of total system performance. In addition, the question of cost versus
desired flexibility and degree of precision is continually weighed. The objective
is to provide a complete gyro test station capable of accurately determining the
performance of today's precision inertial gyros in the most efficient and econom-
ical manner.

Basically, a gyro test station comprises devices for gyro orientation and/or for
environment simulation, electronics and environment-control devices. In the
first category are test turntables for one-g testing, gyro holding fixtures, linear
and angular vibrators and centrifuges. The electronics includes excitation,
control and monitoring equipment. Environment control includes temperature
control of ambient and equipment and various methods of base-motion isolation.

The mechanical portion of the gyro test station presents stringent machining and
inspection requirements. For example, most precise mechanical interfaces are
currently being finished to the limit of practical machining capability, which is in
the range of 10-% inches total indicated runout. It &s not uncommon for a test-
turntable top surface to be hand-lapped to 40 x 10~ inches total indicated runout
for a mounting diameter of eight inches with respect to the test-turntable
rotational axis. This accuracy could still result in angular misalignment with
respect to the turntable axis of approximately one second of arc. Obviously, then,
the tolerance budget for the various pieces comprising a complete assembly must
be kept under extremely strict control if the desired precise gyro test
orientations are to be achieved.

Two of the major electronics subsystems of a gyro test station are the control
loops used with the servo-turntable and rate-feedback (or tumbling) modes of gyro
testing and their respective data-acquisition techniques. The servo turntable

loop is closed to the gyro through rotation of the turntable top on which the gyro is
mounted, The loop uses tachometer feedback for synchronization and
stabilization. The rate-feedback loop, on the other hand, is closed to the gyro
through the gyro torque generator. Either an analog or pulsed restraint loop

may be used, each of which has advantages and disadvantages from the standpoint
of data acquisition.

Environmental-control considerations for a gyro test station range from site
selection and preparation to local isolation from interfering inputs. Site selection
and preparation has run the gamut from one gyro manufacturer locating on sandy
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soil and maintaining a stable water table under his test laboratory for maximum
high-frequency damping of base motion to another manufacturer locating on ledge
to minimize low-frequency disturbances. Local isolation from interfering inputs
includes the use of base-motion-isolation devices such as those in current use at
MIT, ambient air-conditioning systems, and temperature control of individual
electronics consoles.
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Precision Inertial Gyro Testing at MIT

P.J. PALMER (Chapter Editor), W.A. GIANOUKOS, W.C. DONOVAN,
F.E. CARTWOOD, A.J. SMITH, R. H. WILKINSON

Instrumentation Laboratory, Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA.

- Summary

One philosophy of inertial gyro testing is that the test program should provide
accurate measurements of the coefficients of a model equation that mathematically
defines the gyro performance in any environment. The reduction of this
philosophy to practice at the Instrumentation Laboratory of MIT is described in
this chapter as it relates to the testing of the single-degree-of-freedom floated
integrating gyro to today’s high-performance, high-reliability and long-life
specifications.

After defining basic terms and nomenclature. the error model for the gyro is
developed. Laboratory testing in both the one-g and the higher-than-one-g
environments is then described in considerable detail as are the data processing
techniques involved. A discussion of two-degree-of-freedom gyro testing else-
where is included as an Appendix.

1. Introduction - P.J. Palmer

The gyros of an inertial navigation or guidance system are a major determinant
of the performance and reliability of the system. In a gimbaled or floated-type
system, these gyros stabilize a controlled member or platform in a given
coordinate system. Upon the platform are mounted accelerometers, the outputs
of which are integrated to provide measurements of inertial velocity and then
integrated again to provide measurements of distance. In a strapdown system,
the gyros provide a reference frame to which the accelerometer outputs are

- referred.

As indicated by its title, this chapter is concerned with the test and evaluation of
inertial gyros. But just what does the term 'inertial' mean when applied to a
gyroscope ? One definition is that an inertial-quality gyro is one upon which the
effect of earth's rotation is readily apparent. Dr. C.S. Draper has often
suggested that the term 'inertial -quality’ be applied only to gyros that have a
drift rate less than one-thousandth of earth's rate (0. 015 degree/hour), or one
milli-earth-rate unit, commonly called one meru at the Massachusetts Institute
of Technology (MIT). The latter definition will be used in this chapter.

At the equator, the earth's angular rate of rotation with respect to inertial space
is 900 knots or 900 minutes of longitude per hour. Therefore a drift rate of one
meru is equivalent to about one nautical mile per hour or one minute of arc per
hour. The current state-of-the-art in commercial inertial-navigation systems
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indicates that such performance can be achieved (1). It is certainly reasonable
to expect a substantial improvement in the performance of inertial systems which
will be available commercially in the future or which are still classified.

Philosophy of Gyro Testing at MIT

The high-performance, reliability and long-life requirements of inertial gyros
dictate extensive and effective testing. The desired accuracy of the data and the
cost of the required test equipment both have a significant impact on the selected
test techniques. High accuracy is likely to require significant averaging times
for each data point and to require data sets that cannot be completed in terms of a
single day. Test equipment costs require that econoniic as well as technical
factors be evaluated to determine the number and type of test stations required.
Careful attention must be paid to equipment errors and uncertainties and to the
thermal, magnetic, base motion and other environments to which an inertial gyro
is sensitive. 'Error' is defined as the predictable component of inaccuracy which
can be measured and compensated. 'Uncertainty' is the random component of
inaccuracy, which is only predictable statistically (2).

No gyro testing standard exists today, and at least two distinct test philosophies
are evident in reviewing inertial-gyro testing. One philosophy is that the test
should simulate the actual environment in which the gyro will be used. Under
this philosophy. the inertial-system designer must produce detailed information
‘concerning the electrical, mechanical, thermal, magnetic, vibration, linear
acceleration and other environments to which the gyro will be exposed when
actually installed and operated in the system., The gyro test engineer, in turn,
must produce detailed measurements of the performance of the gyro when
subjected to these environments. As might be expected. this philosophy is of
limited usefulness for several reasons, for example:

(@)  the difficulties of accurately simulating the system environment
even during one-gravity testing

()  the difficulties of subjecting the gyro to several environments
simultaneously

(c)  the fact that gyros are often designed prior to a detailed knowledge
of the environments expected in the system.

The gyro testing philosophy at MIT is that the test program should provide
accurate measurements of the coefficients of a model equation that mathematically
defines the gyro performance. Under this philosophy, the system designer is '
provided with a model of the gyro in its currently known functional form. This
model contains the errors which have been measured over a wide range of
environments for a given gyro family such as the MIT single-degree-of-freedom
floated integrating gyro. Requirements which are unique to the particular

system application are then included in the test and evaluation program to extend
the model if necessary. The purpose is to obtain a 'complete' model of the gyro
so that its behavior can be predicted in a given environment without the necessity
of testing in that particular environment. The word 'complete’ is enclosed in
quotation marks since an adequate model for today's applications will probably

not suffice for future applications. Experience has shown that, as the performance
requirements become more stringent or as the environment is changed, more
terms must be added to the model. In the early days of manned-aircraft naviga-
tion, the magnitude and stability of the acceleration-squared-sensitive errors of
the gyro were no more significant than the magnitude and stability of the bias and
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acceleration-sensitive errors. In the missile environment on the other hand, the
magnitude and stability of the acceleration-squared errors become extremely
significant because of the high-g levels involved. For the satellite application,
where the system is not required for guidance during the boost phase, the bias
error becomes the only term of significance.

Today's inertial systems are designed to be self-calibrating in the field. This is
accomplished by moving the inertial instruments to several successive orientations
with respect to gravity and then simultaneously solving the model equations for the
instrument error coefficients. However, before reliance can be placed upon such
a technique, it is necessary to demonstrate that the error coefficients obtained in
such a benign environment can validly be extrapolated to cover the full range of
variables to be encountered during operational usage. For example, the
acceleration-sensitive error coefficients must be checked in a high-g environment
by means of precision vibration and centrifuge testing. Instrument design limits
have been above 50 g's, and new system applications exceed this value without
significant increases in allowable instrument uncertainties. Such environments
require more attention to nonlinear instrument errors than ever before. There-
fore, tests at one gravity are conducted to verify the basic instrument design
concepts and assembly techniques. Vibration tests are conducted to measure the
acceleration-squared sensitivities and to search for nonlinearities in the sinusoidal
or random acceleration environment. Centrifuge tests are conducted to measure
the acceleration-sensitive errors in the sustained-linear-acceleration environment.
These tests are conducted separately because it is assumed that linear super-
position of the measured errors is a reasonable premise in instrument evaluation.

The purposes of gyro testing therefore include the following:

(a) verification of assembly procedures (commonly called acceptance
tests)

() verification of design parameters (commonly called qualification
or engineering evaluation tests)

(c) development of the gyro model equation
(d) development of advanced test techniques

(e). indication of the need for development of advanced test equipment
(although test equipment per se is not covered in this chapter)

¢) determination of the reasons for failure to pérform as expected
(commonly called diagnostic tests)

Objective of this chapter

The objective of this chapter is to describe the reduction to practice of the gyro
testing philosophy just presented. Emphasis throughout is on testing the single-
degree-of-freedom floated integrating gyro at the MIT Instrumentation Laboratory,
although two-degree-of-freedom gyro testing is discussed in Appendix A. The
chapter is concerned primarily with the test and evaluation of inertial gyros for
application in gimbaled or floated-type systems, but many of the test techniques
and philosophies also apply to the test and evaluation of inertial gyros for
application in strapdown systems (3).

After describing the MIT single-degree-of-freedom floated integrating gyro and
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certain basic terms in section 2, the gyro model equation is developed in section
3. Section 4 covers laboratory testing in the one-gravity environment. These
tests include preliminary tests, which are intended to prove the integrity of the
gyro assembly processes; calibration tests and short-term performance tests
during which the gyro orientation is changed with respect to the local gravity
vector while connected in a rate-feedback loop; and long-term performance tests
on a servoed turntable. The tests are analyzed to compare their relative
advantages and disadvantages, and multiple simultaneous gyro testing is
discussed.

Testing in the higher-than-one-gravity environment is described in sections 5 and
6, which cover linear vibration and centrifuge tests. Section 7 describes angular
vibration tests. Even at low amplitudes, these environments can cause
appreciable changes in performance of the inertial-grade gyro.

Section 8 discusses the history of gyro data processing, the use of high-speed
electronic computers in data processing and the application of digital techniques
in gyro testing.

The overall basic philosophy and testing methods are summarized in section 9.
A glossary of the terms and symbols used throughout is included at the end of the
chapter.

2. Definitions - P.J. Palmer

Before proceeding to the development of the error model for the single-degree-of-
freedom floated integrating gyro, it is well to describe the gyro itself and to
establish standards (at least for this chapter) for certain items that to date are
not standardized throughout the industry. Items that require definition are the
concept of specific force and the polarity conventions for torque and drift rate.

The MIT Single-Degree-of-Freedom Floated Integratirig Gyro (4-7)

Figures 5-1 and 5-2 are a line-schematic diagram and a pictorial-schematic
diagram of the MIT single-degree-of-freedom floated integrating gyro. As
figure 5-2 shows, the gyroscopic element (usually called the rotor or wheel) is
mounted within the float. The float is supported by a highly viscous fluid inside
the case. The float and case are hermetically sealed coaxial cylinders separated
radially by a small damping gap. With this geometry, the damping restraint on
the float about any radial axis is nearly 10 000 times greater than the value about
the float axial or output axis (OA). The wheel spin axis (SA) is along a radial
float axis and is therefore perpendicular to the float output axis. With the spin
and output axes thus located by gyro construction, the most sensitive axis, the
input axis (IA), is the radial axis positioned perpendicular to both the spin and
output axes.

The direction of IA, OA and SA is in accordance with a right-handed Cartesian
coordinate system. The spin axis is in the direction of the wheel spin vector when
the wheel is rotating in its normal direction. In all cases, a positive direction
may be determined by the right-hand rule in which the thumb is pointed along the
vector toward the arrowhead. The fingers, when curled about the vector, point

in the direction of positive rotation.

Since the gyro is operated within a few seconds of arc of the float null position,
the spin and input reference axes can generally be considered to be synonomous
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with the spin and input axes. This means that, for most practical purposes,
IA, OA and SRA can be considered fixed with respect to the gyro case.

The gyro wheel is supported by either preloaded ball bearings or self-generating
gas bearings. In operation, the wheel spins at a constant speed that is sustained
by torque from a hysteresis-ring assembly within the rotor. This ring assembly
is driven by ana.c.motor stator. The wheel assembly is enclosed in a
hermetically sealed shell that forms an integral part of the gimbal, or float, as
it is commonly called. The shell is filled with a gas at low pressure - helium,
for example - which acts as a neutral atmosphere, tends to minimize windage
losses, and thus serves as a thermal-conducting medium which tends to produce
an even temperature distribution over all parts of the shell. Axial projections
from either end of the float carry rotors for ducosyn electromagnetic units. A
ducosyn unit is a dual electromagnetic device with an outer signal or torque
generator and an inner, co-planar, magnetic-suspension device. The ducosyn
stators are mounted in the gyro end housings. The signal generator is sensitive
to rotation of the gimbal with respect to the case and produces an a.c. output
voltage whose amplitude is proportional to the input angle and whose phase with

" respect to the excitation voltage depends on the direction of input-angle displace-
ment. The torque generator receives an input current, which may be a.c.,d.c.,
or pulses, and applies an output torque to the float proportional-in magnitude to
the product of the input-current magnitude and the excitation current magnitude.
Both the input and the excitation current must be either a.c., or d.c. The
direction of the output torque is determined by the relative phase or polarity, in
the case of d.c., of the input current with respect to the phase or polarity of the
excitation current. The rotors and stator cores of the dycosyn units are made
of high-permeability low-hysteresis magnetic material in order to gain the
maximum output and best response from given input currents,

Each of the ducosyn units also contains a magnetic-suspension device that

senses radial or axial displacement of the rotors with respect to the stators and
changes the magnetic-flux distribution in the gap so that a force acts on the rotors
tending to return them to centralization with respect to the stators. Polished
pivot shafts of tungsten carbide mounted on the outer ends of the float projections
are accurately aligned with the float axis. These shafts fit inside watch-jewel-
type bearings of polished tungsten carbide that are mounted in the case of the unit.
Outside of these bearings, spring-loaded balls of polished tungsten carbide form
end stones for the rounded ends of the pivot shafts.

The case of the gyro unit is hermetically sealed, and the clearance space between
the outside of the gimbal float and the inside of the case is filled with a carefully
degassed viscous fluid having a relatively high density. The mass of the float
with respect to its volume is designed so that it has almost neutral buoyancy in

the fluid. This condition depends on the average unit temperature, which is
stabilized by means of a thermal-control housing that is assembled to the unit.

Not shown in figure 5-2 are several expansion capsules that are partially depressed
at the unit flotation temperature and maintain the fluid pressure at a small speci-
fied range with relatively large (+ 10°F) changes in temperature.

The fluid in the gyro unit supports the gimbal by flotation so that the residual
weight supported by the magnetic suspension under one gravity is not more than
a small fraction of a gram. Buoyancy and viscous-shear effects provide support
for the float that automatically increases directly with the specific force due to
shock, vibration and linear acceleration. This means that the force tending to
move the float within the case depends on the residual unfloated mass, not onthe
total mass of the float. The residual force from one gravity is so small in
comparison with the force acting on the float due to viscous effects in the fluid
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that a long time period is required for the gimbal to move radially by a small
amount. With this slow rate of response, the effects of shock, vibration and high
acceleration in causing the float to move within the case are negligibly small, not
only from the standpoint of damage to the gyro but also because there is no
deterioration of performance. The combination of flotation and magnetic support
from the ducosyn units makes it possible to keep the pivot shafts from making
contact with their bearings even under the most severe environmental conditions.
Starting with the shafts in contact with their bearings, some time (perhaps several
minutes - depending, of course, on the magnetic-suspension stiffness, fluid
viscosity and float mass) is required for the magnetic-suspension action to cent-
ralize the pivots. Once the pivots are centralized with the magnetic suspension
remaining in action, the float remains free of rubbing-friction effects under any
physically realizable environment of shock, vibration and acceleration; this
statement ceases to hold if the mechanical abuse becomes so severe that the case
is actually damaged. As long as the magnetic suspension is working (and, of
course, the unit is at proper operating temperature), the uncertainty torque acting
on the float is extremely small. It is important to note that the primary function
of temperature control is to limit uncertainty torques by maintaining proper
buoyancy of the float.

Viscous-shear forces acting across the damping gap between the case and the float
provide the torque for the integrating action that gives the gyro unit its name,
Starting with the spin axis in the position inside the case for which the signal
generator has its null output level, a forced rotation of the gyro unit case about
the input axis causes the gyro rotor to generate an output torque that tends to

turn the spin axis toward the input axis. This torque is resisted by the inertia-
reaction torque associated with accelerating the gimbal and by the drag torque due
to viscous shear in the damping gap. When the case is given a constant angular
velocity about the input axis, the gimbal movement with respect to the case goes
through a transient period to finally reach a constant angular velocity. If the spin
axis deflection angle is measured with respect to its initial position (as defined
above) in the case (this initial position determines the spin-reference axis, a
direction fixed to the case), the result is that the gimbal angle is proportional to
the angular displacement of the case about the input axis, measured from its
initial position, as the inertial-space reference. The net result of this action is
that the gimbal angle is proportional to the rotation of the case with respect to
inertial space about the input axis.

The gimbal angle produced by a given case rotation increases as the angular
momentum of the gyro rotor is made greater and decreases as the viscosity of
the fluid in the case is increased. In effect, the viscosity of the fluid controls
the angle input-gimbal angle output sensitivity of the gyro unit. This sensitivity
generally affects the overall gain of the system in which the gyro unit is used.
Ordinarily, the unit is used in a feedback arrangement that continues to operate
properly even if sensitivity changes of 10 to 20 percent occur. With a change of
four percent in viscosity per degree Fahrenheit change in fluid temperature,
several degrees of change in gyro unit temperature can be tolerated in practical
applications of gyro units. This tolerance is somewhat wider than the tolerance
determined by the flotation problem.

Inertia-reaction torque on the float interacting with viscous-shear torque causes
the gimbal to behaveas a first-order system. In practice, the characteristic
time (equivalent to the time constant of a resistance-capacitance circuit) of a
properly designed gyro unit is in the vicinity of one millisecond.

The power for driving the gyro rotor is carried to the gimbal by means of
flexible semicircular metallic leads that are almost perfectly floated in the non-
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conducting damping fluid. Immersion in the fluid greatly improves the cooling of
the leads and so increases the safe current-carrying capacity. Flotation in the
viscous fluid reduces the distorting effects that occur when the unit is subjected

. to changes in the direction of gravity or to high linear accelerations. The four
flexible leads {three for the stator leads and one for grounding the float) have
their outer ends mounted on insulated terminals-around the circumference of a
rotatable baffle plate. With the unit completely assembled and in normal
operation, the angular position of the baffle in the case may be adjusted from
outside the unit to minimize the torque on the gimbal due to elastic effects in the
leads. ’

The power-lead baffle has clearance grooves along each flexible lead. These
grooves are so small that solidification of the fluid at low temperatures cannot
produce forces large enough to damage the flex leads.

As noted in section 1, inertial gyro units of reasonable performance must have
extremely small drift rates. Let us assume a drift-rate specification of 1 meru.
The basic gyroscope equation relating drift rate about the input axis to torque about
the output axis is

M, =H xW(1¢); (Eq. 5-1)
where
_I\Zo = torque about the gyro output axis in dyne-cm
H = angular momentum of the gyro rotor

= wheel inertia times speed of wheel rotation
=2 x 106 gm-cm?2/sec (assumed value)
W(IC)I = angular velocity of the gyro case with respect to inertial
space about the gyro input axis
=1 meru = 7.28 x 10~8 rad/sec (assumed drift specification)
Substituting values for H and W( 1c)1 in equation 5-1 and solving gives a torque
about the gyro output axis of only () 145 dyne-cm that will cause a gyro drift rate

of one meru, An approximation that may be applied in describing the physical
requirements is

m,g [ (U)d(gcm)] =0.145 dyne-cm (Eq. 5-2)
where

m, = mass of wheel
= 250 grams (assumed value)
g = local gravity
= 980 cm/sec?
(U)d( gcp) = uncertainty in the distance between the output axis and the
center of mass of the wheel in cm
Therefore, for this size wheel

(Ddegen, = gagangp =6 x10°7 cm = 0.24 x 10-%in, (Eq. 5-3)
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This result shows that, to maintain the uncertainty level in torque that may be
realized in this case, the mass center of the wheel must maintain its position with
respect to the output axis within about 6 X 10-7 centimeters. It is interesting to
note that this arm-length uncertainty is only about ten times the crystal-lattice
size of the materials ordinarily used for gimbal construction (aluminum, beryllium
or iron - the crystal-lattice size of these lies in the range of 2 to 4 angstrom units:
2% 10-8 to 4 x 108 c¢m ). Techniques for balancing float assemblies within this
dimensional tolerance before the complete gyro unit is tested do not exist. For
this reason, it is necessary to provide externally available means for float
unbalance compensation. The final settings for these compensators are made by
observing the effects on the drift rate of the gyro unit under actual operating
conditions that accompany changes in the compensator adjustments.

Table 5-1 presents the results of similar calculations carried out for four

assumed performance specifications. For these calculations, it was assumed
that the gyro wheel was moving along its spin axis. The table shows that to
achieve gyro performance of 0.01 meru, for example, the wheel location must be
stable to within 0. 006 centimeter, or 0.6 angstrom unit. Obviously, measurements
cannot be made directly to this order of accuracy; and therefore, the precision
gyro must literally be used to test itself.

Table 5-1 Gyro-wheel center-of-mass stability requirements
in the one-gravity field '

Axial wheel stability

For performance of: must be better than:

Meru Deg/hr ‘Sec/hr Centimeters Angstroms
1 1.5 x10-2 54 0.6 60

0.1 1.5x10"3 5.4 0.06 6

0.01 1.5x10"* 0.54 0. 006 0.6
0.001 1.5x10-5 0.054 0. 0006 0. 06
Notes:

1. 1 second of arc on earth's surface =100 feet
2. 250-gm wheel with an angular momentum of 2xX106 gm-cm?2/sec

Anisoelasticity of the gimbal and rotor-bearing assembly ¢hat is, the condition
that exists when the elastic coefficient for deflections of the rotor in the gimbal
along the spin axis is different from the corresponding elastic coefficient for
deflections at right angles to the spin axis) must be held within reasonable limits
if good performance is to be realized. To reduce the effects of anisoelasticity,
the gimbal is constructed of beryllium, which has an extremely high stiffness
(modulus of elasticity - this in kg/cm?2 is 31.1X105 for beryllium, 20, 5%105

for 52100 steel, and 7.3X105 for 2024 aluminum); and the most desirable bearing
contact angle is chosen. In addition, anisoelasticity can be compensated by
spring-mounted weights whose shift under acceleration balances the corresponding
shift of the gyro element (8).

Specific Force

Specific force, (SF), can be considered a vector specifying a quantity being
sensed by an instrument in a vehicle. If the vehicle is stationary with respect to
a nonrotating earth, a pendulum suspended within the vehicle will line up with the
gravity vector, G. On the other hand, if the vehicle is subjected to an acceleration,
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the pendulum will detect a change because of the additional force produced by the
vehicle acceleration. If the vehicle accelerates forward, the pendulum will lag as
a result of this additional force. The angle that the pendulum makes with the
gravitational vector will be the result of the addition of the vectors G and pi R
(the vehicle acceleration vector with respect to inertial space). The resultant
vector is the specific-force vector, which expressed in equation form is

=G -3 (Eq. 5-4)

SF = SRF = specific mass reaction force at a point equal in magnitude
and direction to the force that a unit mass with the location
and acceleration of the point applies to its supporting
structure. This is commonly called specific force.

G = acceleration due to mass gravitational attraction

piz_ﬁ =4 = second derivative with respect to inertial space of the vector
R from the center of the earth to a point P on the surface of
the earth (Fig. 5-3) (9).

Local gravity, g, is the vector resultant of the acceleration due to mass
gravitational attraction and the centrifugal acceleration due to the earth’s daily
rotation, or

£=G- W X (W, .XR) (Eq. 5-5)
where
V_V'IE = angular velocity of the earth with respect to inertial
space

7.272205 X 10™° rad/sec (sidereal time) (10)
radius of the earth

R
WX (WX R

centrifugal acceleration due to the earth's daily rotation

Solving equation 5-5 for G and substituting the result in equation 5-4 gives
SF = g+ Wy X(W;XR) -3 (Eq. 5-6)

If a unit mass is stationary with respect to the earth, its acceleration, a, with
respect to inertial space is the centripetal acceleration W X(W ;X R).
‘Equation 5-6 then reduces to

SF=¢g (Eq. 5-7)

Torque and Drift Rate

Figure 5-4 illustrates polarity conventions for torque and drift rate. A positive
input rate with respect to inertial space is arbitrarily defined as a positive

rotation about the gyro input axis. This input rate causes the gyro to precess in
the positive direction about its output axis as indicated at the signal-generator end
of the gyro. In servo-loop operation, the resulting signal-generator output voltage
is amplified and applied to the test-table-drive motor to drive the table in the
negative direction about the input axis. In rate-feedback-loop operation, the
signal-generator output is amplified and applied to the gyro torque generator, which
torques the float in the negative direction back to the signal-generator null position.
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Specific force directed along positive IA, OA and SRA is considered positive;
along negative IA, OA and SRA, it is considered negative. Likewise, a mass
unbalance along a positive axis, for example, is considered positive and along

a negative axis, negative. This convention will result in a polarity of unbalance
torque that will agree with the precessional torque generated by a positive rate
input about IA. It is necessary to maintain these conventions if a consistent set
of error model equations is to be developed.

In the discussion of gyro performance, it is desirable to convert easily from

rate units to torque urits. Since the gyro precessional torque about the output axis
is equal to the angular momentum of the gyro wheel multiplied by the angular
velocity about the input axis, an angular velocity of one earth-rate unit about the
input axis results in one earth-rate torque about the output axis. The relation-
ships are as follows:

Earth-Rate Units: Torque Units:

leru = 15deg/hr HW,g dyne-cm
HW

1meru = 0.015 deg/hr 1000 dyne-cm

With a gyro on servo test, the gyro drift, which is that part of the turntable
rate due to gyro error and uncertainty, is, in meru

Wer - Wig
(U)W,.r = 1000 W .
1E (Eq. 5-8)
1000 [ Per 1 ]
Wig
where )
Wr = angular velocity of the test turntable with respect

to the earth

(U) Wer = that part of the angular velocity of the test turntable
with respect to the earth due to gyro error and uncertainty

However, the test turntable is rotating in a direction such as to cancel the earth's
angular velocity input to the gyro and the gyro drift. In other words, the gyro
drift is in the opposite direction from the test turntable rotation. Therefore, to
obtain the gyro drift equation 5-8 must be multiplied by -1. Thus, gyro drift,
W,. in meru is

W,
W, = 1000 [1- L ] (Eq. 5-9)
WIE

3. Single-Degree-of-Freedom Gyro Model Equations - P.J. Palmer

As stated in section 1, gyro testing philosophy at MIT is predicated on knowledge
of a model equation that accurately defines the gyro performance. The model
equation is used to measure and specify gyro quality, to provide information for
error compensation during the gyro's use in an inertial system, and as a basis
for diagnostic testing.

For convenience, the model equation for the single-degree-of-freedom floated
integrating gyro is treated in two separate parts - a so-called steady-state error
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model and a so-called dynamic performance function. Both parts are derived in
the following subsections.

Steady-State Error Model

History. Today's steady-state error model of the single-degree-of-freedom
floated integrating gyro comprises ten terms. Not too many years ago, however,
the gyro error model comprised only three terms: a bias term independent of
specific force and two mass-unbalance terms proportional to specific force (for
mass unbalance along SRA and 1A). Gyro performance in those days was crude
by today's standards and only the major terms could be measured. The others

~were masked by the gyro uncertainty.

As gyro performance improved, another term became evident in the test data
that was a function of specific force squared. Analysis showed that this term was
caused by anisoelasticity of the float assembly; in other words, the float was not
equally stiff in all directions. At the time, it was assumed that the compliance
axes were aligned with the gyro axes, and that there was a single compliance
term. This added a fourth term to the model equation.

When tumbling tests with the gyro output axis parallel to the earth's axis and the
table axis were started, it was assumed that a second harmonic sine term would
be evident in the Fourier analysis of each revolution of unbalance data because of
the gyro compliance. However, a second harmonic cosine term also appeared.
This was explained by assuming that the compliance axes were not aligned with
the gyro axes but were in the IA-SRA plane. The two compliance terms were
called major and minor compliance, and the error model had grown to five terms.

Further analysis and testing led to the three-dimensional theory of compliance,
which postulated that the compliance axes were neither aligned with the gyro axes
nor in the IA-SRA plane. The error model then comprised eight terms.

Although it was believed that the gyro was completely described mathematically

by the eight-term error model, discrepancies continued to be evident in the test
data in certain orientations, Further extensive testing and analysis showed that
first one and then another additional term should be considered in the error model,
making a total of ten terms. These last two terms were functions of specific

force and specific force squared along the output axis.

Up to this time, the gyro error model had usually been written in physical terms
such as mass unbalances and compliances which could be easily visualized. With
the addition of the last two terms, however, the state-of-the-art had advanced to
the point where the physical situation could no longer be as easily visualized.

For example, how can a specific force along an axis cause a torque about that
axis ? In addition, error terms that heretofore had been designated simply as
mass unbalance were now known to consist of not only mass-unbalance but also
temperature-gradient effects, unit-average-temperature-change effects, wheel-
power-change effects, etc. For these reasons, it was decided to convert from a
strictly physical error model to a mathematical model, which is a description of
the physical properties of the gyro in mathematical form.

Today's Model. From experience, we know that gyro drift is composed of three
basic components: a component insensitive to specific force, a component
proportional to specific force, and a component proportional to specific force
squared, or
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M
(4] 2
Wy = ————— = Cq + C,(SF) + C,(SF) (Eq. 5-10)
HWy; x 1073

Rewriting specific force in terms of components along the gyro axes and including
all possible combinations, equation 5-10 becomes

Wy = +Dy + Dy(SF) + D5 (SF)s + Do (SF),
+DII (SF)I + %S(SF)S + DOO(SF)O (Eq. 5-11)
+Dyg (SF)[ (SF)g + Dgg (SF) o(SF)s + Dy (SF)[ (SF)g

where

D = gyro drift rate in meru that is insensitive
to specific force

Dy, Dg, Dy = gyro drift rate in meru/g that is proportional
"-to specific force along IA, SRA and OA,
respectively

2

D;1, Dss, Doo = gyro drift rate in meru/g that is proportional to
specific force squared along IA, SRA and OA,
respectively

D;s, Dos, Dio = gyro drift rate in meru/g2 that is proportional
to the product of specific force along IA and SRA,
OA and SRA, and IA and OA, respectively. The
order of the subscripts is unimportant; in other
words, it is assumed that D;g = Dy, etc.

(SF);, (SF)g, (SF)o = specific force in g's directed along IA, SRA and
OA, respectively

Equation 5-11 describes the steady-state operation of a single-degree- of freedom
floated integrating gyro assuming that (11):

@)

®)

()

@

the gyro is operating in a closed servo or torque loop. This implies
that the spin and spin reference axes are maintained so nearly
coincident that cross-coupling effects are negligible.

the gyro is isolated from linear and angular oscillations so that
cylindrical and anisoelastic resonance effects as well as coning
torques are negligible.

no terms exist higher than second-order specific-force-dependent
terms.

gyroscopic torque due to angular rate inputs about the gyro input
axis and command torque generated by the gyro torque generator
are zero.

Substituting equation 5-4 into equation 5-11 gives

Wy =+Dp + D; (G- a) + Dg (Gg -ag) + Dy Go - 35)
+D; G- 2p2 + Dgg (Gg - ag)2 + Doy (Go - a2
+Dyg Gy - a;) Gg - ag) + Dog Go - 3,) Gg - ag)

+Dyo Gy - 21) Go -.ao) (Eq. 5-12)
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where

Gy, Gg, G, = components of acceleration in g's due to mass gravitational
attraction directed along IA, SRA and OA, respectively

aj, ag, a5 =total acceleration in g's directed along IA, SRA and OA,
respectively

Equation 5-12 is valid either for inertial system or test laboratory use.
However, a more convenient equation for test laboratory use can be obtamed by
substituting equation 5-7 into equation 5- 11 whlch results in

Wy=+Dy + Dig; + Dggg + Dogo + DIIgI + Dssgs + Doo go
+Dys€18s + Dos8o8s +Dio8i8o (Eq. 5-13)
where

€1, 855 B0 - components of local gravity in g's directed along 1A,
SRA and OA, respectively

Equation 5-11 and 5-13 are the forms of the error model for the single-
degree-of-freedom floated integrating gyro most useful to the gyro test engineer
today. The word 'today' must not be neglected, because there is no reason to
believe that the error model will not continue to expand as gyro performance is
improved and as new and more stringent environments are encountered. For
example, already there is some analytical evidence that additional terms exist
that are proportional to the fourth power of specific force (12, 13). Although
their magnitude is small at one-g, these terms may be significant in high-g
environments.

The physical significance of the various terms comprising equation 5-11 is
discussed in the following paragraphs.

Acceleration-Insensitive Drift. The fixed or bias term, Dy, of the error model
equation comprises all of the effects causing gyro drift that are insensitive to
acceleration. These effects include:

(@) power-lead torque

() signal-generator reaction torque, which is proportional to signal-
generator excitation current squared

(c) =~ magnetic-suspension reaction torque, which is proportional to
magnetic-suspension excitation current squared

(d) time rate of change of the above three
(e) float radial and axial velocity effects

In equation form

D = R(1+ Pgt) + Dygdg + Dyrdy + Dygdo (Eq. 5-14)

where ’

R = drift in meru due to items (a), (b) and (c) above

Py ' = time-dependent change in R in sec™1!

t =time in seconds

Dyg, Dg1, Dy = gyro drift sensitivity to rate of linear float displacement along
SRA, IA and QA, respectively, in meru/cm/sec

dg, d;, dy = rate of linear float displacement along SRA, IA and OA,

respectively, in cm/sec
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Fig. 5-5 Polarity definitions of acceleration-sensitive terms
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Acceleration-Sensitive Drift. The three acceleration-sensitive coefficients of the
error-model equation comprise all of the effects causing gyro drift that are
proportional to the first-power of acceleration. These include:

(a) mass unbalance torque
®) mass unbalance torque change with time
©) torque due to temperature gradients across the gyro. This torque

is made up of fluid torque, torque due to float center-of-buoyancy
shift and torque due to float center-of-mass shift.

@) torque due to temperature gradients changing with time

€) torque due to average gyro unit temperature change

) torque due to wheel voltage change

Average gyro unit temperature and wheel voltage, however, are usually held with-

in closely prescribed limits. Neglecting torques due to these latter two effects,
the steady-state acceleration-sensitive drift can be expressed in equation form as

D; (SF); = [Ug (1 + Pgt) - Dygr AT ] (SF)

Dg (SF)g = [-Up (1 + Pt) + Dpyg ATy ] (SF)

(Eq. 5-15)
Dy (SF)g = [Ug (1 + Ppt) + Dpoo AT 1 (SF)g

where

Ug, Up = mass unbalance in meru/g along SRA and IA,
respectively

Uo = proportionality coefficient in meru/g relating
drift component to specific force along the
output axis

Pg, P, Py = time dependent change in Ug, U; and Uo,
respectively, in sec-?

Diyy = gyro drift sensitivity in meru/g°F to a combina-

tion of temperature gradient along x and specific
force along y

ATg, ATy, AT, = temperature gradients across the gyro along SRA,
. IA and OA, respectively

The algebraic signs of each of the terms has physical significance in that a plus
sign denotes a positive torque or drift while a negative sign denotes a torque or
drift in the opposite direction. The polarity of the (SF)o term was arbitrarily
chosen as positive in the error model. The physical significance of the other
polarities is illustrated in figure 5-5. Note that in figure 5-5a a mass unbalance
along positive SRA, +Us, reacts with a specific force along positive IA, + (SF)y,
to give a torque in the positive direction about OA. A mass unbalance along
positive TA, + U;, on the other hand, reacts with a specific force along positive
SRA, + (SF)g, to give a negative torque about OA. When a thermal gradient is
impressed across the gyro from +SRA to ~-SRA as in the left-hand sketch of

figure 5-5b, the fluid at +SRA becomes hotter, less dense, and flows in the
direction indicated as-a result of (SF);. The resulting torque is in the negative
direction. When heat is impressed on +IA as shown in the right-hand sketch, the
fluid flow is such as to cause a positive torque about QOA.

Acceleration-Squared-Sensitive Drift. The six acceleration-squared-sensitive drift
terms of the error model are the gyro compliance terms, which result from the
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fact that the gyro structure is not equally stiff in all directions. These terms are
the most stable of all of the error terms and, to date at least, have shown no
change with time or variation with environmental changes such as temperature.
The physical significance of the various compliance terms is
2 2
DII (SF)[ = KSI (SF)I
2 2
Dgs (SF) 5 = Kig (SF) 5
2 2
Dgo (SF)g = Kgo (SF) g -
Dis (SF); (SF)s = (Kgs - Kj1) (SF)(SF)g
D o5 (SF)g (SF)g = (Kgg - K; o) (SF), (SF)'S (Eq. 5-16)
Dy (SF)1(SF)y = (K1 + Kgo) (SF); (8F),y
where

Kxy = compliance along x due to a specific force along y in meru/g?

= mzl(;‘y
Ky, = displacement along x due to a specific force along y
m = displaced mass (which may be different along each axis)

The algebraic signs of the compliance terms have physical significance similar
to those of the acceleration-sensitive terms and may be determined in like
manner. Let dg be the displacement of the center of gravity of the float
resulting from compliance of the wheel, bearing and gimbal assembly. Then

dy = [displacement along SRA]
+ [displacement along IA]
+ [displacement along OA]

= [Kigm(SF)g + Ki; m(SF) +Kio m(SF)y] (Eq. 5-17)
+ [Ktg m (SF)g + K{ym(SF); +Kjom(SF)o |
+ |[KggmBF)g + Ky m(SF); + Ko m(SF), |
Torque due to compliance, My, is

My = m(SF); [displacement along SRA]

- m(SF)g [displacement along IA] (Eq. 5-18)

+ m(SF), [displacement along OA]

Substituting equation 5-17 into equation 5-18 and replacing the m2K' in each term
with K, the compliance torque equation becomes

Mg = Kgp SF); -Kg (SF)3 +Koo (SF)g + (Kgg -Ky1)(SF); (SF)s
+ (Kos -Kio)SF)(SF)g + Ko +Kgo) (SF){ (SF)g (Eq. 5-19)

Dynamic Performance Function

Basic Equations of Motion. For the purpose of deriving a basic equation of
motion for a single-degree-of-freedom floated integrating gyro, certain
simplifying assumptions may be made that do not affect the useful validity of
the results (4). These are:

(a) no gyro torque uncertainties exist

() the spin axis and the spin-reference axis remain essentially co-incident
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) the gyro rotor spins about an axis of symmetry
d) the gyro rotor spins at a constant speed

e) the spin angular momentum is much greater than the nonspin
angular momentum

€) the center of mass of the rotor coincides with the center of
mass of the float.

) the rotor-bearing structure is rigid
t) the electromagnetic components, power leads, etc., are ideal
The basic equation of motion of the gyro float can be shown to be (Figs. 5-6 and
5-7) -

IoA(ro * €emo Acrro = HW(ic)1 + Meg (Eq. 5-20)
where
Agro  =Agco *Acrr

= angle of the gyro float with respect to inertial space about
the gyro output axis in radians

Aacy = angle of the gyro case with respect to inertial space about
the gyro output axis in radians '

A(CF)O = angle of the gyro float with respect to the case about the
gyro output axis in radians

Io = moment of inertia of the gyro float about the gyro output
axis in gm-cm?

C(cF)o = damping coefficient between the gyro float and case about
the gyro output axis in dyne-cm/rad/sec

H = angular momentum of the gyro wheel in gm-cm2/sec

W( 1c)x = angular velocity of the gyro case with respect to inertial

space about the input axis in rad/sec
Myg = command torque applied to the float by the gyro torque
generator in dyne-cm
Equation 5-20 can be rewritten in operational form as
P25 A ey + PPloA(cr)o * PecroA(cr)o = HW(1c)r + Mg (Eq. 5-21)

Solving for A(cp)o and substituting 7 for the ratio I, /ecryp, equation 5-21
becomes .

_ 1 H Mtg _ 2
A(ero =pT7p+ D) [c(CF)O Vo)t *ggne - P A(IC)O] (Ea. 5-22)

where

T = the gyro first-order characteristic time

The gyro output signal, eg,, is
€5y = A(cF)0 Ssy (Eq. 5-23)
where

S, = signal-generator angle input - voltage output sensitivity in
mv/mrad
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Note from equations 5-22 and 5-23 that, in the absence of case angular acceleration
about the output axis, the gyro output signal, e.,,is directly related to the sum of
the input-axis angular velocity and the command torque. Even if an angular
acceleration exists about the output axis, the acceleration is multiplied by the first-
order characteristic time, 7, which in present-day inertial gyro units is of the
order of 0.001 second: the first-order characteristic time of the gyro can be
measured by employing an angular vibrator (14, 15) or by applying a step change

in angular velocity about the input axis (16). Also in a gimbaled inertial guidance
system, the three gyros form a mutually defensive arrangement so that the
interfering effects of inputs about the output axis are generally negligible. In
applications where the gyro units are not so arranged, such as a strapdown

system, the effects of these inputs may be important. Note also that the change

in gyro output signal due to an input angular rate about the input axis is
proportional to the time integral of the angular rate in the low-frequency region

Acro = H ft Wao1 (Eq. 5-24)
Cecro Yo p +1)

and in the steady-state case

Acpo = _H_ ftw(IC)I (Eq. 5-25)
c(CFD (o)

Since a constant of integration is required to solve this time integral, the ideal
integrating gyro does not have a preferred position of output angle and must be
used in a nulling-type servo loop.

If the initial conditions are taken as zero

Weerpo _Awro __H (BEq. 5-26)
Waor Aagor  Cero

where the ratio of H to ¢ )y is commonly referred to as the angular gain or
rate gain of the gyro.

Higher Order Effects. Some years, ago, Dr. Robert K. Mueller of the
Instrumentation Laboratory explained a noted difference in the measured
characteristic time of the single-degree-of-freedom integrating gyro unit and
the characteristic time calculated from the angular momentum and the output-
axis damping by including the effects of gimbal and spin-axis-bearing compliance
about the input axis (17). If the lumped stiffness of the gyro spin-axis bearings
and gimbal about the input and output axes, Kgy); and Kgyy, are included, the
gyro performance function can be shown to be the following third-order

equation (18).

A(CF)O _ H 1
A Tc ) H2[ HZ
(101 (CF)X0 0 p3 + p2
Krwio Kw)1C(crro Krwo Krnz
Iy H2

+ = + +1 . 5-27)
Ceero  KrwaCemo P (Eq
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Fig. 5-6 Functional diagram for the single-degree-of-freedom floated integ-
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Fig. 5-7 Representation of first-order equation of motion of the single-degree-
of-freedom floated integrating gyro unit
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where

K(rwyo - lumped stiffness of the gyro wheel with respect to the float
about the output axis in dyne-em/rad

K(FW)I = lumped stiffness of the gyro wheel with respect to the float
about the input axis in dyne-cm/rad

(@) as before, the steady-state (i.e., as p ~ 0) sensitivity ratio of the
gyro unit is '

Acro  H (Eq. 5-26)
Ae)y1  €(crjo (repeated)

®) for relatively low frequencies, only the two lowest-order terms in the
denominator of equation 5-27 are important. The performance
function is then approximated by

A(CF)O H 1

Aoy 1 ) C(cF)o ‘T+7p

(Eq. 5-28)

The magnitude of equation 5-28 can be expressed as

A(cr)o
K(Ic)I

H 1 1/2
" Seno (171‘27)2‘) (Eq. 5-29)

and the phase angle as
DRA = -tan~! (7Tw) (Eq. 5-30)
where
w = frequency in rad/sec
DRA = dynamic response angle in radians
I, H2

T = +

ccrio  K(rw)1C(cr)o

Io H2
" oo [1 ¥ IOK(FW)I]

The ratio IO/C(CF)O is the first-order characteristic time of the gyro
unit if K(pyyy is infinite. It can be seen from equation 5-31 that the
first-order characteristic time is increased by the square of the angular
momentum of the gyro wheel divided by the product IoK(ry);. Thus,

at low frequencies, K(py); is an important parameter in determining
gyro dynamics.

(Eq. 5-31)

() for medium frequencies, the effects of K(Fw)o may become important.

d) for high frequencies, the performance of the gyro must be approximated
by a third-order system., The additional phase shift must be accounted
for in the design of high-performance servo systems that use gyros.

The dynamic effects of adding output-axis suspension stiffness (for example,
magnetic suspension or reed suspension) to the gyro dynamics has been
investigated (20). The drift torques and dynamic effects due to angular
vibrations are discussed in section 7.

The actual performance of the gyro is also distorted by motion of the case about
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the output axis with respect to inertial space. If there is case motion, the
equation relating the float-to-case motion about OA to the case-to-inertial space
motion becomes

1,H2 1, H2
K P2+ c + P
Aceo K(rw)o K(rw) 1%cr)o (cF)o  ©cF)o KFw)1
Agcyw IoH2 H2 Io H2
34 2 + 1
Kirw)oK(rw) 1¢(cF)o0 P Krw) o K(Fw) 1 pe ¢cr)o  Ccr)o Krw)1 P

(Eq. 5-32)

(8) in the steady stateasp — 0
A(cr)o
r(-.I_C)—o= 0 (Eq. 5-33)

() for relatively low frequencies, the input-output relationship may be
expressed as

Acrlo TP
W= m (Eq. 5-34)
where
Io [ H? ]
T = 1+ (Eq. 5-31)
(cr)o ToK(rw)1 (repeated)

the magnitude of equation 5-34 can be expressed as

Acryo ree2 V2

A(io)o| T+ 757 (Eq. 5-35)
and the phasg angle as
DRA = - 5 - tan™(Tw) (Eq. 5-36)

A comparison of equations 5-27 and 5-32 shows that the characteristic equation
for case motion about the input axis is the same as the characteristic equation

for case motion about the output axis. This is to be expected since the same
physical system is being considered. For a first-order approximation, the
stiffness of the gyro gimbal and the gyro wheel bearings about the input axis

is shown to be important. The complete response of the gyro unit to case motions
about the input and output axes may be quite complex, since, even with the
simplifying assumptions made in this paper, the performance must be approx-
imated by a third-order system.

‘4. One-Gravity Testing - W.A. Gianoukos and W.C. Donovan

. The primary purpose of one-gravity gyro testing is to determine that the gyro on
test meets the performance requirements for that environment as specified by
its application. One-g testing not only measures the gyro's basic performance
but also generates data to be used to advance the state-of-the-art.

One-g testing at MIT today is conducted on a test station similar to that shown in
figure 5-8 (see chapter 4). The tests may be conducted open-loop, in the rate-
feedback mode, or in the servo-turntable mode of testing. (The first mode is
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self explanatory; the other two are described later in this section). Each of
these testing modes has advantages and disadvantages; the choice of mode is
determined primarily by the data required.

In general, the testing procedures described in this paper pertain to the MIT
single-degree-of-freedom floated integrating gyro as described in section 2. The

basic techniques and philosophy, however, are also applicable to other gyro types.

Types of Testing

All gyro testing can be divided into three basic cgtegories or types:

{a)  Acceptance tests, which are conducted on 100 percent of the gyros
built. These tests ascertain that the gyro is assembled correctly,
can be balanced, and will meet its basic performance requirements.

®) Design verification tests (or qualification tests), which may be
conducted on a sampling basis. These tests ascertain that the
gyro's design is such that the unit will operate satisfactorily under
the various environments and excitation variations to which it will
be exposed.

(c) Engineering evaluation tests, which may also be conducted on a
sampling basis. These tests are an expansion of the design
verification tests and also include diagnostic and demgn improvement
tests.

One-gravity tests in each of these categdries are described in this section.
Testing in the greater-than-one-g environment is described in section 5 and 6
and in the angular vibration environment in section 7.

Acceptance Tests. Acceptance tests are conducted on all of the gyros built in
any program and thus constitute a major area of effort, especially in a
production run of any quantity. As figure 5-9 shows, current acceptance-test
time at the Instrumentation Laboratory is seven times what it was in 1959; and
the best estimate for the near future is that this trend will continue. This is
basically the result of more stringent requirements on gyro performance and
life. In addition, as the gyro error model becomes better developed, the
testing required to determine all the terms of the model becomes more complex.

Because of this trend to longer, more complex and therefore more expensive
tests. automatic test stations are being developed; and simultaneous multi-gyro
testing is being conducted. Of course, a trade-off is necessary between the

very heavy equipment costs associated with automation on the one hand and the
test-program costs on the other. Simultaneous multi-gyro testing can often be
justified on strictly technical rather than economic grounds because of the fact
that the gyros on test, in effect, monitor one another. Any simultaneous anomaly
appearing in the data from all gyros can be dismissed as an environmental dis-
turbance, for example, rather than as gyro uncertainty as might be the case n‘
only one gyro were on test.

Acceptance testing in the one-gravity test laboratory can be divided into three
categories: go/no-go tests, normalizing tests, and coefficient and performance
determination tests. While the coefficient and performance determination tests
are dominated by the requirements of the inertial system for which the gyro is
destined, the go/no-go and normalizing tests are dictated by the specific
features of the design of the particular gyro on test. Thus, a discussion of a
concrete test program which has universal application is not possible. However,
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Fig. 5-8 Gyro test station in the one-g test laboratory
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Fig. 5-9  Normalized one-gravity acceptance-test time for single-
degree-of-freedom floated integrating gyros at MIT
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Table 5-2 Typical gyro acceptance tests

Category Test

Go/no-go preliminary tests
float freedom
ducosyn operation
uncertainty investigation
deceleration
signal-generator output analysis

reaction torque and elastic restraint

Normalization gyro gain
torquer scale factor
flotation
coefficient adjustments
gyro alignment

Coefficient and performance final coefficient determination

determination short-term performance

Table 5-3 Typical gyro design verification tests

Category Test

Input excitation variations wheel-power sensitivity

operating-temperature sensitivity
signal-generator resolution

torque-generator linearity and stability

Environmental variations ambient temperature
ambient pressure
magnetic fields
linear vibration
angular vibration
linear acceleration
shock
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a 'for example' test program is described which utilizes the general design
concepts of the gyros that are designed, built, and tested at the MIT Instrumenta-
tion Laboratory.

The test sequence must be arranged so that the anticipated problem areas are
checked first; thus, a minimum of test time will be spent on unacceptable gyros.
Since the sequence may vary depending on the gyro being tested, the discussion
has not been arranged in any particular order; the tests are merely listed, not
sequenced (see table 5-2).

Before beginning the acceptance tests, the completed gyro is thermal cycled.

Past experience has shown that this tends to stabilize the assembly with the result
that additional cycling to the same temperature has negligible effect on the unit
balance. The component parts of the gyro are thermal cycled at various stages

of the fabrication process, but the complete gyro unit must be thermal cycled
from operating temperature to some lower temperature defined by its specific
application. As a result, if heater power should be accidentally lost or
intentionally removed at some future time (for example, during shipment,
storage, or during some system standby condition), torque shifts will be minimal.

Preliminary tests are the final checks of the resistance and insulation of the
electromagnetic elements (ducosyns and wheel-drive motor)-and the polarities of
the signal generator, the torquer and the wheel-drive-motor stator. These are
relatively simple checks and much needless effort may be saved by determining
early in the test program that the gyro is properly wired and assembled electri-
cally.

Float freedom is a three-dimensional check that consists of determining that

the float can be displaced axially along OA, perpendicular to OA, and rotational
about OA. Since a complete check of all possible attitudes of the float with
respect to the case is not practical, the freedom perpendicular to QA is checked
in two planes only (the OA-SRA and QA-IA planes). Also, each of the four
freedoms are checked independently, not in combinations. The axial displacement
is critical in that an excessive value can result in a situation where one magnetic-
suspension element ceases to suspend and produces a radial load. If the friction
level between the pivot and jewel is greater than the suspension axial restoring
force, the float will not erect to the zero-force point. The results of these checks
in the one-g environment must be extrapolated to assure that the pivot will not
come in contact with the jewel during the linear and angular vibrations and
sustained linear accelerations that the gyro will experience during its application.

Ducosyn operation is the final electrical test of the magnetic-suspension

operating point, quality factor, and saturation level. The most common operating
point is the upper half-power point, which is the -3 db point on the resonance
curve where the current through the ducosyn lags the excitation voltage by 45
degrees. If the operating point is too low, the danger of the erection problem
discussed in the previous paragraph is increased. Saturation of the ducosyn
results in radial float oscillations of the order of 1 Hz per minute, which in turn
cause variation in the torque about the gyro output axis.

Uncertainty investigations are conducted to quickly ascertain that the damping

fluid is uncontaminated. The basic concept of this test is to compare the unbalance
torque at the signal-generator null of the gyro before and after driving the float
slowly from stop-to-stop and before and after temporary changes in operating
temperature. If necessary, the tests are repeated with the float displaced from
its centered radial and axial position. These tests are performed with the gyro at
various orientations with respect to the gravity vector and are conducted with the
wheel at standstill.
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Deceleration time can indicate impending spin-axis-bearing problems in a ball-
bearing gyro. Deterioration in ball-bearing performance results in a decrease

in the time required for the wheel to coast to standstill from synchronous speed.
Thus, a comparison of the deceleration time with deceleration times measured

during fabrication indicates the relative condition of the bearings and provides a
reference for any subsequent tests.

Signal-generator output analysis is conducted to ascertain that the signal-
generator null voltages and frequencies are within acceptable limits. The signal-
generator null voltage is a complex wave form, which normally contains the spin
motor and ducosyn excitation frequencies and their higher harmonics. 1t also
contains frequencies caused by float oscillations generated by the rotating
dynamic-unbalance vector of the wheel. In addition, the dynamic unbalance of the
retainer-ball groups is present in ball-bearing gyros. During system application,
these additional frequencies could cause servo-loop saturation and/or actual
oscillation of the system. Therefore, a wave analyzer is used to measure the
signal-generator output at frequencies from 50 Hz to three times the signal-
generator excitation frequency.

Reaction torque and elastic-restraint torque is minimized by careful design and
fabrication of the ducosyn elements. If reaction torque is high, changes in
ducosyn excitation will cause changes in the acceleration-insensitive drift. With
the signal generator at null, torque-generator reaction torque is a function of
torque-generator elastic restraint and the angular separation between the signal-
and torque-generator nulls. Therefore, the null separation is also measured.

Normalizing tests all have a common purpose and therefore it is not necessary
that they be discussed independently as were the go/no-go tests. The purpose

of normalizing tests is to yield a standardized gyro that requires no adjustments
when it is mated with the system. The system can thus be simpler in design and
the procurement of system parts can be considerably easier. In other words, the
gyro-system interface is passive in nature. The normalizing procedures insure
that all gyros of a program have a gain, torque-generator scale factor, thermal-
control requirements, coefficients and alignment within specified limits. Thus,
the gyro will be truly a 'plug-in' item.

Coefficient and performance tests comprise the final phase of all acceptance test
programs. These tests consist of determining the magnitude of the error
coefficients of equation 5-11 and indicate the stability and repeatability of these
coefficients on a short-term basis. The long-term look is usually reserved for
the engineering evaluation tests. In any particular test program, the duration of
short-term and long-term tests is defined by the ultimate system application.

Design Verification Tests. The basic performance of a gyro is determined in

the test laboratory under precisely controlled conditions. In application, however,
the gyro may be expected to operate in an environment which is variable and with
excitations that may not be controlled as precisely as in the laboratory. A series
of design verification tests are therefore run to ascertain that the gyro meets the
performance requirements of the real-world situation in which it will have to
operate.

Design verification tests comprise basically the determination of the gyro's
sensitivity to variations in input excitations and to the environment in which it is
expected to perform (see table 5-3). Knowledge of the gyro's sensitivity to
excitation or environmental changes permits:

(a) error compensation to be programmed into the system computer
if the variations are predictable
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{b) corrective measures to be taken to modify the gyro's environment
or to increase the stability of the various excitations

(c) modification of the gyro design, if necessary

A separate test program can be generated for each of the tests listed in

table 5-3. Each program would simulate the actual operating environments of
a particular application, and the performance and sensitivities would be deter-
mined. In general, these tests all follow the general sequence:

(a) measure error coefficients
(b) change excitation or environment, usually in small increments
(¢) " remeasure error coefficients after each change

(d) remeasure error coefficients under the initial conditions

By repeating the sequence in various orientations, the effects of changes in
excitation or environment on the various error coefficients are determined (see
'Rate Feedback Mode', below).

Engineering Evaluation Tests. A major objective of engineering evaluation
testing is to evaluate gyro compatibility with system objectives and procedures
using a single gyro rather than the three or four gyros that would be required to
test a complete system. This concept has the advantage of demonstrating unit-
system compatibility early in a program and removes component tests from the
system development program. In addition, the cost of conducting these tests at
the component level is significantly less than that of conducting them at the
system level. Two examples of these tests are long-term performance tests
(see 'Servo Turntable Mode',page 212) and single-axis tests using system
calibration procedures.

Also included in the engineering-evaluation-test category are tests run for
design improvement for use in advanced systems. If during any test series
anomalies appear, then engineering evaluation tests are run to determine the
cause of the anomaly and possibly suggest corrective measures to alleviate the
condition causing the anomaly.

Test Modes

Rate-Feedback Mode (19).. The rate-feedback mode of testing is primarily used
to measure the gyro error coefficients and the gyro short-term repeatability.
This mode of testing affords one of the most flexible methods of determining gyro
unit sensitivities to environmental and excitation variations.

One of the most common tests conducted in the rate-feedback mode is the
tumbling test. For a tumbling test, the turntable is usually oriented with its
rotation axis (table axis, TA) parallel to earth's axis (EA). The gyro is rigidly
mounted on the turntable so that its input axis is in the sterile plane; in other
words, the gyro output axis or spin axis is parallel to the table axis. In these
orientations, the gyro input axis is perpendicular to the angular velocity of the
earth and of the turntable, which renders the gyro insensitive to both rates.

The turntable shaft is driven by a synchronous drive at some multiple of earth's
rate.

A torque about the gyro output axis causes the gyro float to rotate, which results
in a voltage signal from the signal generator. This voltage is amplified and fed
back to the gyro torque generator as a current or as pulses. This generates



TECHNICAL LIBRARY

208
T T
(B ]
SG 1 GYRO UNIT 1 TG
]
! H
CURRENT ANpLOG
FILTER ANPLIFIER SENSING DAL PRINTER
NETWORK CONVERTER
ANALOG LOOP WITH DIGITAL READOUT TAPE
PUNCH
T [}
1 ] T
S6 | GYROUNIT§ TG DR
] !
DEMDOULATOR DELTA
AND FILTER MODULATOR INVERTER COUNTER PRINTER
PULSE TORQUE LOOP -
PUNCH
Fig. 5-10 Simplified diagrams of the rate-feedback loop
o NORTH «—— SOUTH
SRA ( WEST_ VIEW A
AN
A,
VIEW A ( . TEST TABLE
o TABLE AXIS AND EARTH'S AXIS
). j (TA and EA)

i

Fig. 5-11 Gyro orientation at start of tumbling test with OA at an arbitrary
angle, Ap, to EA and TA



[ECHNICAL LIBRARY

209

a torque equal to but opposite in polarity from the interfering torque that initially
disturbed the float. The recording of this current or the pulse count can be
converted easily to torque units. Simplified block diagrams of the rate-feedback
loop are shown in figure 5-10. The upper diagram shows the analog loop with
digital readout; the lower diagram is the pulse-torquing loop.

Since the turntable is synchronously driven at some constant multiple of earth's
rate, the gyro tumbles with respect to gravity. The recording of the feedback
current is sinusoidal with its peak determined by the magnitude of the gyro
unbalances and compliances. A Fourier analysis of this current curve can there~
fore be used to compute the various gyro error coefficients. Comparison of
contiguous revolutions yields the short-term repeatability or performance of the
instrument.

If the gyro is aligned on a test turntable as depicted in figure 5-11, the components
of specific force acting along each of its axes are (22)

(SF)s =gcosAp cos Ap cos Ay + g sin Ay sin Ag
(SF); =gcos A sin Ay . (Eq. 5-37)
(SF)o =g sin Ay cos Ap, cos Ay - g sin Ay cos Ay

where
A, = latitude angle at the test location
A, = angle between OA and TA measured about +IA
Ay = turntable angle measured from a zero reference

Substituting equation 5-37 into equation 5-11 , then utilizing trigonometric
identities, combining and rearranging terms gives

2
Wy = [DF + gDg sin Ap, sin Ag + % Dy cos? Ay, -gDg sin Ay cos A,
2
+§ Dgg (cos2A[ cos2A, + 2 sin2A | sinZA,)
+-452D0S (cos2A; - 2 sin2A|) sin 24,
2
+% Doo (cos2AL sin2A, + 2 sin2A coson)]
g2 . . g2 . .
+[gDIcos Ap+z Dpg sin 24y, sin Ay -3 Dy, sin 2A; cos Ao] sin Ay
2
«{gDS cos A; cos Ay +gD cos Apsin A +% Dggsin 2A; (sin2A o ~cos2A )
2
+ E'(2Dgg - Doo) sin 24, sin 24, cos Ar
gZ 2 g2 2 s s
+[2 Dygcos? Apcos Ao +3 Do cos?Ay sin Ao] sin 2A;

2 2 2
+[§ Dggcos2Ap cos2Ag +% D g5 cos?A sin 2A -% Dy; cos2A|

2
- % Dgo cos? A, sin? Ao] cos 2Aq (Eq.5-38)
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By substituting fixed numerical values for A , for specific orientations of the
output axis, the torque equation for single-axis tumbling for that orientation can
be obtained easily. For the two-axis tumbling case, both A and A, vary
simultaneously.

The magnitudes of the gyro error coefficients can be determined by various
combinations of OA parallel to EA and SRA parallel to EA single-axis tumbling
tests by themselves or used in conjunction with other auxiliary tests Fig. 5-12).
Ten error coefficients can be obtained from the data that is generated by four
single-axis tumbling tests. Nine coefficients (Do, excluded) can be obtained
from three single-axis tumbling tests or two single-axis tumbling tests combined
with an east-west survey with OA vertical up and OA vertical down (a four-
position gyrocompass test). Depending upon how complex an error model is to
be considered, which is a function of the application, the test requirements can be
reduced to two single-axis tumbling tests and, in some instances, one tumbling
test., Also, one two-axis step-tumbling test will yield the same nine gyro
coefficients as the above tests if Ayis varied at a multiple of Ay. Ratios of 2 to 1
and 5 to 2 will generate the nine coefficients. One thing that the two-axis test
lacks is the redundant readout of some torque coefficients that are inherent in the
other tests. With the exception of the two-axis tests, the tests can be of the
continuous-rate or the step-tumbling variety. The most common rate in use at
this time is 10 times earth's rate although testing at earth's rate and at 100 times
earth's rate has been performed successfully. Even higher rates should not be
considered unfeasible. The two-axis tumbling test is confined to step or pause
tumbling because, in order to maintain the gyro input axis in a sterile plane, the
two axes of rotation are the gyro input axis and the table axis, which is
perpendicular to IA and parallel to the earth's axis.

The repeatability of the error coefficients can be determined by conducting one
of the above groups of tests before and after temporarily altering one or more of
the gyro operating conditions or ambient. Some of the gyro parameters that are
investigated are: wheel, microsyn, and thermal stand-by conditions. Some of
the environment characteristics which fit conveniently into the before-and-after-
checks category are: linear and angular vibration, sustained linear acceleration,
shock, and thermal cycling.

Earth-fixed tests of various lengths (hours, days, weeks, or months) where the
gyro remains stationary with respect to the earth appear to be an effective way of
obtaining a quantitative look at the stability of the gyro error coefficients. The
interpretation of the results of a series of earth-fixed tests run with the gyro

in the three key orientations shown in figure 5-13 (QOA vertical, IA vertical and
SRA vertical) appears to be easier than extracting them from tests in which the
gyro is subject to a rotating gravity vector, If it is assumed that the compliance
coefficients are negligible, the simplified model equations for these three
orientations are Dy - gDg, Dy + gD and D + gDg, respectively.

By orienting the gyro with respect to gravity at certain fixed turntable positions,
various gyro error coefficients can be isolated. Then, at these positions, the
various gyro excitations may be varied to yield an immediate record of error-
coefficient response to these variations. From the recording, the gyro
coefficient sensitivities to these excitation changes can be computed. Similarly,
sensitivities to environmental changes can be obtained.

The foundation of error-coefficient-sensitivity tests is data obtained from four
basic orientations: OA up, OA down, IA vertical and SRA vertical (Fig. 5-14).
Variations of these latter two orientations are OA parallel to EA with IA

\
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horizontal and OA parallel to EA with SRA horizontal. The simplified model
equations for the basic orientations are: Dy - gDo, Dg + gDo, D + gDy,

Dy +gDg. The equationsfor thetwo alternative orientations are: Dy + gDg

cos Aj, and Dy + gD cos A;. The results of these tests in conjunction with
knowledge of the system environment and the performance of the system
excitation supplies are necessary for the proper error-analysis and budgeting

of any system. These tests are similar to the error-coefficient-repeatability
tests in that the same parameters are varied. However, the data is obtained at
several levels of the parameters rather than before and after temporary changes
in them. The parameters (wheel excitation, microsyn excitation, operating
temperature, ambient temperature, external magnetic fields, thermal gradients)
can be varied one at a time while keeping all others at their quiescent values or
in the format of a fractional factorial experiment design. In the more sophisti-
cated applications where the simplified error models are not adequate, the
sensitivity tests must expand from the basic four-position concept to full-
fledged tumbling tests, so that the effects on all of the error coefficients can

be determined.

Servo-Turntable Mode (19). Servo-turntable-mode testing is primarily used to
measure gyro long-term performance. Various orientations may be used, but

one of the most common is with the gyro input axis parallel to the turntable axis
which in turn is parallel to the earth's axis. The gyro senses earth rate about

its fnput axis, which causes the float to rotate due to precession. This generates
a voltage from the signal generator, which controls a servo motor that drives the
turntable in the direction to cancel the effect of the earth's rotation (Fig. 5-15).
In-the ideal case, the turntable would rotate exactly at earth's rate, and the gyro
would remain fixed with respect to inertial space. In the actual case, the
turntable rate varies due to gyro and equipment errors and uncertainty. By
measuring the table rate and subtracting earth's rate, a curve of these errors and
uncertainties versus table position may be plotted. By comparing point-to-point,
revolution-to-revolution, a deviation curve is obtained which yields the uncertainty
of the gyro and test setup. In addition, the data from the first revolution of a
multi-revolution test can be considered as error compensation and subtracted
from the data for each succeeding revolution. The result is the long-term
performance of the gyro.

Servo-turntable-mode testing uses two primary test configurations: inertial-
reference drift runs and earth-reference drift runs. In one sense, these tests
are counterparts to the tumbling test and earth-fixed tests which are conducted
in the rate-feedback mode.

The inertial-reference drift run has the advantage over the earth-reference drift
run of subjecting the gyro to varying components of gravity. The main purpose

of the inertial-reference test is to obtain an indication of overall long-term gyro
performance. The more common orientations are IA parallel to TA and EA,

and IA rotated 45 degrees about SRA from TA, which is parallel to EA (Fig.5-17).
In this latter orientation, varying gravity components act along all three major
gyro axes.

In contrast to the repeatable periodic function of table rate that is generated by
the inertial-reference test, the earth-reference test results in a near-zero

table rate of the order of 1 minute of arc per hour. The normal orientations with
1A parallel to TA are (Fig. 5-18).

(a) OA vertical, 1A horizontal east-west
(b) SRA vertical, 1A east-west
(c) IA vertical
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In the first two orientations, the initial table rate which results from the gyro
errors and uncertainty is compensated by changing the coupling between the gyro
input axis and the earth's axis. The correction in the third test is obtained by
using the gyro's torque generator.

Comparison of Modes. All present indications are that the rate-feedback mode of
gyro testing is being used more and more and the servo-turntable mode less and
less. The time duration of a test weighs heavily in favor of the rate-feedback
mode where 10 or even 100 revolutions of data can be accumulated in one day as
opposed to one revolution of a servo test. The advent of pulse and digital
equipment has now virtually eliminated the resolution edge once held by the
servo-turntable mode. Of course, the servo mode will always be useful since

it more nearly simulates the system operation of the gyro. In addition, the servo
mode permits torque-generator investigations because the torque generator is not
part of the servo loop. The relative advantages and disadvantages of both modes
are summarized in table 5-4.

Table 5-4 Comparison of rate-feedback and servo-turntable testing modes

Advantages Disadvantages

Rate-Feedback Mode

1. zall error coefficients can be determined 1. torque generator nonlinearity

2. short-term performance can be measured 2, loop dynamics

3. effects of modifying inputs can be 3. gyro axes alignment is
determined critical

Servo-Turntable Mode

1. data is integrated 1. time consuming

2. performance testing is closer to system 2. requires low-friction
simulation turntable bearing

3. use of the torque generator is eliminated = 3. requires high-performance

servo
4. gyro axes alignment not critical 4. short-term response of the

gyro is restricted

5. requires high-accuracy
table-rate readout

The most attractive rate-feedback tests appear to be the two-axis step tumbling
tests; two axis because one test does the work of two, three or four, and step
because it eliminates the added complexity of the effects of rate-tumbling about
two axes simultaneously. Also, the future role of the tumbling test seems to be
centered around the determination of the acceleration-insensitive and
acceleration-sensitive terms only; the linear-vibration technique appears more
suitable for determining the terms sensitive to the high powers of acceleration
(see section 5).

The earth-fixed test will be used extensively for the determination of gyro
performance. Simultaneous multi-gyro testing goes hand-in-hand with the earth-
fixed-test concept and seems necessary because the present state-of-the-art of
environment control and/or monitoring is not commensurate with the gyro
state-of-the-art. Figure 5-16 presents the results of an earth-fixed test run
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simultaneously on two gyros. If at that time only one of these gyros had been on
test, the simultaneous torque excursions exhibited by both gyros may have been
attributed to the gyro rather than to the real cause, which was the environment.

One final item that should be mentioned is the possibility of a more efficient and
effective use of all gyro output signals, for example, signal-generator output,
radial magnetic-suspension signals, axial magnetic-suspension signals and wheel
noise. The sensitivity of changes in torque about the output axis to changes in
these signals could be measured during one-g testing and programmed into the
system computer to compensate for changes occurring during system operation.

5. Linear Vibration Testing— P.J. Palmer and F. E, Cartwood

Linear vibration is but one of several experimental methods available for
measuring acceleration-sensitive gyro drift rate or torque. Tumbling and
centrifuging are the other common methods, although all three actually chart
performance in different areas. As indicated in figure 5-19, tumbling tests are
limited to one g at low frequency. Centrifuge testing can reach high-g levels,
but again at low frequencies, even with the gyro mounted on a counter-rotating
platform. Vibration testing permits exposure to the widest range of frequency
and g levels.

The unique qualities of linear vibration that make it valuable during gyro
testing are the following: .

(a) the vibration can be applied and removed without introducing major
- interfering inputs

(b) the integrated effects of linear vibration on the gyro affect only
the compliance, or higher powered acceleration-sensitive terms

(c¢) angular alignments are not critical
(d) the gyro can be tested with normal excitations

" (e) a complete set of compliance coefficients can be determined in
less time than with any other method

(f) precise gyro flotation is not required

(g) rotary power or signal transfer is not required

(h) the equipment is relatively inexpensive (compared to centrifuge
equipment)

The following are the major disadvantages:

(a) cross-axis vibration results in relatively large but systematic
(correctable) errors

(b) angular vibration is the predominant interference
(¢) sustained linear acceleration cannot be simulated

Purpose

Almost all inertial navigation systems endure a significant level of vibration
during some part of their operational lifetimes. This vibration, owing to the
nature of flight-guidance applications, often accompanies high levels of sustained
acceleration such as occur during rocket launchings and reentry. Generally
speaking, linear vibration testing aims at two different aspects of gyro
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performance. The first concerns a simulation of the vibratory environment
encountered in operational life. (Random vibration testing represents another
simulation technique.) This type of testing seeks to discover incipient failure
resulting from permanent physical changes induced by vibration. Plastic
deformation, for example, is an irreversible change corresponding to
'‘permanent damage’' and perhaps a significant degradation in performance.

The second aim of linear vibration testing concerns the determinate response of
the gyro to an applied acceleration. This type of testing seeks to measure the
torques which reflect the sensitivity of the instrument to acceleration. Such
error torques are the result of various reversible physical changes brought about
by acceleration or high powers thereof. Mechanical deflection in the elastic
range of deformation, for example, is a reversible change which can lead to such
an error torque. While 2 measure of good design is low sensitivity to
acceleration, a measure of ultimate performance is the level of precision with
~which that sensitivity is known.

Advances in inertial gyro design have brought instruments to the point where
survival in the vibratory environment is not a critical problem. It is usual
therefore to subject gyros to vibration for environmental simulation purposes
and find no resultant degradation in performance. On the other hand, much
emphasis has fallen upon linear vibration testing as 2 means to define instrument
sensitivity to acceleration. This section revolves around this latter aspect of
linear vibration testing.

Linear Acceleration Effects

Linear vibration provides a sinusoidal linear acceleration of the form (SF), sin wt,
where (SF), = peak vibration amplitude in g's and w = vibration frequency in
rad/sec. In response to this acceleration, the steady-state gyro torque about the
output axis depends only upon the instrument sensitivity to even powers of
acceleration. This results from the fact that only even powers of a sinusoidal
function have a nonzero average, i.e. the average value of (SF), sin wt is zero,
the average value of [(SF), sin wt]2 is (SF)%/2, and so forth. Linear vibration

is therefore most useful in measuring gyro torques which are functions of g2, g4,
etc.

An anisoelastic structure such as a gyro wheel assembly can be simulated by a’
mass mounted on four springs as is shown in figure 5-20 (12). The springs
along the spin axis are assumed to be less stiff than the springs along the input
axis. When such a structure is subjected to an acceleration, the resulting
deviation of the effective center of mass is not along the line of action of the
acceleration but is toward the softer of the two spring axes, in this case the spin
axis. In figure 5-20, the center of mass is displaced along the negative spin and
input axes by dg and d, as a result of the force components Fg and F;, Since
these forces and displacements are in the defined negative direction, they must
be given a negative polarity for consistency. If the acceleration vector were
reversed, the forces and displacements would all be directed along the positive
axes and thus would carry positive polarities. Over a complete cycle of vibration,
the drift torque about the output axis is therefore

-F1)(-dg) - (-Fg)(-d - Fgd
Mo=( 1) S)z( s)( 1)+-Flds2 s% (Eq. 5-39)

Fydg - Fgd,
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where

Fg = force component along SRA in dynes

= m[as + (SF)g sin wt]
K = force component along IA in dynes

= m[;il+ (SF); sin (wt +a)]
d;, & = displacement along IA and SRA, respectively, in cm
m A. = effective mass in gm of the displaced gyro wheel and

bearing assembly

(SF), (SF)g = maximum amplitude of the vibratory specific force
components along 1A and SRA, respectively, in cm/sec?

a = phase angle between acceleration components along IA and
SRA in radians

Equation 5-39 is expanded in Appendix A of reference (22) into a frequency-
dependent relationship yielding

Mo - m(SF)sz(SF)Icosa[( ‘:n§""2 . ‘:nl“"z ]
wWg-w?) +4(DR)Bwigw? (wi;-w?) +4(DRfwEw?
m(SF)g (SF); sin a 2(DR) gw ,gw . 2(DR)jw,yw 1
) 4 Lwﬁs-wz)d +4(DR)§w2gw? (wﬁl-wz)l +4(DR)12w,2,Iw2J
(Eq. 5-40)
where
Wni, Yns = undamped natural frequency along IA and SRA,
respectively, in rad/sec
= Yk/m
k = equivalent bearing stiffness in dyne/cm
(DR);, (DR)g = damping ratio along IA and SRA, respectively
=1 Je2/mk
c = structural'damping coefficient in dyne/cm/sec

The first term of equation 5-40 is usﬁally referred to as anisoelastic torque and
the second term as the cylindrical torque (11). As the phase angle a approaches

zero, the cylindrical torque approaches zero, and the anisoelastic torque becomes
maximum.

For the cylindrical torque, if the damping ratio is small, the frequencies at
which the torque peaks occur can be computed by differentiating the equation for
cylindrical torque with respect to w and equating the derivative to zero, which
results in .

2
W(peak)s = W8 1_-§(_DL)§ ltJI.,. _.3__!

[2(DR): - 1]

1/2
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2
1 - 2(DR) 3
Ypeak)1 = @n1 _3——‘—1 1‘*‘/1 t
[

2
2(DR); - 1]

1/2

(Eq. 5-41)
where

Wpeak)Is ¥peak)s = Ifrequencies at which peak torque occurs

As the forcing vibration frequency decreases, the cylindrical torque decreases to
zero.

Figure 5-21 is a comparison of theoretical and experimental cylindrical torque
data, and figure 5-22 is a similar comparison of anisoelastic torque data (23). To
obtain the data of figure 5-21, two vibrators were used to apply simultaneous
vibration along IA and SRA with the phase angle, @, set at 90 degrees so that the
anisoelastic torque was zero. To obtain the data of figure 5-22, vibration was
applied mid-way between IA and SRA. Since only one vibrator was used, the

phase angle, @, was zero and the cylindrical torque was zero. The difference
between the experimental and theoretical data of figure 5-22 at low frequencies
(points 2, 3,4 and 5 on the curve) is attributed to angular oscillations of the
vibrator and to a fixture resonance at the frequency marked 1.

If the damping ratio is small, the frequencies at which the peak anisoelastic
torques occur can be computed by differentiating the anisoelastic-torque
equation with respect to wand equating the derivative to zero, which results in

w(Peak)S =Whg ¥ 1z 2(DR)S
Wpeak)l =Wa V1*2(DR) (Eq. 5-42)

For the example given in figure 5-22, solution of equation 5-42 yields values of
(DR)g and (DR); of approximately 0.02 and 0. 01, respectively. Then, for forcing
frequencies w, less than 10 percent of the undamped natural fre%uencies, w,s and
Wnrp, (Zw/w.,s)2 and (w/w,;)2 are each less than 0.01 and 4(DR) § (w/wy,g ) 2 and
4(DR)T(w/w,1)? are each much less than 0.004. The average anisoelastic drift
torque may, therefore, be expressed within 1 percent as

M, = M#S_Fl;[é__ _.;_:I (Eq. 5-43)

Wns Wnr
2(SF)g(SF 1 1
M, = ﬁz_ls_(_)r[ﬁ-rl] | (Eq. 5-44)
where

1/k = compliance

Data from commercially available gyro spin-axis ball bearings indicate stiffnesses
of
kg = 2.6 x1010 dyne/cm

k; =3.6 xX1010 dyne/cm

Since the undamped natural frequency w, is vk/m, for a wheel mass of 250 grams,
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wpg = 1.0 X104 rad/sec
= 1600 Hz

wyy = 1.2 X104 rad/sec
= 1900 Hz

To obtain the anisoelastic torque accurately to within 1 percent of its value at one
gravity, the forcing frequency must be less than 10 percent of the natural
frequency, or less than 1000 rad/second (160Hz). In addition, the gyro must be
mounted in a fixture whose natural frequency is well above the test level. Thus,
although engineering evaluation tests may be conducted at frequencies up to

5000 Hz to determine ruggedness and structural resonance points, vibration
testing to measure error coefficients is limited to low frequencies.

The example just given indicates another use of linear vibration testing in
addition to measurement of the error coefficients. Tests at low g levels to
obtain torque vs frequency will indicate the resonant frequencies, from which the
bearing stiffness can be calculated (in the case of ball bearings). This gives a
check of possible changes in bearing preload or performance.

It should be noted at this point that the gyro model just described is the simplest
case where it is assumed that the compliance axes and the principal axes of
inertia are coincident with the gyro axes. It should be further noted that
compliance (or stiffness) is tacitly taken to be independent of acceleration, which
is another way of saying that the analysis assumes linear spring stiffness. Al-
though linear analysis has thus far been very effective, high standards of
performance may create the need for a quasi-linear model of behavior. For
example, consider a ball-bearing-type gyro that is to be subjected to
accelerations up to 100 g's (12). The axial load-deflection characteristic for a
single angular-contact ball bearing is given by

F.=Cd (Eq. 5-45)
where

F. = the compressive force along the line of action of the ball

C = a constant determined by bearing dimensions and materials

d = deflection of the ball along the line of action of the ball

n = 3/2 for a ball loaded between two semi-infinite flat plates
(a good approximation for many bearing designs)

For a preloaded pair of angular-contact ball bearings, the load-deflection
characteristic is essentially linear. The nonlinear effects of one bearing tend to
be compensated by the nonlinear effects of the other bearing. In other words,

as the compliance of one bearing increases, the compliance of the other bearing
decreases. At accelerations that are small compared to the breakout
acceleration, drift rate due to compliance torque increases essentially as the
square of the applied acceleration as indicated by equation 5-44 : the breakout
acceleration is defined as that acceleration along the spin axis where the applied
force to the rotor exceeds the original preload force. At higher accelerations,
the drift rate due to compliance torque deviates from that which would be
predicted by the analysis using linear spring constants for the ball bearings (13).

An estimate of the maximum deviation from linearity for an isoelastic or slightly
nonisoelastic bearing package is given by

Mg = (0.06) (Fd,) [}g}l‘ sin 4¢ (Eq. 5-46)



[ECHNICAL LIBRARY

223
DATA POINTS THEOR,CURVES
cew — = (DR} = 0.02
—— (DR} = 0.005
Ocw ---- (DR} = 0.007
VIBRATOR )
! 1 (SF); sin (wt+a)
TORQUE I
ABOUT SRA
0A VIBRATOR
L ] )
? \ GYRO
H -—
L D . (SF)g sinwt

& \ A
: ®

@ N

1000 1200 1400 1600 1800 2000
FREQUENCY (Hz)

Fig. 5-21 Theoretical and experimental gyro cylindrical torque versus
frequency
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Fig. 5-22 Theoretical and experimental gyro anisoelastic torque versus
frequency
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Table 5-5 Deviation in gyro drift rate from linear analysis at various g levels

Applied SF)* Drift Rate in Meru*
acceleration §SFib Linear effect* Nonlinear effect, Nonlinearity,

(SF)ing's f (sin 2¢) f (sin 4¢) percent
1 0,01 1 1.4x10°5 0.001

10 0.1 100 0.14 0.1
20 0.2 400 2.2 0.5
30 0.3 900 10 1.1
40 0.4 1600 40 2.5
50 0.5 2500 110 4.4
60 0.6 3600 240 6.7
70 0.7 4900 470 10

80 0.8 6400 850 13

- 90 0.9 8100 1400 17

100 1.0 10 000 2300 23

*Assumed parameters:

1. (SF), =100g's

2. Linear effect = D;g = 1 meru/g2

3. Wheel angular momentum = 2 X 106 gm-cm?2/sec

Table 5-6 Extraction of compliance coefficients
from linear vibration data )

Orientation VK, K, K

OA I EA Dis Di; -Dgs
SA | EA Dio Dy; -Doo
IA LEA -Dgs Dgg -Doo

V = +1 for OA, SA Il EA with OA, SA south or JA 1L EA with IA down
V = -1 for OA, SA |l EA with OA, SA north or IA L EA with IA up
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for accelerations up to about 0.3 (SF), and by

Mg = (0. 1)(F,d,) [g%b] % sin 49 (Eq. 5-47)

for accelerations from about 0.3 (SF), to breakout acceleration, where

F, = preload force

d, = initial bearing deflection as a result of F,

(SF) = applied acceleration

(SF), = breakout acceleration

¢ = angle of the applied acceleration vector in the SRA-IA plane

referenced to SRA or IA (Fig. 5-20)

Consider a case where the preload force is 6.65 X 108 dynes (15 pounds) and the
resulting deflection is 5 X 10”4 ¢m. At the point where the applied acceleration
is equal to one-half of the breakout acceleration, the deviation in torque from
the linear analysis is 16 dyne-cm. This corresponds to a drift rate of 110 meru
in a gyro with a wheel angular momentum of 2 X 106 gm-cm2/sec. Table 5-5
indicates the percentage of nonlinearity at various g levels for the case of break-
out acceleration of 100 g's and D;g equal to 1 meru/g2.

Table 5-5 is presented to point out that the nonlinearity in the bearings contributes
a small torque compared to the nonisoelastic torque even in the example given.

It should be noted, however, that the torque due to nonisoelasticity is a second
harmonic of the angle ¢ while the torque due to nonlinearity is a fourth harmonic
of the angle ¢. Therefore, the maximum torques do not occur at the same angles.

Since the compliance of a preloaded pair of angular-contact ball bearings increases
with the applied load (acceleration), the compliance of the wheel about the input

and output axis increases with applied load. This increase in rotational compliance
produces an increase in the characteristic time of the instrument. At the
acceleration where the bearing preload is exceeded, the rotational stiffness
decreases to about 0.2 percent of its value at zero acceleration; and the
characteristic time may increase by a full order of magnitude.

Techniques

When a gyro unit is subjected to linear vibration, the components of specific
force .acting along each of its axes are (21)
(SF)I = (SF)g [§) + (SF)V 140 sin wt
(SF)g = (SF)y(5) + (SF)y (5 sin wt (Eq. 5-48)
(SF)o = (SF)g ot (SF), ©) sin wt

where

(SF)g(D, (SF), ©, (SF)g (0 = components of the specific force of gravity
appearing along IA, SRA and OA,
respectively, in g's.

(SF)y(1), (SF)y(s), (SF)y(o) = components of the specific force due to
vibratory acceleration appearing along
IA, SRA and OA, respectively, in g's



[ECHNICAL LIBRARY

226
Substituting the relationships of equation 5-48 into equation 5-11 gives

Wy =Dy + Di[(SF)g(x) + (SF)y (1) 5in wt]+ Ds[(SF)(s) + (SF)y(s) sin wt]
+Dg [(SF)g(0) + (SF)y(0)sin wt] + Dy [(SF)g(1) + (SF)y(1) sin wt]?
+Dgg[(8F)g(s) + (SF)y(s) sin wt]? + Dgo [(SF)g (o) + (SF)y(0)sin wt]?
+DIS[(SF)g(1) + (SF)y(1)8in wt][(SF)g(s) + (8F)y(s) sin wt]
+D o[ (SF)g (1) + (SF)y(1)sin wt][(SF)g(0) + (SF)y(o)sin wt]
+Dos[(SF)g(0) + (SF)y(o)sin wt][(SF)y(s) + (SF),(s)sin wt]

(Eq. 5-49)

Equation 5-49 can be expanded and then rewritten to group those terms that are:

(a) independent of specific force, that is, the Dy term.

(b) independent of vibration, that is, terms which result in a torque
only as a function of gravity.

(¢) dependent upon vibration and gravity. These terms are functions
of sin wt so that the average value of the torque produced is zero,
However, these torques do act on the float and appear as sinusoidal
signals on the output of the signal generator at a frequency equal to
the frequency of the applied vibration.

(d) dependent upon vibration only, that is, terms that result in a torque
only as a function of linear vibration. These are the terms that
contain a sine-squared function. Since the average value of a
sine-squared function is equal to one-~half the peak value, these
terms result in a steady-state average torque. Actually, since
sin2 A = (1/2)(1 - cos 2A), the effect of the sine-squared term
is a steady -state torque plus a cosinusoidal torque at a frequency
equal to twice the frequency of the applied vibration.

Rewriting only those terms that result in a steady-state torque to produce a
steady-state gyro drift, equation 5-49 becomes

Wqg =D acceleration independent
+Dy (SF)y(1) + Ds (SF)y(s) + Do (SF)y( )
+Dyy (SF)E(x) + Dss(SF)E(s) + Doo (SF) g(o) gravity
+Dys (SF)g(1)(SF)g(s) + Dyro(SFg(1) (SFy( o) dependent

.pDos(SF)g(o)(SF)g(s)

+1/2 Dyp (SF)3(1) +1/2 Dgg (SFN(s) .
+1/2Doo (SF)f(0) + /2 Dy (SF)y (1) (SF)s(s) Hepondent
+1/2D1o (SF)y(x) (SF)y( o) +/2Dos (SF)y o) (SF)s(s)

(Eq. 5-50)
The direction of vibratory acceleration with respect to the gyro coordinate
system is arbitrary and, for that matter, so is the orientation of the gyro in the
inertial reference frame. In an attempt to distinguish acceleration-induced
torque, however, torques from other sources should obviously be minimized
wherever possible. This points immediately to test orientations which position



[ECHNICAL LIBRARY

227

the gyro input axis in the sterile plane, i.e. the plane perpendicular to earth's
axis. There are three such orientations that have been employed in vibration
testing at MIT. These three orientations locate OA or SRA parallel to earth's
axis or IA perpendicular to it, as shown in figure 5-23. Also shown in that figure
is the vibratory acceleration vector, which lies in the east-west direction. In
each orientation, the gyro rotates about one fixed axis through a series of angular
test positions. The analysis of reference (21) derives equations for all three
orientations which, in terms of the compliance coefficients, relate gyro torque

to acceleration amplitude, (SF),, and gyro position, Ap. Analysis of one
orientation (OA parallel to EA)follows to characterize the method in depth. Only
the compliance or g2 - sensitive coefficients will be considered.

In the OA parallel to EA orientation shown i