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PREFACE
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under the direction of W.C. Albert. The work was performed for the Air Force Systems
Command, Aeronautical Systems Division/PMREP Wright Patterson AFB, Ohio with Mr.
R. Jacobs serving as contract monitor.
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SECTION |
INTRODUCTION AND SUMMARY

1. BACKGROUND

This document is the final report of contract F33615-80-C-1218, NEW SENSOR CON-
CEPTS. The objective of this effort was to assess the feasibility of promising new
strapdown inertial sensors, using innovative approaches. The scope of the effort included
theoretical and experimental investigations, laboratory experiments, the building and
testing of breadboard accelerometers and recommendations for further work needed to
improve the potential of the concept.

This program focused on developing an accelerometer which utilizes force-sensitive
vibrating quartz beams as the basic sensing elements. This approach results in a device
that is virtually a solid state accelerometer with an inherent digital output. The sensor
also has good potential for low cost.

The Kearfott approach in the application of quartz crystals to accelerometers has been to
use flexure-mode resonators in a beam configuration. The behavior of a vibrating beam in
tension is somewhat like a string in tension; an increase in tension will cause the resonant
frequency to increase. The beam, however, has several advantages over the string:

requires no bias tension

responds to compression

frequency change with tension is more linear than the string

achieves usable full-scale force induced frequency change of up to +10%
resulting in high instrument scale factor

scale factor temperature sensitivity less than 10 ppm/OC

) predictable and hence modelable temperature sensitivity, an advantage for
heaterless operation over wide temperature range.

In an accelerometer application, the crystal resonator and oscillator circuit replaces the
torquer coils, torquer magnets, pickoff and capture electronics of a conventional force
rebalance accelerometer. This results in the following advantages:

o the accelerometer becomes virtually solid-state

° the mechanical assembly becomes very simple for low cost and high reliability

° the electronies (oscillator) becomes very simple for low cost, low power and
high reliability with an inherently digital output (no pulse capture or A/D
conversion)

. higher performance-to-cost ratio per acceleration sensing channel.

The most successful applications of the quartz vibrating beam have been the High
Accuracy Vibrating Beam Accelerometer (VBA), for strategic missile and gravity meas-
urement applications, and a commercially available pressure sensor. In each of the above
applications the force-sensitive crystal technology, which is about 15 years old, is
successfully competing against the conventional electromagnetic force rebalance tech-
nology (D'Arsonval galvanometer mechanism) which is about 100 years old.

Because this force-sensitive erystal concept has been very successful in both ultraprecise
as well as commercial use, its application to tactical systems, with accuracy requirements
between these two extremes, appears a natural choice.
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2. PERFORMANCE GOALS AND ACCOMPLISHMENT SUMMARY

Below is a goal-by-goal review of what has been accomplished and what this program
indicates can be accomplished on future units.

Bias stability: 100 ug Goal - Short term bias stabilities of less than 1 ug have
been demonstrated. Long term stability is currently limited by trending, but
we recommended several ways to eliminate this trending and achieve 100 ug
long term stability.

Bias Temperature Sensitivity: 1ug/®/C (0°C to 60°C) Goal - Unmodeled bias
temperature sensitivity of 2ug/“C has been demonstrgted. Improvements
along with modeling have the potential of achieving 1ug/~C sensitivity.

Scale Factor Linearity: 0.001% Goal - Test data and analysis indicate that a
method of matching and trimming to achieve the goal appears feasible.

Scale Factor Stability: 100 ppm Goal - Analysis and test data indicate that
scale factor stability achieved is on the order of 0.1 ppm.

Scale Factor Temperature Sensitivity: 1 pm/° C Goal - Scale factor
temperature sensitivity on the order of 1 ppm/~C has been achieved, however,
sensiiivities of 10 ppm/ C are expected to be more typical. This sensitivity
will be very repeatable and can be modeled and compensated to 1 ppm/~C.

Dynamic Range: + 10 g Goal - A +10 g range was easily achieved; we
recommend that future units have a greater full scale input.

Reaction Time: 1 min Goal - Accelerometer reaction is vi.rtual]y instant on
with an ultimate goal of no temperature control.

Scale Factor Symmetry: 2ug/g Goal - The approach taken is not a pulsed
device. Therefore, this requirement is not applicable.

Threshold: 50 ug Goal - Thresholds of less than 1 ug have been demonstrated.

;
;
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SECTION 1I
VBA BASIC CPERATION

1. BASIC MECHANIZATION

The basic acceleration sensing element in the VBA is a pendulously supported proof mass
constrained along its axis of freedom by a crystal vibrating beam force transducer. These
transducers change their natural frequency in a highly systematic way with foree; the
frequency increasing with tension and decreasing with compression. The transducer is
used as the resonating element in an oscillator circuit. The frequency of the oscillator is
thereby a sensitive function of input acceleration.

2. VIBRATING BEAM FORCE TRANSDUCER (RESONATOR)

The behavior of a vibrating beam in tension is described in Appendix A. The analysis
describes the relationship between beam geometry, material physical properties, boundary
conditions and their effect on the instrument's bias frequency and frequency-force
sensitivity. This behavior is most conveniently expressed as a power series used in
Equations (1) through (3).

The quartz beam material has a unique combination of mechanical, chemical and thermal
properties needed for frequency standards. In addition, quartz is piezoelectric which
affords a very convenient way to sustain the oscillations.

The beam vibrates in flexure as a fixed-fixed beam, deseribed analytically in Appendix A,
and illustrated schematically in Figure 1. .

The crystals are driven piezoelectrically by means of electrode pairs arranged to provide
an electric field across the minimum dimension of the beam and induce the desired
flexure stresses.

The resonators themsleves are low cost items of which thousands have been manufac-
tured. The raw material, quartz crystal, is relatively abundant, in both its natural and
synthetic form, and is used extensively in the frequency control and communication
industries. Machining techniques have been developed to produce them in large quantities
at low cost. Many of the machining, plating, and other manufacturing processes used are
similar to those used to make the quartz crystals used in wristwatches. Wristwatch
crystals also vibrate in flexure in a tuning fork or free-free beam configuration. In large
quantities, they cost watch manufacturers less than two dollars each.

3. DUAL BEAM VBA MECHANIZATION

A schematie representation of the dual beam VBA is presented in Figure 1.

The two beams and two proof masses used are arranged so that an input acceleration
places one beam in tension and the other in compression. The VBA output is then taken as
the difference frequency between the two beams.

This two-beam mechanization is described analytically by Equations (1) through (3). Note
that these equations express the frequency behavior of the individual beams as a power
series. The K terms are the product of the proof mass and the appropriate K terms of
Table 2-7 of Appendix A.
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BEAM 1 OUTPUT

2 3
t = l(‘,l + Kua + Ky o + K31° 1)
BEAM 2 OUTPUT
2 3
‘2 =Kgp - K g8+ K,q8 LIPL (2)
DIFFERENCE OUTPUT
f.-f,=K, ~K.,+(K,.+ K, Ja+(K,, - K )a2+(K + K )33
1 2 01 02 11 12 21 22% 31 32 (3)
Bias Scale 3
Factor Term Term

L——Nommally Double

Nominally Zero
Nominally Double
Nominally Zero - Common Mode Rejection
a = Input Acceleration

The advantages of this dual beam push-pull mechanization are:

) The difference frequency and hence accelerometer bias is low. The tolerance
on the mateh of the individual beam Ko will determine the bias.

° The scale factor is twice that of the individual beam secale factor.

° The difference frequency a2 term is nominally zero to reduce vibration effects
and increase linearity.

° The difference frequency a3 term is nominally doubled, but is very small.

® Differencing results in common mode rejection to greatly reduce thermal
effects.

The common mode rejection feature greatly reduces the effects of bias error sources that
similarly affect the individual beams such as thermal effects. Examples of VBA data
illustrate that the difference frequency is at least an order of magnitude more stable than
the individual beam frequencies. This is attributed to the beams being in very close
physiecal proximity and therefore experiencing the same environment. This residual
temperature effect on bias is a result of the mismatech between individual beam
temperature characteristics, kept small by careful selection of beam pairs.

The effectiveness of the common mode rejection principle is shown in Figure 2. It is

obvious from this example that the randomness of the difference frequency, in equivalent
input acceleration, is at least an order of magnitude less than that of the individual
beams. Similar to scale factor, the residual temperature effect on bias is very
predictable and therefore also modelable for heaterless operation.




T ie

o

k)

3

SECTION III
LOW COST VBA DESIGN APPROACH

1. VBA TECHNOLOGY BASELINE

Prior to this program, Kearfott had directed its development efforts toward a high
accuracy VBA instrument intended for strategic applications. As a result of these efforts,
Kearfott now has several capabilities applicable to the low-cost VBA:

. Force-sensitive crystal resonator design techniques were developed which
make extensive use of finite element analysis.

. Quartz crystal selection, fabrication, processing, plating and testing tech-
niques were developed.

o VBA assembly facilities and procedures were developed, including high vacuum
techniques.

° VBA test procedures were developed, which included automatic data acquisi-
tion and reduction using an HP21MX Computer capable of monitoring 12
frequency signals simultaneously.

2. LOW-COST TACTICAL VBA APPROACH

Preliminary experiments and investigations indicated that the dual beam VBA had good
potential for low-cost tactical applications. To realize this potential, technology
development efforts were expended which:

° Increase sensitivity by using more of the beam force measuring range.
° Introduce a proof mass damping mechanism to protect the beams from shock

and vibration and simplify the design.
° Develop a saturating oscillator which has the potential for low cost and high

reliability.
Details on development approaches that realized these goals are described next.

3. INCREASED SENSITIVITY

The VBA, designed for high accuracy strategic applications, had no internal means of
damping the beam-proof mass mechanism. Vibration protection depends on keeping the
natural frequency of the beam-mass system high (>2000 Hz), and then providing an
external vibration isolator with a lower (=900 Hz) break frequency to assure adequate
input vibration attenuation at the natural frequency. Keeping the natural frequency high
was accomplished by keeping the mass of the proof mass low and keeping the axial

stiffness of the beam high,

Both of these actions result in lower acceleration sensitivity since a low mass proof mass
results in lower forces and a stiff beam results in lower frequency-force sensitivity.

The sensitivity of the low-cost VBA was increased by increasing the mass of proof mass.
The actual amount of sensitivity increase depends on size, linearity and other considera
tions, but for the 10 g full scale VBA developed under this program, the factor was about
3. This resuited in a 16 g proof mass.

P ]
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| This increase in sensitivity will proportionately reduce thermal crystal aging and other
' effects on bias. However, unless measures were taken, increasing sensitivity also will

decrease the natural frequency and increase susceptibility to shock and vibration. To
‘ compensate for this, a beam protection mechanism and proof mass damping mechanism
l was devised.
{
{
1
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4. PROOF MASS DAMPING MECHANISM

Proof mass damping was accomplished by a squeeze-film gas gap between the proof mass
and housing. This is a proven damping mechanism that has been successfully used in many '
accelerometers, Sufficient damping can be introduced to achieve a critical or near- i
¥ critical damping ratio and the scale factor can be greatly increased. The resonant
R, frequency of the beam-mass system can be reduced to about 300 to 400 Hz. Enough |
compliance can be built into the resonator so that mechanical stops can be used to protect
the beam from vibration and shock overload. This gas damping approach is the most
simple and results in lower cost.

- The equations describing the action of a gas damping mechanism are included as Appendix

SRV PIUPPEE

v B. They are for an ideal arrangement and do not account for the effects of nonsym metry,
o the central resonator mounting hole or the effects of ¢, # ¢ o 8ll shown schematically in
Figure 2; ¢, was made longer than ¢, because there is n]iore motion at the ¢, point. The :

‘ ! plan was t0 assemble a unit and theén vibrate it with various gases and gas“pressures to :
i empirically establish a performance baseline. The initial values selected were: )

! Radius R = 1.14 em
g ! Gaps ¢, = 0.00254 cm, ¢, = 0.00381 c¢m
i Beam Slprmg Rate K = g 77 (10°) dyne/ecm
! Proof Mass m = 16 g
; The performance goals were:

- Natural frequency (undamped) fN = 300 Hz
- Damping ratio = on the order of one

Vibration test results for various gases and gas pressures are presented in Section 4.

5. COMPLIANT RESONATOR

. The previous resonator designs for the high accuracy VBA are axially very stiff because of
the high natural frequency requirements. For the low-cost VBA under development an
R entirely new resonator was needed, one that was axially compliant. The resonator design
arrived at is illustrated in Figure 3. The only characteristics retained from the previous
' resonator designs were the vibrating beam geometry, the isolator structure and mounting :
! structure, were completely changed. Because of mounting requirements and vibration !
! isolation requirements, the resonator is a rather complicated structure with many degrees |
‘ of freedom. If not properly designed, the vibration frequency of one of these degrees of
| freedom will be close to the fundamental frequency of the vibrating beam. This can cause
¥ activity dips which are a well-known effect in the crystal industry. Activity dips are
characterized by a very erratic vibrational frequency and a loss in Q. The vibration
isolator must also be carefully designed. The vibration isolator isolates the bending
moment and shear reactions at the root of the beam, and prevents vibrational energy from
escaping to the mounting surface. Excessive escaping vibrational energy will result in a
decreased resonator Q. In the design of the resonator, extensive use is made of finite
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element analysis where a candidate beam design is broken up into more than 100 separate
elements. The model is then analytically subjected to an axial loading and the dimensions
of the isolator springs are adjus,}ed to obtain the correct axial compliance. Using this
procedure, the value of 5.77x10° dyne/em was arrived at in order to obtain a 300 Hy,
natural frequency with the 16 g proof mass. The finite element model is then subjected to
a mode frequency analysis where the vibrational characteristies of the various degrees of
freedom are determined. An example of the results obtained from this analysis is
presented in Appendix C. The illustrations presented in Appendix C are computer
generated graphies, and illustrate the various modes and frequeney of vibration that cun
oceur in the resonator structure. The mode and frequency predictions of this analysis
method have been found to be very helpful and very accurate in determining the resonator
vibrational characteristics. Observe that mode 12 is that of the fundamental beam
vibration which is predicted to oceur at 40 kHz where indeed it actually does. The lower
frequency modes allow a check on the behavior of the vibration isolation system. The
analysis is also used as a criterion to be sure that the various modes are at least 8 to 10
kHz away from the 40 kHz fundamental to avoid an activity dip problem.

6. ACCELEROMETER DESIGN APPROACH

Details on each of the piece parts illustrated in Figure 3 follows.

The base serves as both the bottom damping plate and the attachment point for the
housing end of the resonator structure. It includes the two headers which communicate
with the resonator electrodes. Also included is a copper exhaust tube. Through this tube,
the device is evacuated during bake out and back filled with a predetermined pressure of

gas. The design of this piece, as well as the other pieces, is very simple and should
present no future manufacturing problems.

The proof mass is also illustrated, although from the view it was photographed from the
flexure joints are not readily visible. Since the proof mass of this VBA, as well as other
VBA's, is relatively heavy compared to conventional accelerometers, tl.e flexures arc
easier to fabricate. This is because a lapping procedure is not needed to bring them down
to very small dimensions. The thinnest flexure dimension used for the proof mass was
0.0012 inches. The flexures were used in the as-ground condition and did not require any
additional lapping. The top and bottom surfaces of the proof mass serve as the damping

surfaces. The upper end of the resonator is mounted the central opening of this proof
mass.

The damping plate serves just that function.

As a pre-assembly, the proof mass is sandwiched between the base and the damping plate.
The gaps are set by the circular shims shown. This three piece assembly is then inserted
into the housing, after which a seal is made using a high temperature epoxy. The units
assembled under this program are essentially breadboard units. To facilitate these
assemblies, epoxy was liberally used. The crystal was epoxy mounted to the assembly, and
then the base sealed to the housing by a bead of epoxy. This approach resulted in easy
assembly to allow quick evaluation of the compliant resonator and the damping mechan-
ism, since these two items were a radical departure from previous high acecuracy VBA's,

The saturating oscillator is also illustrated. This particular one was available in flat pack
form and was used during most of the tests. It is cemented to the bottom portion of the
base after the exhaust tube is pinched off and tucked into its recess.




An example of a complete assembly is illustrated in Figure 4. To make a complete dual
beam VBA package, two of these assemblies are needed. The base of each assembly has
recessed screw holes so that they can be easily mounted back to back. It is in this back- :
to-back condition that the devices were tested. R

P RTAYR L. T4

Liberal use of epoxy, however, is a shortcoming of this present design because:

b i ° The ultimate in crystal stability is not obtained until a bake out at least 200°C f
. can be obtained. The epoxy llimited this to 100°C.

] The crystals being epoxied into place is also a serious shortcoming. Because of 3
temperature changes and changes in load the epoxy has a somewhat plastic
behavior. This results in creeping changes in the boundary conditions of the i
beam and results in the trends observed during tests.

z For future development units it will be a goal to have an all-welded assembly. Means of
achieving this all-welded assembly capable of a full 200°C bake out are presented in
A Section 6.
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SECTION IV
TEST RESULTS

1. NOMINAL BIAS AND SCALE FACTOR

The nominal scale factors of the individual resonators of units LC1 and LC3 are 88 and
89 Hz/g respectively. This results in a difference frequency scale factor of nominally
177 Hz/g.

The nominal bias frequencies of the individual resonators of units LCl1 and LC3 are
40,856.7 and 40,507.2 Hz respectively. This results in a nominal difference frequency of
349.5 Hz, which is equivalent to (after dividing by 177) 1.97 g bias. It is characteristic of
the VBA to have a high but very stable bias. Bias on production units can be reduced by
better matching of individual resonators.

2. BIAS STABILITY

The major deviations in design approach of the low-cost VBA over the previous high
accuracy VBA were:

® The introduction of gas damping, which means that the resonators, which
formerly operated in a high vacuum, would now have to operate in a fraction
of an atmosphere of the gas to be chosen.

] The former high accuracy unit used rather expensive linear oscillators. The
low cost units operated with relatively inexpensive and simple saturating type
oscillators.

One of the first tests conducted was to compare the behavior of the unit to these two new
operating conditions. The test results are presented in Figure 5. Figure 5A is an example
of short term stability obtained on unit LC4 which was operating under an evacuated
condition with a resonator Q of about 40,000 and using one of the relatively expensive
linear oscillators. Figure 5B is a similar unit LC3 operating in 1/20 of an atmosphere of
neon which resulted in a resonator Q of 12,000. The oscillator used here was of the
saturating type. Very little, if any, short term performance degradation was realized by
going to these new conditions. Note that the test results presented in Figure 5 are for
individual accelerometer halves tested separately. Therefore, there is no benefit of
common mode rejection of thermal errors.

Figure 6 is an example of bias stability obtained over a longer period of time. Figure 6A
is a plot showing how the drifts of the individual resonators varied during the
approximately 20 hour period. As mentioned in Section II, the actual VBA output is taken
as the difference frequency between these two individual frequencies. This difference
frequency is plotted in Figure 6B. Note that bias stabilities of well under 1ug are being
realized. Also note that this is raw data and has not been compensated for any effects at
all. These tests were run in the +1 g position so that the drift error effects illustrated are
those of both bias and scale factor. The temperature of the room monitored during the
period of the test appears in Figure 6C. Because of thermal insulation and temperature
control, the resonators experience only about one-tenth of these room temperature
variations. Note that the periodic movement of the beam frequencies of Figure 6 is well
correlated with the changes in room temperature of Figure 6C. Note, however, that these
variations are absent from the difference frequency plot of Figure 6B. This is a typical
example of the common mode rejection features obtained from the dual beam
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design. The combination of doubling the scale factor and common mode rejection has
improved the bias stability by about one order of magnitude.

Figure 7 is a typical example of a longer drift run. However, note that the difference
frequency is trend corrected for this example. It has been characteristic of the low-cost
VBA's under test to exhibit first order trends which are very predictable. The difference
frequency trend during this test was about 10ug/day. It is these trends that will be
corrected on the future designs by eliminating the e 8oxies and changing to an all-welded
design so that the crystals can receive benefit of 200~C bake out.

3. BIAS THERMAL SENSITIVITY

A goal of the low-cost VBA program is to eventually provide an accelerometer which can
operate over a wide temperature range without heater control. With respect to bias, the
dual beam approach depends on a good thermal match between the temperature vs.
frequency variation of the two individual resonators. (The bias temperature sensitivity
model is presented in Appendix E.) Since the output is taken as the difference frequency,
a perfect match will result in a zero bias temperature sensitivity. It has been found
during the course of oscillator development that a change in the value of the trim resistor
in the oscillator circuit will change the frequency of the resonator slightly. This is an
action similar to "erystal pulling" used to final trim frequency standard crystals. It
became apparent that if the trim resistor could be replaced with a thermistor-resistor
network designed so that the temperature sensitivity of this circuit would compensate for
the temperature sensitivity of the resonator, it may be possible to force a match between
the two resonators. This experiment was tried and the results are presented in Figure 8.
Figures 8A, B and C show the before compensation results. This was a dynamiec test
whereby the temperature change was induced by simply turning off the heaters. As a
result, a dynamic thermal condition exists. Figure 8A and B indicate that there is about
an 8% mismatch in the linear temperature coefficient of the individual resonators,

Figures 8D, E and F show the results of the same experiment run after the
thermistor-resistor temperature compensation network was substituted for the oscillator
trim resistor. Figure 8E indicates that now the temperature vs. time traces of the two
beams are virtually superimposed.

A comparison of Figures 8C and F illustrates that the best straight line slope of
temperaturg vs. bias has been reduced from an original 30ug/ F down to about 1ug/ F
over the 30 F temperature range of the experiment.

The results of this experiment demonstrate that very low bias temperature sensitivity is
achievable. For production units, the procedure will be even more effective since a large
number of low-cost VBA "halves" will be available to initially obtain a lower thermal
mismatch than the 8% of LC1 and LC3 breadboard units.

4, SCALE FACTOR STABILITY

It is estimated that the scale factor stability is better than 1 ppm, exclusive of thermal
sensitivity (to be discussed in Section 1V, para. 5). The following analysis is offered as a
rationale for this estimate.

To describe the bias frequency and the force-frequency effects of an individual resonator,
Equation (4) is taken from Appendix A. Note that just the bias and scale factor effects
are considered and the terms are as defined in Appendix A.
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In Equation (5), the tension term is replaced by a mass times acceleration term (mg) and
Equation (4) is then rearranged.

Bias
Frequency

_ t [E m /1 (5)
@ = 8 —-— + 8,8
02N P T - £

Scale Factor

—
L Beam boundary
condition
& Beam geometry
—— Quartz Properties

Equation (5) describes for the individual resonator how both bias and scale factor are
dependent on various characteristies such as beam boundary conditions, beam geometry
and material properties. Note that both bias and scale factor are dependent on these
various characteristics to approximately the same order of magnitude. That is, a 1 ppm
change of any characteristic will change the bias or the scale factor by 0.5 ppm to 2 ppm.
Now, for example, assume the a, term, which is dependent on the boundary conditions,
changes by 1 ppm due to creep o? the epoxy joint which fastens the beam to either the
proof mass or the base. This 1 ppm change of a, results in a 1 ppm change in the bias
frequency and also a 1ppm change in scale factor. For the individual resonator
experiencing 1 g, the nominal value of the bias term is 40,000 Hz, while the nominal value
of the scale factor term is 88 Hz. The 1 ppm change of a, therefore causes a 0.04 Hz
change in the bias term and just a 0.000088 Hz change in the %eale factor term.

The conclusion indicated is that instability sources on individual resonators are common to
both bias and scale factor to about the same degree. But, since the bias is much greater
than the scale factor (about 450:1 at 1 g). Virtually all instabilities experienced during
testing can be attributed to the bias.
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Because of the performance limitation caused by epoxy creep and the inability to achieve
a high temperature bake out as described in Section 7, individual resonator frequency
instabilities of about 0.1 ppm are being realized. This indicates that one or a combination
of several terms of Equation (5) are on the order of 0.1 ppm unstable. By the reasoning

presented in the previous paragraph, this infers that the scale factor is about 0.1 ppm
unstable.

5. SCALE FACTOR TEMPERATURE SENSITIVITY

A sgries of four position tests were performed over the temperature range of 85°F 1.,
135 F. The dual beam VBA model equations for this procedure appear in Appendix D.
From experience on previous VBA designs, we normally expect a slope of scale factor vs.
temperature on the order of five to ten ppm/oF for an individual resonator. Because of
the two beam mechanization of frequency differencing, the VBA scale factor is nominally
twice that of the individual resonator scale factor and does not receive the benefit of
common mode rejection. Therefore, even though the scale factor is double that of the
individual resonator, the temperature sensitivity on a ppm/oF basis remains the same and
therefore we would normally expect five to ten ppm/ F scale factor temperature
sensitivity which will be very repeatable and very modelable. For this series of tests,
however, gne of the units, LC1, had a -7.0 ppm/"F scale factor slope while LC2 had a
+6.6 ppm/"F slope. The reason why one scale factor had a negative slope and the other a
positive slope is not currently known. The implication is that for this particular case,
there was a common mode rejection mechanism over this temperature range of scale
factor. Therefore the scale factor sensitivity of the difference frequency wac less than
1 ppm/“F. This residual scale factor temperature sensitivity will also be very repeatatle
and very modelable. In produetion units, this scale factor common mode rejection may

not be achieved., In anyoevent, the scale factor temperature sensitivity is expected to be
no greater than 10 ppm/"F.

6. NONLINEARITY

The same four position test procedure of Appendix D also gives us some indication of
nonlinearity, although the éest conditions were rather crude due to the bias instability.
For LC1 and LC3 the Hz/g" coefficients were -0.146 and —0__.}88 respectiélely. Foral6g
proof mags, this transjates to a force sensitivity of -5.94 (10 °7) Hz/dyne” (for LC1) and -
7.24,(10 *7) Hz/dyne” (for LC3). Both these values are somewhat higher than the -4.44
(10 ") Hz/dyne” analytically predicted in Table 2-7 of Appendix A. It is not presently
known why there was a deviation between individual resonators and what has been
theoretically predicted. However, the test procedure used had shortcomings because of
the bias instability, and determining this coefficient involves small differences of large
numbers.

However, it is encouraging that the correct sign and order of magnitude was obtained. In
production units there will be a large number of individual VBA halves to choose from.
Also it is anticipated that future VBA's will not have as heavy a proof mass. In the dual
beam mechanization the nonlinefrity terms do receive benefié of the cancellation so that
for an 8 g proof mass a VBA g q?efficient of about 4ug/g” will be achieved for a 1%
mismatch of individual rgsonator g” coefficients. By trimming, this can be brought down
to on the order of 1pg/g” or less. This trimming is accomplished very simply by changing
slightly the mass of one of the proof masses. In summary then, produckion units will
achieve high linearity by first making a careful mateh of the individual g foefficients,
and then trimming slightly the mass of one of the proof masses to bring the g“ coefficient
nominally to zero.
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The g2 coefficients were determined from multi-position test data over the range of 85 to
135°F and to the accuracy of the test there was no detectable temperature sensitivity of
the g square coefficient. This is not surprising since the resonator theory presented in
Appendix A shows that the nonlinear terms as the scale factor and bias are dependent on
the same characteristics, such as beam boundary condétlons, beam geometry and quartz

material properties. Therefore, the sensitivity of the g“ coefficient should also be on the
order of one to ten ppm/"F.

7. ALIGNMENT STABILITY

As a result of the multi-position tests comes the alignment term. Although there was no
attempt to align the devices, some insight was gained into the type of stability that we
could expect over the temperature range. By nature of the VBA construction the
alignment is simply a matter of the differential expansion between the quartz and the
material of the VBA body itself. Therefore, an alignment sensitivity of temperature on
the order of 1 yrad/ F will result for each ppm/oF mismatch between quartz and the
material body. It is planned to make a match of better than 1/2 ppm/°F in these
expansion charactenstlcs Therefore an alignment stability with temperature on the
order of 1/2 yrad/ F should be expected on each unit. The actual alignment acheived
during the four position test for LC1 and LC3 were 3.8 (10-3) radian and -1.2 (107%)
radian, respectively. The test data was not accurate enough to actually measure a slope
and confirm the 1/2 to 1 urad/"F sensitivity expected.

8. VIBRATION TESTS

One of the first units assembled was subjected to vibration tests, before it was sealed, so
that soine evaluation of the damping mechanism could be gained. The test was run on a
single unit so therefore there is no benefit of common mode rejection. The object of the
test was to determine what the natural frequency and maximum transmissibility was and
also to determine if there were any unusual resonances. Figure 9 is a good example of the
type of response that was obtained. The test was run by placing the output of the
oscillator into a frequency discriminator and then plotting the output of the diseriminator.
Figure 9 shows that the system behaves as a classical second order system having a
resonant rise at the natural frequency. It was a design goal to place this frequency at 300
Hz. It came in at about 250 Hz. On future designs, this frequency is easily altered by
adjusting the stiffness of the compliant resonator or the mass of the proof mass or both.
The resonant frequency was found to be relatively insensitive to pressure. This is
contrary to the analysis of Appendix B, which accounts for the gas spring effects.
Transmissibility was greater (damping lower) than expected however, which agrees with
Appendix B.

A series of vibration tests was performed at various absolute pressure levels with various
gases. The results of these tests are plotted in Figure 10. The damping achieved is
relatively insensitive to pressure down to 1 to 2 in Hg absolute. As the table in Figure 10
shows, the value of damping is proportional to the viscosity of the gas used. It was
fortunate to find that very little absolute pressure is needed to achieve the desired
damping. This is fortunate because the lower that gas pressure, the better the Q of the
resonators. This is pointed out in Section IV, para. 9 where the effects of gas on resonator
performance is discussed. Because of these test results, the remaining units were all
filled with 1.5 in Hg absolute of neon. This limited the maximum transmissibility to about
1.5.
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Future development studies and tests are recommended to determine the ideal gas or gas
mixture which will result in both high resonator Q and the desired damping.

9. RESONATOR-GAS EFFECTS

Figure 11 summarizes the gas effects on resonator operation. Figure 11A is a plot of gas
density vs viscosity. As pointed out earlier, a gas of high viscosity provides the most
effective damping while a gas of low density results in the least gas effects on resonator
operation. From Figure 11A it can be seen that the gases which offer the most favorable
viscosity to density ratios are neon and helium. Figure 11B is a plot of resonator Q vs gas
absolute pressure. From this plot two things are apparent. First, it can be seen that
helium has the least effect on resonator Q. Second, the relationship of Q to pressure
becomes very nonlinear at low pressure. The reason for this is not known, however, it is
suspected that at low pressures, the mean free path of the gas becomes commensurate
with the resonator vibration amplitude. This is the extent to which this phenomena has
been investigated. Figure 11C is a plot of resonator frequency change vs gas absolute
pressure. This effect has been found to be linear and different for the three gases
investigated. The pressure-frequency sensitivity appears to be approximately proportional
to the gas density. This observation is reasonable since it is concluded that this
frequency-pressure sensitivity is a mass effect. The gas immediately surrounding the
vibrating beam is also set into motion and therefore the added mass of the gas increases
the effective density of the quartz. It is not surprising, then, that a gas such as helium
with a very low density would have the least effect. The data presented in Figure 11,
along with the vibration test results presented in Section IV, para. 8 indicate that the 1/20
of an atmosphere of neon used may not be the ideal condition. Helium, or perhaps a
mixture of helium and neon, may he the best choice to bring about the best combination
of resonator performance (as indicated by high Q) and proof mass damping, (shown by low
transmissibility). Neon was used in the breadboard accelerometers because they used
epoxy seals and it was feared that helium might leak through these seals. However,
future designs will be completely welded assemblies whieh should solve any possible
helium containment problem. We plan to do further development work in this area.
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SECTION V
OSCILLATOR ELECTRONICS

1. BACKGROUND

We have addressed the need for a low cost, highly reliable oscillator design to complement
the dual beam low cost VBA approach. Included in this effort is a review of future
packaging and system interface requirements that will optimize cost and performance.
We will take full advantage of the commercial quartz crystal oscillator manufacturer's
approach, utilizing low cost digital integrated circuits as basic oscillator building blocks.
Experience gained as a result of extensive linear oscillator design work will be applied,
both in the recommended packaging approach, and analytical/empirical design verifica-
tion.

2. DESIGN APPROACH

To combine performance with low cost, it is necessary to synthesize a simplistic oscillator
design, utilizing available I.C. technologies. Previous experience with linear oscillators
highlighted the need for low power dissipation to aid integral mounting with the
instrument. An ideal I.C. technology combining speed and low power is CMOS. The basic
oscillator design approach is to satisfy the Barkhausen conditions for oscillation. Figure
12 is a block diagram illustrating the basic loop criteria to sustain osecillation requiring -a
loop gain of unity and zero degrees phase shift. A schematic diagram of the basic
oscillator circuit is shown in Figure 13. The erystal resonator is being operated in its
series resonant mode at nominally 40 kHz. A configuration:of the gated oscillator variety
is used whereby the open loop period of oscillation is determined by the supply voltage,
CMOS threshold voltage and feedback RC time constant. The closed loop frequency is
determined by the resonator feedback element which, for a high Q device, has a large rate
of change of phase W/R to frequency. Initial calibration errors or environmentaly induced
component drifts will therefore produce a small frequency pull to correet for same. This
characteristic will be put to good use in a temperature compensation circuit to be
described later.

3. THEORY OF OPERATION

The basic oscillator design is a form of gated timing circuit. Referring to the schematic
of Figure 13, the switching operation occurs around the threshold voltage of the logic
devices used. Capacitors C., and C, form a capacitive divider network which will apply a
portion of the step voltage change at V. to the input of A,,. The voltage at V. will
decrease with a time constant proportiorE’al to R ext When the logic threshold voltage of
A, is reached, both the V, and V., will exhibit & ’l%verse polarity voltage step which will
dé&y with the same time éonstant@ A diagram of this switching action follows.

i av,(c1) -
(C1+C2) -




RESONATOR
H (jw)

AMPLIFIER
G (jw)

G (jw) H(iw) = 1 +j0
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The sum of the switching periods T, + T, are set with the external trim resistor (R t)
and should be close to the resonatorls seriés resonant period. The high Q resonator tufied
circuit will pull the closed loop frequency near its series resonant point. The hybrid used
also contains a current regulator diode in series with the B line to minimize the effects
of line voltage and circuit power consumption changes on the critical frequency
determining parameters.

4. TEMPERATURE COMPENSATION

As described in Appendix E, the temperature sensitivity of the resonator bias frequency
can be modeled as a downward sloping parabola centered around a frequency at which the
temperature coefficient is zero (i.e., Zero Temperature Coefficient (ZTC) or turnover
point). A perfeet match of two resonators with the same ZTC point and the same second
order coefficients would produce a difference frequency with a ZTC over the full military
environment. In practice the second order coefficients of two resonators match quite
well with compensation required for the different ZTC points. It can be shown that
adding a function which linearly varies with temperature to a parabolic function can shift
the latter's ZTC point. Varying the gated time constant resistance (R__ ) linearly as a
function of temperature will produce a linear change in output oscillato?'xfrequency with
temperature in the present digital oscillator configuration (see Figure 5-2). What remains
to be done is to determine the scale factor of this frequency vs temperature
characteristic and to design a resistance network to satisfy these conditions. The choices
are metallic positive T/C resistors or a linearized version of the negative temperature
coefficient thermistors. The latter configuration was chosen due to the more compatible
resistance values at the temperatures of interest.

In practice, an existing commercial hybrid module was used for the basic oscillator
section which, together with accompanying discrete trim components, was integrally
mounted on the low cost instruments. A schematic of this brassboard configuration is
shown in Figure 14. It should be noted that only one of the two oscillators require the
linear temperature compensation network. The resonator with the lower ZTC point is

compensated.

When driving this resonator with a saturating type of osecillator, in the series resonant
mode, the change of frequency vs R ext is as follows:

FREQ

!

ext

For a reasonable range of external resistance the frequency change curve is linear.
Without compensation the beam frequency may be accurately modeled as:

kit
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£ (T) = Ay + AyT + A,T2

Completing the square of Equation (6) gives:

2
£(T) =2g_ P +a, (r+a3)?
4A2 2A2

The inflection point, or ZTC point of Equation (7) is at

With the addition of a linear resistance change vs temperature, using the R
a linear KT term is added to Equation (6) giving:

£/ (1) = Ay + AyT + ApT? + KT

Again completing the square gives:

2
2
£/ (T) = Ag - (Ay + K) + A (r + (A] + K 9
° ifAz 2 2237

Therefore the compensated beam has a ZTC point at

/

T gpc = -~ (A2A+ K)
2
A TZTC = =K

2A2

(6)

(7

connection,

(8)

(9)

(10)

Thus, linear temperature compensation has the effect of shifting a given resonator's ZTC
temperature. It should be noted that the second order coefficient, A,, is preserved by the

compensation. Graphically the impact of compensation is as follows:

FREQ
A

WITH COMPENSATION

ittt ol b,

R




This compensation technique provides a means for matching the ZTC temperature of two
separate resonators. Only one of the two resonators need be compensated and providing

we have a match of the second order coefficients the difference frequency shall be
virtually constant over temperature.

To provide this compensation a passive load resistance network must be implemented

which varies as a linear function of temperature and is substituted for R ext in Figure 13.
A linearizing thermistor configuration is as follows:

The expression for Rext is:
Rl + RT // R2

Ry + Rp R
Rt + Ry

Graphically the resistance vs temperature characteristic of the network is:

ROOM TEMP

A large portion of the curve centered about the midpoint (room temperature) is linear.




i
i The thermistor R,. is an exponentml function of temperature and can be approximated
with a series expansion resulting in the following expressmn for R

|
! R =R, + R_R + Ry R AT (13)
ext 1 2 a
| RO—F2R; _(R'S’Tlﬁf)

» N where Ro = Room Temp. resistance of thermistor
‘| a = Temperature coefficient of thermistor
h
o /
y Let Ro‘ =Ry + RQ R2 (14)
|
|
> ’ 2
; KR = Ro B" @ (15)
k. | (Ko + R2)? |
| Rewriting Equation (13) gives: ;
id
g ! H
. . :
l &l Rext - RO + KR A T (16)
6. ! )
! The above equation behaves as a linear function of temperature over a sizeable
b temperature range. i
! 4

( ’ 5. EXPERIMENTAL RESULTS

NN

The temperature compensation of accelerometer bias using this technique was demonstra-
ted, as described in Section 4. The procedure was:

e

o The temperature sensitivity of the individual resonators of LC1 and LC3 was
determined. This data appears in Figure 8 A and B with the resultant
temperture sensitivity of the difference frequency which appears in Figure 8

- C.

o Using this data and the procedure described, the characteristics of the R
circuit was determined and then installed.

| o The temperature tests of Figure 8 were then repeated for these new
conditions. As Figures 8 E and F demonstrate, the procedure was very

. effective with the bias temperature sensitivity being reduced to the order of |

1 pg/°F over the limited temperature range of the experiment. i

i 6. RECOMMENDED FUTURE ACTIVITIES

Future activities should include a further refinement of the linear temperature compensa-
tion scheme whereby the full military temperature range (i.e., -55°C to +71°C) is
addressed. Compliance over this environment will make the low cost VBA a prime
candidate for future strapdown systems.

Short term stability testing of these LC1, LC3 units revealed that package size and
physical proximity played an important part in the results. When a discrete equivalent
circuit was used for breadboard evaluations, there was a 10/1 degradation in peak to peak
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drift. One of the major contributors to this instability is humidity changes which will
affect interlead capacitances. From analytical studies conducted on a linear oscillator,
the resonator drive lead capacitance had the highest sensitivity factor. It should be noted
that a change in lead-to-lead capacitance has a direct effect on the value of the
resonator's electrode capacitance (i.e., Co = 1.5 pf. nom). As the value of R,, increases
the sensitivity also increases. A solution to this problem is to develop a smalH, low cost
hybrid module that is mounted directly to the low cost VBA unit. With careful layout i,
short stiff interconnect system this hybridized version will optimize performance. A
preliminary study on parabolic temperature compensation is included in Appendix H. This
type of compensation will essentially make each resonator insensitive to temperature 1
variations, thereby increasing yield. A cost and size trade-off study would be conducted ?

as part of this effort.

|
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SECTION VI
VBA RELIABILITY/MAINTAINABILITY PREDICTION

1. INTRODUCTION

A reliability prediction was generated to comply to para. 4.3 of the Statement Of Work
for the VBA Accelerometer Study Program. Maintainability aspects of the design are also
addressed herein. The Reliability Predietion was performed for a single beam acceler-
ometer for an Airborne Fighter application. The prediction considers both inhabited and
uninhabited flight environments. This predietion is based upon the latest design
configuration and utilizes the failure rates of MIL-HDBK-217C-~1 and the failure rates
derived from Kearfott field performance data on similar components in inertial instru-
ments. MIL-HDBK-217C-1 environmental 'K' factors were used to adjust failure rates for
Inhabited and Uninhabited Flight, where applicable, and MIL-STD-756A environmental K-
factors for parts not included in MIL-HDBK-217C-~1.

Four different VBA ambient operational temperatures were also considered for this
analysis.

2. RESULTS AND CONCLUSIONS

The prediction analysis results are summarized in Table 1. The failure rate for the
Uninhabited Fighter application varies from 5.7047 £/106 to 6.6357 £/106 hours for the
four ambient temperatures considered (55°C, 60°C, 65°C and 70°C). This translates to a
Mean Time Between Failure (MTBF) of 175,293 to 150,699 hours with increasing
temperature.

The failure rate for Inhabited Fighter application varies from 5.0667 £/106 to 5.7161 /106
hours with ambient temperature increasing from 50°C to 709C. This translates to an
MTBF of 197,366 to 174,945 hours.

The hybrid oscillator is the predominant influencing factor in the change in both the
failure rate and MTBF with temperature and environments.

The VBA accelerometer is a sealed component. Therefore, it has no maintainability
requirements.

3. DISCUSSION

a. SINGLE BEAM ACCELEROMETER

(1) Parts

The parts comprising the single beam accelerometer, quantity used, and sources of the
failure rate data are listed below in Table 2. For the purposes of this analysis, a military
equivalent of the hybrid oscillator was considered.

(2) Failure Rates

Failure rates were obtained from MIL-HDBK-217C-1, and also derived from Kearfott field
performance data on similar parts, where MIL-HDBK-217C-1 failure rate data was not

available. The failure rates of the following VBA parts are based upon a field evaluation
of 2,938 Kearfott Single Axis Accelerometers which accumulated 6,822,759 equivalent
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laboratory environment operating hours. These accelerometers were used on 14 different
programs for missiles, aircraft, and space applications.

TABLE 2. PARTS AND (FAILURE RATE) SOURCE OF DATA

R
HYBRID OSCILLATOR 1 MIL~-HDBK-217C-1
. THERMISTER 1 MIL-HDBK-217C-1
é RESISTOR, COMP. (R) 1 MIL-HDBK-217C-1
CRYSTAL 1 MIL-HDBK-217C-1
CONNECTOR 1 MIL-HDBK-217C-1
FLEXURE 1 KEARFOTT DATA
FEED-THRU 2 KEARFOTT DATA |
SEAL 4 KEARFOTT DATA ?
PARTS FAILURE RATE
Flexure 0.2565 f/1og h
Seal 0.0321 £/10° h
Feed-through 0.0641 /10" h

MIL-STD-756A environmental adjustment 'K' factors were applied to the laboratory
failure rates for these parts to obtain the equivalent fighter aircraft environment failure
rate.

(3) Reliability Prediction Calculation

Reliability predictions were performed for airborne fighter aircraft at four different MVA
ambient operatlonal tem% eratures (snmllar to Kearfott Single Axis accelerometer applica-
tion) of 55°C, 60°C, 65°C, and 70°C for both Inhabited Flight and Uninhabited Flight
environment.

The MTBF's and failure rates for each ambient temperature have been calculated for both
Inhabited and Uninhabited Flight. The prediction details are presented in Tables 3 and 4,
respectively.
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b. DUAL BEAM ACCELEROMETER

Based on engineering discussions, it has been determined that the Dual Beam Acceler-
ometer complexity will be twice that of the Single Beam Accelerometer which results in a
failure rate twice that of the single beam listed at any particular ambient temperature in

Tables 3 and 4. This results in a MTBF equal to one-half that listed in the respective
tables.

e. MAINTAINABILITY

The single and dual beam accelerometers are sealed components; therefore, they have no

maintainability requirements. The replaceable items would be returned to the depot for
repair.
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SECTION VII
FUTURE DEVELOPMENT AREAS

In this section, the recommended tasks for future development are made. Because the
dual beam approach offers the best immediate potential, we recommend that future
efforts proceed along these lines. The individual areas of effort to achieve the ultimate
goals are described below.

1. GLASS FRIT

This effort is intended to eliminate the use of epoxy in installing the crystal resonators
into the VBA. Initial development work has been performed as part of another program to
achieve a quartz to metal bond using a low melting temperature glass (glass frit). Sample
joints have been made of quartz to monel. Monel has been found to be a good choice for
this joint because it is a good expansion coefficient match to quartz and it also forms the
proper oxide that promotes wetting by the melted glass. The monel/quartz assembly will
be fabricated in a sequence of operations as illustrated in Figure 15. Figure 15 illustrates
how a low melting temperature glass will form the joint between the quartz and monel.
The monel can then, in turn, 3e welded to the VBA assembly. This joint will then be
capable of withstanding the 200" C bakeout needed to achieve the bias stability goals. The
joint will not exhibit the plastic-like behavior of the epoxy, but will result in very stable
beam boundary conditions.

2. ALL-WELDED ASSEMBLY

Future VBA builds should be of an all-welded design so that a 200°C bakeout can be
achieved and organics can be completely eliminated from the assembly. It is estimated
that improved resonator mounting, as described in the previous paragraph, along with high
temperatur-2 bakeout and better resonator matching, can reduce the frequency difference
trends to significantly less than 1 ug per day. The all-welded design effort will consist of
redesigning the VBA assembly joints to eliminate the epoxy seals and replace them with
EB welds.

3. GAS DAMPING

The VBA's evaluated as part of this program are filled with 1/20 of an atmosphere of
neon. There is some indication that helium or perhaps a mixture of helium and neon will
provide a better combination of high resonator Q and high proof mass damping. Part of
this effort will be to further analyze the damping mechanism and perform various other
experiments to further evaluate the effects of gas pressure and gas viscosity on the
resonator and the proof mass damping mechanism.

4. MINIATURIZATION

The envelope of the breadboard VBA is too large to make the VBA interchangeable with
currently available accelerometers in many applications. The present size is dictated by
the present geometry of the beams used. It is suggested that a miniaturization effort be
undertaken with the goal of achieving a dual beam VBA design including electronics
having an overall length of about 1 inch and a diameter of 1 inch or less. This effort will
include the design and evaluation of a miniature resonator followed by the design of a
miniaturized version of the dual beam VBA,

L e adkadn
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5. HYBRID OSCILLATOR

During the course of development tests both hybrid and diserete component versions of

various oscillators were evaluated. It was discovered that the small hybrid oscillators

performed at least an order of magnitude better than the diserete component versions of 1
the same oscillators. This performance improvement of hybrids over discrete component

versions is attributed to the reduction of stray capacitance effects by an order of

magnitude or more. For both performance and envelope purposes it is suggested that a

small hybrid version of the oscillator design to be selected be developed and mounted

within the VBA body.

;oo
-

6. RESONATOR GEOMETRY IMPROVEMENT

The present resonator machining processes result in a beam geometry which is not
completely symmetrical in cross section and also not completely symmetrical at the beam
root. It can be shown that these non-symmetrical conditions makes the resonator more
susceptible to instabilities of the beam boundary conditions. It is therefore suggested that
the resonator fabrication procedure be improved to result in more favorable resonator
geometry.

R "v:cv': Bl Ll e

7. FINITE ELEMENT ANALYSIS 1

3

Using finite element analysis has been a great advantage in determining resonator static
and dynamic behavior. Some preliminary work has also been performed in using finite
Yo element analysis to also predict and adjust the temperature-frequency characteristics of
& the resonator. Presently we are able to analytically prediet the shape of the resonator
frequency vs. temperature characteristics, but we are not able to prediet the turnover

| (ZTC) temperature. This is because the stresses and strains at the root of a vibrating
' beam are very complicated and it is in the root where the major portion of the vibration
’ strain energy is concentrated. A detailed finite analysis program is available which
o considers the entire quartz compliance tensor. It is aiso capable of performing coordinate
v transformations of this tensor which result when different angular cuts of quartz are used.
' This program is also capable of running in double precision which is needed to resolve
small frequency changes experienced due to the temperature changes in the various terms
of the compliance tensor. It is believed that by using this analysis method, a prediction of
the turnover temperature vs. erystal cut can be made. The goal of this effort will be to
increase the turnover temperature to a more favorable temperature and also determine a
crystal cut which has the lowest temperature-frequency sensitivity.

+

8. NON-PRISMAL RESONATOR GEOMETRY

) . To date only prismal resonator geometries have been used since they are the simplest to
; analyze and to machine. However, the analysis capability and the machining capability is
L at hand to analyze and machine resonators with non prismal beams. There is some
b evidence to show that non prismal beams will have a higher force- frequency sensitivity

" and also be less sensitive to changes in resonator boundary conditions. Higher scale factor
and improved bias stability should result.

‘4 9. LINEARITY IMPROVEMENT

= < iy e =

It iilas been discovered that subtle changes in the way the axial load is applied to the
resonator can affect the resonator linearity. By design, a resonator loading mechanism
‘ . can be devised which will tend to cancel the second order frequency-force sensitivity.
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The net result will be a resonator frequency-force sensitivity that is much more linear
than the present resonators. This improvement will make the task of Ematching and
trimming individual resonators and proof masses, in order to null out the g“ effects that
much easier,
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‘ ‘I LIST OF SYMBOLS
fa‘ Cy, C2¢ €3, C4,» Coefficients of beam equation determined from
o boundary conditions
|
, | = Bending Moment !
{i‘ = Shear Reaction J
“} PE = Potential Energy :
g ! KE = Kinetic Energy %
é;i I = Section Moment of Inertia é
f’i p = Density :
'_é Y = Time derivative of y 3
! m = Mass 7

= Time derivative of ©

VORI W |

ap, a3, a2, a; = Beam power series coefficients
, G = Shear Modulus

(L, t, big = Length, thickness, and width of beam (B)

o]
]

Elastic Modulus 8.61 (1011) dyne/cm2 for quartz

w = Beam vibrational frequency in rad/sec

Rk s s n e £ A T e o -

N = Beam vibration mode (N = 1 for fundamental)
y = Beam amplitude

y' = dy/dx (beam slope)

y" = d2y/dx? (beam curvature)

| y"'= ady/ax3

x = Looation along beam length

Other symbols as defined in various illustrations and text.
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INTRODUCTION

In determining the vibrational characteristics of a quartz resonator,
piezoelectric effects are neglected. This is justified because

of the high Q (about 40,000) of the resonating system. The analysis,
therefore, considers only Hook's Law and Newton's Law.

The analysis uses the Rayleigh Mathod which has been modified to
include beam tension effects. The reason is that the

Rayleigh Method is easy to follow and it agrees well with experi-
mental data and more rigorous analytical methods. It also more
easily adapts itself to non-prismal shaves and can also be used

to assess the effects of shear and rotary inertia which is usually

negliected in flexure bsam analysis.
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2.1

2.2

BEAM ANALYSIS CONSIDERING FLEXURE, TENSION AND LINEAR DISPLACEMENT

Procedure
The Rayleigh Method will be used and the basic steps are as
follows:
1. Assume a beam deflection shape that is reasonable.
2. Assume harmonic motion.
3. Determine and then equate the maximum potential energy of
the vibrating system to the maximum kinetic energy.
4. Solve for the resonant frequency of the system. This can
be done since the kinetic energy term will include the resonant
frequency term.
The analysis of this section will consider only the potential energy
dde to flexure and tension and only the kinetic energy due to linear
velocity. The effacts of shear and rotation are neglected in the
analysis but are commented upon later.

Assumed Beam Deflection

The assumed deflection will be that of a fixed-fixed vibrating beam
where tension effects are considered to have a negligible effect

on the deflection shape. The deflection shape for the first five
modes ia shown in Figure 2-1. The general expression for these
shapes is given in Reference 1 and also in other vibration literature

as Equation (2-1).
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MODE NUMBER

;

| |

| |
5 l |
= fore o ~4-+§a4

EVEN FUNCTIONS [

(ODD MODES) ODD FUNCTIONS
(EVFN MODES)

FIGURE 2-1

BEAM DEFLECTION CURVES

FOR MODES 1 THROUGH 5
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2.2 (cont'd)

From odd and even symmetry of Figure 2-1 it can be seen that the
coefficients C; and C3 will be zero of odd modes (even functions,
N = 1, 3, 5...) and the coefficients C; and C4 wWill be zero for
the even modes (odd functions, N = 2, 4, 6...). The remaining
coefficients are evaluated for the boundry conditions of zero
deflection (y = 0) and zerc slope (dy/dx = 0) at the beam ends

k. (x = ¥3/2). Equation (2-1) then reduces to Equations (2-2) and

% 2-3). The values of Table 2-1 will satisfy the boundary conditions
|

for the various modes.

R For odd modes (even functions)

,; \éﬁsﬂzndifés;t4"x\“xaa‘*'e°<SIRNT}. (2-2)

i For even modes (odd functions)
é‘ Q&awh o hxl (2-3)

i TABLE 2-1. BOUNDARY CONDITIONS FOR MODES OF OPERATION

MODE MODE (M) k Cy/Cq €3 ,C3
1 1.0037 (39/24;) .1328 —— ‘
. FUNDAMENTAL
| %
! 2 .9999 (51/24p) ---- .0278
. 3 1.0000 (79/245) ~.00580 ---- ;
: s
4 1.0000 (9%/22p) -—=- -.00120
|
5 1.0000 (119/2¢g) -.006250
50 [
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2.2 (cont'd)

Note that an approximation for k is

,&Q 9 @ :«ibyﬂ"

Also note that the actual values of C3 and C4 will depend on the

beam vibration amplitude.

[N VPP TP

Tables 2-2, 3 and 4 include the successive differentiations of
Equations (2-2 and 3) with respect to x (y', y" and y"') along with ?
values at various locations along the beam for modes 1, 2 and 3.

These functions are plotted in Figures 2-2, 3 and 4.
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TABLE 2-2

MODE 1 CHARACTERISTIC
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TABLE 2-3

MODE 2 CHARACTERISTICS
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TABLE 2-4

MODE 3 CHARACTERISTICS
7 aC, -:—: pyey iy ™ +Mﬁﬂ] 11”.(,;[8 Py ¥ ™ —mﬁc]

Q'. ?‘Mlcg-,‘. jp,] 7/: G "Lé,..'.&hua‘-t{{

o= Qﬁ’é‘_}. g_: = —. 00580

{ 00580 cosh hxn .0080 .007 .012 .023 043 .090 129 336 . 700
. .00580 etnh kn ° .004 .020 .023 .048 .0%0 .17y .386 .08
L cos kx 1 773 98 -7 =924 -.987  -.588 .090 .707
oin kx [} 834 901 = .082 303 -.290 -.031 -.998 -.707

y/Cq 994 766 (03 -9 =969 -1.047 -7  -.2%8 °

f y'/Cek 0 -.630  ~1.001  ~.084 -.428 .200 .82 K3 °
' yo/cend -1.006 -.780  -.207 RYT .79 967 376 -.4s4 -l.a18
yo e’ ) 430 961 860 .38 -.300  -1.010 -1.381  -1.418%

ty/cq)3 00 .507 .033 244 939 1.096¢ .530 .086 °

ty'/ncq)? ° .407 1.002 .17 .103 .040 423 .408 °
g (Y'/l’c‘)a 1.012 .600 .043 .30} .773 . 792 .141 .208 3.002
ty*'/ndcg)? ° .397 923 .740 114 1144 1.020 1.023  2.002
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2.3 Flexure Potential Energy (PE) y

A small increment of the deflected beam is illustrated in Figure

2 5.

BENDING MOMENT EFFECT
FIGURE 2-5

The potential energy of a asystem whic¢h has a linear spring rate is

1/2 the spring rate times the square of the deflection. Therefore,

the incremental potential energy of the dx beam element is:

| X%), - B/t
‘ 2 )

’ From strength of materials comes the following two expressions

which relate bhending angle (8) to bending moment (M) and bending

moment to curvature (y").

e'_%';ﬁ 3 M‘EX}‘ (2-6,7)




2.3 (cont'd)

|
i Making the indicated substitutions will give the following
n

expression for the total flexure potential energy for 1/2

the beam.

Lafo
(PE\“e E—E— 5 LY'“)IAX

* A= O (2-8)

o 2.4 Tension Potential Energy (PE),

B Tension potential energy is determined by considering the beam

as a string under tension as shown in Figure 2-6.

1 TENSION EFFECT
; FIGURE 2~-6

The potential energy, in this case the change in potential energy,
is the tension force (T) times the change in length (ds - dx) of
the "string"” as it deflects from its zero position to its deflected

position. The incremental potential energy of the dx beam element

ie:

i i g

i,




ARy = T (de-d0)

(2-9)

2.4 (cont'q)

From Figure 2-6 is derived the following expression for ds along

dse ‘gx)"*é})\] 4 M_\*(%é‘] u;. lx\_\'\-\,;(%' )11 (2-10)

Substituting Equation (2-10) into (2-9) results in the following

expression for the total tension potential energy for 1/2 the

Laj
(PE)- &

Z. LX'.Y.!\X (2-11)
Xm0

Linear Kinetic Energy (KE)j,

A small increment of the deflected beam is illustrated in

Figure 2-7.

LINEAR MOMENTUM EFFECT
FIGURE 2-7
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2.5 (cont'd)

The element dx is at rest at maximum deflection and has maximum
velocity in the y direction when y=0. For such a system the
maximum incremental kinetic energy is 1/2 the mass times the

square of maximum linear velocity.

N(KE), = AW g‘ )

(2-12)

For the element dx experiencing harmonic motion:
AM-@hi&\ # (f)@ }uu (2-13, 14)

Making the indicated substitutions results in the following

expression for the total linear kinetic energy for 1/2 the beam.

Ue
(43 143 1% TN,

p, LT

Determine Beam Resonant Frequency (uwpg)

As stated in Steps 3 and 4 of section 2.1, the beam resonant
frequency is determined by equating maximum kinetic ensrgy to
maximum potential energy and solving for wp as follows. p
From £ KE = LPE

Q(E\,_* @E)M*('PE)\'

(2-16)

Substituting Equatlons (2-¢E, 11 and 15) into (2-16)

wipht ya -E (»" n _X@mu
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Solve for w

| ;
s Tigla " |
We (z-18)
ot S}‘Ax

2.6 (cont'd)
Note that symmetry allows the limits of integration to be over the

whole or half the beam. For simplicity, the limits of integration

are omitted.

The bias frequency (wg;) is determined for the condition T = 0.

er YHOW )~
eI

(2-19)

l"o"

or for 1 = bt3/12
A S 72
D'i- \1—? &(*&‘ (2-20)

Equation (2-18) now becomes::

. A
_ 7 Je
W=\ TSR e

(2-21)
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Using the binomial expansion

o
w = {/+ [@ffll‘;?#]T

L S
~ 8 [w.‘?.&t It

fe)# 7
+ 5% [%‘Fltj J T ,,} (2-22)

The expansion of Equation (2-22) carried to the cubic T

hw am

term is usually sufficient. If needed, the next two terms

of the series are:

— .0a4 [_WE'PM ‘g%}:* lf‘-%

L S
"\-.02.13[__‘\ SMAX TS
Wo‘P]\r*. S xl. dv. (2- 2‘2-)'
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‘.1 Additional terms may be obtained by further applying

the expansion.

2.6 (cont'd)

3 Equation (2-22) can be expressed in another form.

. , 3 MY 2 3
- | W= Qﬂﬂ/#-a,#,}f-%}rf-a{é? 7'] (2-23)

p The ay coefficients are determined from Equation (2-22) and the

ie 7,

integral values of Table 2-5.

TABLE 2-5
INTEGRAL VALUES

| Y4
f Yy P as¢cte  a4rad | asogt s
| () |30¢ct/e |nsc/t  |aevci/e
| SV |nmrasd fmwra/e  |seoc/e’
7?7‘9?; airoc, /e |1LouodG /¢ c0xlo)G /e

Note: Limits of integrals are x=0 to x=%/2.

Integrals were evaluated using Simpson's rule on the

values of Tables (2-2, 3, 4).
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2.6 (cont'd)

‘;1 To demonstrate the effectiveness of the Rayleigh nnthod,cootticionts*
'l 89 thru aj were evaluated for Mode 1 and found to be €.45, .145,
i .010 and .0015 respectively. This compares well to the accepted

} values of 6.45, .148, .012 and .0018 respectively that were

determined by a very rigoxous and hard to follow solution of the

differential equation of a vibrating flexure beam under tension.

.
;;4 This is good agreement coneidering the graphical integrations. 3
1 1 Other coefficients are given in Table 2-6. j
i
- *
| TABLE 2-6. COEFFICIENTS OF EQUATION (2-23) ;
o A
i 1
cosrvy
Mod, a' ‘a' a; a 3
- .. -

t | eus | sve |~tapo”) |48(0”)
2 |/12.8 | .12z |=2m00Y|s.0¢0")
3 1T | ow |—es@d 3.3(/0-“')[
Pr w « Red/see

“;i-_n' BV A R
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2.7 Typical Beam Tension Coefficients

Typical beam dimensions and quartz properties are:

.173 in = .439 cm

<040 in = .102 cm

.0052 in = ,0l132 cm

L
X
t
E

8.61 (10%) ayne/cm?

P

2.65 gm/cm3

From these values the expressions are evaluated.

For the beam frequency exoressed as the vower series of
Ecgaation (2-23), tvoical frecuency-tension coefficients are

given for !odes 1, 2 and 3 in Table 2-7.

o bov R R Rt (e

e e e et e T e —— e ORISR
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TABLE 2-7. BEAM FREQUENCY-TENSION COEFFICIENTS
COEFF,

: kHz Hz/dyne Hz/dyne Hz/dyne
s § 1
F 1 40 5.7(107%) | -4.4(1071% | 6.3020717)
2 110 12.8(1073) -7.8(1071% | 9.7(20717) ?
3 216 8.5(1073) | -1.5(1071%]| o.6(20717) i
‘;' j
. i
1
: E
- ‘ ’
. ! 3
¥ { 4
> | F
. ! ’
2

REFERENCES
]
* (1) Church, A.H., Mechanical Vibrations,
. New York: Wiley, (1957) p 202
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The introduction of squeeze film gas damping to
the basic VBA design approach has the potential
of greatly simplifying the design, reducing the
size, increasing the ruggedness and increasing
the scale factor. This report is an analysis of
the frequency sensitivity effects of gas damping.
i It is concluded that there will be some increase

' in wvibration transmissibility (up to 20%) at

some frequencies but this is considered tolerarle.
i The analysis also shows that serious resonance

t problems can be avoided as long as the damping :
corner frequency can be kept high compared to
the undamped natural frequency of the system.
This frequency ratioc for the design analyzed
t was 7.
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LIST OF SYMBOLS 7]

Case displacement

Proof mass displacement

Proof mass mass

Resonator spring rate

Gas film spring rate (frequency sensitive)

Gas film damping coefficient neglecting frequency
sensitivity

Gas film damping coefficient considering frequency
sensitivity

Undamped natural frequency neglecting frequency
effects

Undamped natural frequency considering frequency
effects

Damping corner frequency

Damping ratio neglecting frequency effects
Damping ratio considering frequency effect
Gas viscosity

Gas pressure

Damping gap radius |
Damping gap (squeeze film) thickness

W.o/Wy H
Transmissibility neglecting frequency effects

Transmissibility considering frequency effects
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1. INTRODUCTION

Squeeze film gas damping is being considered for the low cost version
of the VBA. Because of gas compressibility effects, the gas film also
has spring-like characteristics. This spring term increases with in-
iv put vibration frequency. Conversely, the damping characteristics of

the gas film decreases with increasing frequency. This behavior of

the gas film alters the response of the VBA which would otherwise be

'Ai‘ ot o

a simple second order system.

This analysis determines how the transmissibility of the system to

case vibration is altered by these effects. The following procedure

g was used.

- 1. When the frequency sensitivity effect on spring rate and damp-
ing are ignored, the VBA becomes a simple passive second order
system. For these conditions the da&ping gap physical charac-

' teristics are determined for a damping ratio of one (critical

damping) and a undamped natural frequency of 300 Hz.

‘ 2. The corner frequency (3 db point) at which the damping term

is turning into a spring term is then determined.

) 3. Determined next is how this corner freguency alters the

‘ natural frequency, damping coefficient and damping ratio.

? How these characteristics vary with input frequency and i

j corner frequency are plotted in Figure 3-2.

4. From the values determined in Step 3, the transmissibility

of the system is determined and plotted in Figure 3-3.
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DAMPING GAP DESIGN (Neglecting Frequency Effects)

2.1 Step 1l

The analysis of this section will neglect, temporarily, the fre-
quency dependence of the damping and spring rate terms. The

spring rate and damping coefficients are constants

4
—— MT/;‘ rE
.,/ C
| B |l
i *
T
all

SECOND ORDER SYSTEM
FIGURE 2-1

and the problem reduces to a simple second order system as il-
lustrated in Figure 2-1. For this system, the undamped natural
frequency and the damping ratio are described by equations (2-1)

and (2-2) respectively. Note these are standard relationships

Ks
N “n

(Reference 2).

D=2 m ey,
(2-1) (2-2)
The double squeeze film damping gap is shown schematically in
Figure 2-2. The expression for the damping coefficient of such
an arrangement (again temporarily neglecting frequency effects)

is described approximately by Equation 2-3 (Reference 1).

it
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- i

R f GAS GAP
(/0r2)

m VISCoSIT? L
4 PRESSURE P

- DAMPING MECHANISM
- FIGURE 2-2

.1 D= 7 2 R” (2-3)

<

When Equation (2~2 and 3) are combined the following expression

¢

1 is obtained. 3 EE R
| L = &5 P vy
om', N (2-4)
The damping gap c¢ is determined for the following typical Low

Cost VBA design conditions.

300 (107°%) poise (Neon)

i R = 0.9 cm
‘ m= 10 gm

Wy= 300 Hz (1.88 (103) rad/sec)

: The result is a ¢ dimension of 3.61 (10—3)cm = 1.42 (10'3) inches.

! This is considered a reasonable gap for manufacturing purposes. ;
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2.2 Step 2
The expression for the corner frequency in terms of gas proper-
ties and gap dimensions is given by Equation (30) (Reference 1).
A
=P
W, = 7
207 4R

For the typical conditions of Section 2 and a pressure of 1/2

(2-5)

atmosphere (P = 5(10%) dyne/cm2), We = 1.3(10%) rad/sec = 2(103) Hz.

74
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FREQUENCY EFFECTS OF SQUEEZE FILM DAMPING :

3.1 Step 3

It is characteristic of a squeeze film gap to behave as a pure
damper at low frequencies and then transform into a pure spring ;
at high frequencies. This section will include these effects

by modifying the simple system of Figure 2-1 into that of

Figure 3-1

Case )
znvvq( Vibration a

W i peymy

SO N N NN

O O < TTRIY

GAS SFRING EFFECTS
FIGURE 3-1
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Dp is the damping coefficient term which also includes the fre-

quency effects. It is described by Equation 3-1 (Reference 1)

Do
D= /*(%‘)" (3-1)

Kp is the spring effect of the gas compressibility which is de-

scribed by Equation 3-2 (Reference 1i).
¥ S

SAL
-D—°—-°g"-—,. (3-2)
/ +(&5)

At a particular input vibration fregquency, the system of Figure

Ko™

3-1 will behave as if it had an overall spring rate and damping

coefficient determined at that particular frequency. This apparent

natural frequency is:
o, = |Eetho
7 (3-3)
and after Equation (2-1, 2) and (3-2) are substituted into (3-3)

and rearranged:

m—

- w[1# 254 /i48)]

W,
No (3-4)

Letting W, = kwN, Equation (3-1) and (3-4) become respectively:

(3-5)
D —
b, " /)

(3-6)
W [ A%Te
Wn

/*k/(ww)
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Both these expressions are plotted in Figure 3-2.
The apparent damping ratio will also change with input frequency.

i
i

1
? The expression used for damping ratio are:

=2 - . _D i,
= Tom o, (-6 A E__D_&’}m (3-7)

Therefore:

% _b/a
:fa wND w, (3-8)

Equation (3-8) is also plotted in Figure 3-2.

The effects of Dp, K, and Wc on the transmissibility of the system

D
of Figure 3-1 will be determined next.

3.2 Step 4

From vibration analysis (Reference 2) the expression for the

‘ transmissibility of the system of Figure 2-1 is

-

= /+(2%%)

L .. ’,—yi
Feij-eeg) ™

This expression is next modified to account for the frequency

(3-9)

sensitivity of the damping and spring coefficients of Figure 3-1.

2,5 7 (35 &) (=
[E]-6a4) )

This expression was evaluated and plotted for f,

(3-10)

1 and various

values of k in Figure 3-3.

~
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4. CONCLUSIONS

' From the equations developed and the plots of Figures 3-2 and 3-3,
‘ it can be seen that the frequency sensitivity of squeeze film damp-

ing has the following effect:

1. The apparent undamped natural frequency increases with

increasing input vibrational frequency. This is due to

the squeeze film acting as a spring at high frequencies.

The damping coefficient decreases with increasing fre-
quency.

The apparent damping ratio decreases with increasing fre-
guency.

If We is near Wy, The system will behave as an underdamped
system even though it is designed for critical damping at
low frequencies. If W, is large compared to Wy then the
system behaves more like a critically damped system although

the resonant frequency will be higher. For the proposed

squeeze film damped VBA, the ratio of W, to Wy is about 7 5
and therefore the transmissibility will never exceed 1.2 !
as illustrated by Figure 3-3. Figure 3-3 also shows the j
responce of the system neglecting the frequency sensitive

effects.
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APPENDIX C
RESONATOR MODE FREQUENCY ANALYSIS
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APPENDIX D
DUAL BEAM VBA FOUR POSITION TEST

Figure D-1 is a schematic representation of the Dual Beam VBA test arrangement. For a
four position test just bias, scale factor, nonlinearity and misalignment are considered.
Therefore, for Beam 1, the assumed output model and input acceleration are,
respectively:

_ 2
fi =6 * K1 8% Kg € (D.1)
and
g = G sin (6+6M1) (D.2)
Similarly, for Beam 2
_ 2
fo=fgg *Kig 8+ Kgy 8 (D.3)
_ . o
g=Gsin(06+ 180 +¢9M2) (D.4)
Where
fOl and f02 =  Bias frequencies of Beams 1 and 2, respectively, in Hz
k11 and k12 =  First order scale factors of Beams 1 and 2, respectively, in
Hz/g
k21 and k22 =  Nonlinearity of beams 1 and 2, respectively, in Hz/g'2
eMl and GMZ Misalignment of VBA halves 1 and 2, respectively, in
radians.
Readingsz are taken at = 0°, , 180° and 270°. It is assumed that misalignment effects

on the g~ effects are a secondary effect on a secondary effect and therefore neghglble
It is also assumed that the misalignment effects are negligible for the §= 90° and 6= 270°
positions, The model now reduces to the following for Beam 1 at the four positions:

(1) = f01 *ky1 GOy (D.5)
(£)gg = gy + kyy G+ Ky G2 (D.6)
(10 = for ~% 116 0y (0.
€970 = for - k11 G * ky, G (D.8)

A similar set of equations is also obtained for Beam 2.

By summing and differencing Equations (D.5) through (D.8), the following expressioa for
the various coefficients are obtained:

(£ +(f)
¢ = o 1igo (D.9)
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k. = 90 Vorg

1. T Tg
(f1) () -af

y 90 270 01
2 .
(F) - ()
0 180
V) = _—
M -ap
90 270

(D.10)

(D.11)

(D.12)

The Dual Beam VBA output is the difference frequency of the two beams, as described in

Section 2. For tne difference frequency the total VBA output model becomes:

2
f=K0+K1g+K2g

Where
Bias = K() = fOl - f02 in Hz
Scale Factor = Kl = k11 + k12 in Hz/g
. o _ . 2
Nonlinearity = K, = ky; =~ Kgq in Hz/g

The input now is expressed

0, *6
g:Gﬂn[0+ WU2 M2]

(D.13)

(D.14)

(D.15)

(D.16)

(D.17)

by Equation (D.17), which indicates that the misalignment effects become the average of

the individual GM term.

From Equations (D.14) through (D.17), the following becomes apparent:

] The bias is nominally zero and the tolerance on the individual f, mismatches
will determine its actual value. The important feature of common mode

rejection is also achieved.

° The scale factor is nominally double that of the individual resonator.
° The nonlinearity is also nominally zero and the tolerance on the individual k
terms will determine the actual value. Additional zero trim of this term ca%

also be achieved by changing slightly the mass of one of the proof masses.

. The net misalignment is the average of the individual misalignments.

terms can also be adjusted to zero by conventional means.
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) APPENDIX E
| BIAS TEMPERATURE SENSITIVITY MODEL
.

i\

:

For the dual beam VBA, a low bias temperature coefficient is achieved by matching the
individual beam temperature sensitivities. The temperature coefficient of the proposed
resonator, like that of all erystal resonators, is nonlinear. The proposed resonators have

an empirically determined frequency vs temperature characteristic as illustrated in
1 Figure E-1.

afiand "

- f (FREQUENCY)

nl‘
.

(

. — T (TEMPERATURE)

t (TzTeyy (TzTe)y TA

RESONATOR BIAS FREQUENCY VS TEMPERATURE
‘ N FIGURE E-1
. The curve is described very well by a second order expression having the following typical
form:
_ 2
{ f= fo *kyp TZ (E.1)

The following definitions now apply to Figure E-1 and Equation (E.1).

| T,pc is the Zero Temperature Coefficient (ZTC) temperature, sometimes called the
’ turngver temperature, at which the resonator becomes virtually temperature insensitive.
The temperature at which turnover occurs is adjustable to some extent by the proper
selection of beam geometry and crystal axes rotation. Controlling the location of this
point is a major area of investigation on the High Accuracy VBA Program. It is a




temperature-controlled device and is being designed so that its operating temperature
coincides with the ZTC temperature. This will make the High Accuracy VBA virtually
temperature insensitive for small temperature variations.

is the mismatch of individual resonator ZTC temperatures for the dual beam VBA.
As %Me following analysis will show, it is convenient to use TZl and TZZ as temperature
differences to the accelerometer operating temperature T A

The VBA bias is the difference frequency f - f = Af and so from Figure E~1 considering
just bias and bias thermal effects

2 2
Zl-k T

tk T2 T 22 (E.2)

Af=f1-f =f ., -f T

2 01 02 T

gt + AT 1s substituted for TZZ and after expansion and rearranging, Equation (E.3) is
o alned

Af =14y = fgg * (kpy Ky T2 Tz1

A change in accelerometer temperature T, will esentially be a change in TZl since
(TZTC)I is a constant and so Equation (E.3) is differentiated with respect to Tz1

(k ) T - 2k ATZM * Koy ATZM (E.3)

d(Af) _ d(A) _
dT,, dT

= 2(k )TZl - ZkT2 ATZM (E.4)

T1 T2
z1 A

To obtain the thermal sensitivity in terms of equivalent input acceleration (a) Equation
(E.4) is divided by the accelerometer scale factor (k11 * Kgq =2kl) (see Equation 2.3).

Aa _ (kpy = Kmo)To s = Koo AT
1= —TL T2 21 "2 2N

Of the two remaining terms of Equation (E.5), the first is the result of a k, mismateh
between resonators and the second is the result of the ZTC mismatch. BecauSe quartz is
a well-ordered crystal material, the thermal characteristics are very consistent. An
estimate of expected thermal sensitivity will be made for the following typical conditions:

(E.5)

kT = —1.3(10—3) Hz/OCZ. This is an experimentally determined coefficient.

k1 =100 Hz/g. This is typical of the proposed scaling.

(le 0.01 kT It is estimated that this coefficient can be matched to 1% by
proper seflectlon.
AT = 0.25°C. It is estimated that a ZTC match of 0.25°C can be made by proper

seleévtlon

For a temperature controlled accelerometer application, the ZTC point and the operating
temperature are designed to be coincident so that T,,. = 0. For this condition only the

Iél term of Equation (E.5) remains and for the above typical conditions, Aa/AT = -
3 2u /" C

For no thermal control, the ZTC point is selected to be at the midpoint of the operating
temperature range, so that the expected thermal deviation from this point is typically
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$30°C. For the above t%)ical conditions the T, ., (thermal error) term of Equation (E.5)
vat(')ies from 0 to +3.9ug/ C at the extremes olZ lhe operating temperature range (0 and
60°C). This thermal error source, coupled with the AT term, indicates that the
expected thermal sensitivity on bias will vary typically from™Zero to -3.2 +3.9 = + 0.6 to -
7.1ug/°C over the operating temperature range of 0 to 60 C.

Because of the characteristics of quartz, the thermal error on bias will be very
predictable gnd very repeatable for effective system modeling. To achieve the uitimate
goal of 1pg/ C, a combination of resonator matching and system modeling is proposed.
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APPENDIX F
DUAL BEAM VBA
CROSS AXIS SENSITIVITY

Cross-axis sensitivity is caused by a deflection of the proof mass due to mg. forces as
illustrated by Figure F~1. The T forces shown in the free body diagrams are the tension
forees of the resonators represented by springs K. The FH forces are those of the flexure.

From summation of forces in the input (i) direction the following expression for T, and T,
are obtained.

T, =M, g -Fy; (F.1)

(F.2)

From the free body diagrams of Figure F-1, a summation of forces in the x direction,
along with a summation of moments will indicate that
FH! = ng 6= ng lk “'"ek (F-3)

Considering just the T1 and T?. effects on the beam frequency, and also considering that
the dual beam VBA ‘output is the difference of the two resonator frequencies, the
following expression for the difference frequency is obtained.

Af=f1—f =K

9 11Tl—k T

1272 (F.4)

Where k., and k
respectively.

12 are the first order frequency-tension sensitivities of resonators 1 and 2

After combining Equations (F.1) through (F.4) the following is obtained

2 : 2

M, " g 8y Mygige - My"ge,

At =k, (Mg~ —2 %) -k, (— X
L 4 k.€ k£

For the k,, & k,, ®k; and M; & M, * M, Equation (F.5) reduces to

12 1

v, m?
Af =2k Mg -k, [&7‘)1' V)z] g &y

Note that the g; g, effects tend to cancel (ecommon mode reject).

To obtain the difference frequency in terms of indicated acceleration, Equation (F.6) is
divided by 2 k1M to yield the following
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DUAL BEAM VBA SCHEMATIC

FREE BODY DIAGRAM

DUAL BEAM VBA CROSS AXIS SENSITIVITY
FIGURE F-1




_Af M |, M
Bind “TR; M -8 " 2\ TR & (F.7)

Or considering just the g; 8, effects

€ind M M

— = 1/2 - )

g, Y [1?2)1 72 (E.8)
For the typical values of M = 9 g, K = 8 (107) dyne/em and £ = 1 em, gind/gigx =
0.06 ug/g” per 1% mismateh of the (M/K{Z) terms.

The (M/k£) mismateh will be 10% or less and so no more than a 0.6 ug/g2 g,8; error is
expected.
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APPENDIX G
LOW COST VBA - PARABOLIC TEMPERATURE COMPENSATION

The frequency versus temperature characteristic of a typical beam possesses a parabolic
signature

FREQ.

—o TEMP
Tz1C

For a typical beam (Reference: "Saturating Oscillator Tests", an Engineering Technical

Report by W. Albert), frequency may be related to supply voltage (provided the Constant
Current Diode, CCD, is shorted)

i - V

Therefore, an effective temperature compensation for a single beam may be realized by
parabolically varying the supply voltage with temperature

o TEMP

Tz1C
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After compensation the frequency versus temperature characteristic becomes

FREQ.

}

—p TEMP.

TzT1C

To compensate, electronies must be designed which generate a beam supply voltage that
varies as a parabolie function of temperature. In addition, the Turnover Temperature
(TzTc) and Second Order Coefficient (SOC) of the electronics must be adjustable in order
to cancel a particular beam's frequency versus temperature characteristic.

Consider the product of two linear functions of témperature:

and Gy (T) Gg2 + KGZ AT

So, the product is

Gy (T) G, (T) (Gol1 + Kg1AT) (Go2 + Kg2AT)

_ 2
= Go1 Gp2 *+ (Go1Kg2 + Gp2Kg1) AT + Kgp Kg2 €T

Ao + AJAT + A, (AT)?

Where Ao = Go1 Go2
Al = GOl Kgp + Gp2 Kgl

Ay = KGg1 Kga

Note that a parabolic temperature characteristic is obtained. If one completes the square
of the right-hand side of the above equation, the following expression results:

2
Gy (T) Gy (T) = Ao - Aiz + Ay (AT + A1)
2 2 A2
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By inspection,

Turnover Temp. = T = AT = - A
2TC IA'%_
Second Order Coeff. = SOC = A)

The following circuit is based on cascading linearly temperature sensitive voltage dividers
created from conventional NTC thermistors to provide a beam supply voltage that varies
parabolically with respect to temperature.

VR (REFERENCE VOLTAGE)

(‘9 V(T

>
Gy
R
Lvam | SOC ADJUST
_ /7
E KR
Vv R
R V3(T) Vg(T)
4 R ~ b—o
4 \Y + BEAM
Gr QR SUPPLY
TzT1C e GolT) VOLTAGE
ADJUST Ky Jv2m
ﬂ} SUPPLY VOLT- Vg(T)
AGE ROOM K
TEMP. ADJUST é 3
Where -

Gy (T) = Go + KgAT
Gy (T) = Gy =~ KGAT

Thermistor Divider Gains t 3




Determine the beam supply voltage Vg (T) -
Gy (T) = Go + KgAT

G, (T) Vg ' 4

vy (T) =

.. = Go VR = Kg VR AT
N | V2 (T) = Ky VR
b - ‘
% V3 (T) = %V; (T) +4v, (T)
} = %G VR + % Ky VR AT +% K; Vp
?‘; = %G, VR + %K, VR + ¥Kg Vg AT
? 1 G YR
a. G2 (T) = G, - KgAT
P
E! V4 (T) =Gy (T) V3 (T)
;o = (Go - KgAT) (4G, VR + %KVp + % KGVRAT)
l». { = kVR (Gg (G + K1) + (GoKGg - GoKg - K1Kg)AT ~ Kg2 (aT)?)
;‘ ‘

: Vs (T) = K3Vg

t
Vs (T) = =Ky V4 (T) + (K3 + 1) Vg (T)

‘ = E<3 (Kz + 1) ~-% Kz GO (GO + Kla VR
l . +(% K1 K, Kg VR)AT

| +(% K, KGZ VR) (A'l')z

| Vg (T) = Ay + A,AT + A, (AT 2

» @

| Where Ao = [Ky (Kp + 1) = % KpGo (Go + xl)] Vr
Ay = %K, Kg? Vg

\ Note: A T represents temperature deviation about Room Temp. (+25°C).

GO0l represents divider Gl's output at Room Temp. ;A
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The above circuit features simple adjustment of the Turnover Temperature, Second Order
Coefficient and supply voltage at room temperature.
For example
Turnover Temp. = Tzpc =AT = =A = - §K1K2§5V§
A KyK~“V
2 2°G 'R
= :f_Kl__
K

Assuming Kg is fixed, the Turnover Temperature may be adjusted simply by varying

divider Kj.
Also,
Second Order Coeff. = SOC = A; = %KoK;“VR

Assuming Kg and VR are fixed, the Second Order Coefficient may be adjusted by varying

=0) =a2a,

resistor K9R.

Finally,
Supply Voltage (@Room Temp.) = Vg (aT
= E(3 (Kz + 1) ‘!EKZ GO (GO + Klﬂ VR

Assuming G, and VR are fixed and K; and K9 have been determined, then the supply

voltage may be adjusted by varying divider K3.

Design Example

Assume the following fixed parameter values in the circuit
(Divider Output at Room Temp (+25°C)

(Corresponds to -4%/°C Negative Temp. Coeff.

: Gy = 0.5
t Kg = 0.0100C"1
Thermistor Divider)
= 0.00569F"1

10.0 vDC

VR




Vs = 5.0 VDC (Supply voltage desired at Room Temp. (+259C)
Since, Tzpc = =-_BAy = - K3 , thus
27 2Kg '

Assume the following parameters for the beam to be compensated:
Tgpe AT = =259C (Where A T represents Temp. Deviation about

Room Temp. (+25°C)

SOC = -12 PPM/OF2

£, = 40,000 Hz

Af = +2.9 Hz (Supply sensitivity obtained from "Saturating

ov
VDC  Oscillator Tests" Report)

K] = =2Tzpc Kg
= -2 (-25°C) (0.010°Cc"1)
Ky = 0.500 v/v

Matching the Second Order Coefficients for the beam and supply voltage temperature
characteristics via the supply sensitivity Af/Av yields,

: ! L " g i . . . .

(soc) (£0) )
= ~h2 = %Ky Kg" Vg
Af fav
Thus, K, = -_ 2(S0C) (fo)

@E/av) (RgZ) (VR)

- 2(~12PPB/OF2) (40,000Hz)
T+2.9 Hz/VDC) (0.00569F-1)2 (10,0VDC)

Ky, = 1.056 -M/n.

Finally, Vg = [R3 (K2 + 1) -4 K; G (Go + K1) | Vg

Vs
VR + % Ky Go (Gp + K)) = K3 (Kp + 1)
Thus, Ky = 1 Vg
’ K, + I [r Vg ‘% K2 Go (G ¢+ Kl)]

1 [ 5.0 vbDC + % (1.056) (0.5) (0.5 + 0.500
1.056 + 1 L_IETE*VBE ( )

0.372 V/v

K3’
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Therefore, in this typical example, realizable values are obtained for Kl’ K2 and K3.

° 0 BEven L

Evaluate A, -
, AO‘E‘:s (XKz + 1) -4 Kz Gg ‘G°+K1)] VR
| = Ep.avz) (1.056 + 1) -% (1.056) (0.5) (0.5 + 0.500)] 10 VDC

»

.

e AO
Evaluate Ay -

5.01 VDC

A) = ¥Ky K, Kg VR
. % (0.500) (1.056) (0.010°c~1) (10.0 VDC)

;: A; = 0.0264 vDc/°cC

- Evaluate A2 -

s Ay = 4K, Kg? VR )

| = %(1.056) (0.010°c~1l) (10.0 vDC)
| JoAy = 5.28 x 1074 vpc/oc?

Therefore,

X Vg (T) = 5.01 + 0.02644T + 5.28 x 10-4 (AT)?

Note: Vg is in VDC whend& T is in Oc. AT is referenced
to Room Temp. (+250C).

So,
T AT Ve (T)
(°c) (°c) (VDC)
' -50 -75 6.00
-25 -50 5.01
0 -25 4.68
| +25 0 5.01
+50 +25 6.00
+75 +50 7.65
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Supply voltage versus temperature appears as:

Vg (Vdc)

- +8
\\\J‘P +6
4 +4

4+ +2

Y v T — v T (°C)
50 .25 0 +256 +50 +75
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