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FOREWORD

This publication is a final report of work per-
formed under Wright Patterson Air Force Base Contract No.
F33615-75-C1281 dated June 13, 1975. This report covers
work conducted from June 1975 through April 1976. In ad-
dition, supplemental data has been provided within this re-
port that was accomplished under Sundstrand internal re-
search and development funding extending from the period June
1973 through April 1976.

The work was conducted by the Sundstrand Data
Control Division of Sundstrand Corporation, Overlake Industrial
Park, Redmond, Washington under the direction of N. J. Klein,
Engineering Section Manager. The principal investigator was
B. D. Strachan. A major contributor to the program was D. B.
Grindeland. Extensive test and data support were provided by
H. Meyer-Christians and J. K. Murphy.
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SECTION I

INTRODUCTION

The Sundstrand Q-Flex accelerometer is being used or
proposed for use in many DOD strapdown inertial systems. The
inherent problem with strapdown, body mounted measurcment systems
and one that delayed their development and limited some applica-
tions is the more rugged environment for both shock and vibration
under which the sensors must operate. The Q-Flex design has dem-
onstrated the ability to perform within the current performance
requirements under most of these severe dynamic environments.

Its ability to satisfy these goals has resulted in its use on
production systems such as Harpoon, ACMR, Standard Missile,
F111, Bl HARS and various missile systems.

Its flexure suspension system with no wear-out mechan-
ism has allowed it to meet or exceed the the system reliability
goals and the unique production philosophy of the Sundstrand Q-
Flex has resulted in a high quality inertial accelerometer at
two-thirds the cost of the next lowest cost unit within the
present accelerometer market. For these reasons, it is being
used or considered on development systems such as ATIGS and RCG.

With the aforementioned systems, where the Ring Laser
Gyro provides "instant-on" performance, as well as the systems
where the application of temperature control is undesirable and
costly, the accelerometer should perform without thermal control
over a wide static temperature range. Therefore, to satisfy
these new objectives and to be cost effective, the Q-Flex accel-
erometer design must provide adequate accuracy by improving the
thermal sensitivities and their related effects on performance.
This program was thus aimed at studying the Q-Flex thermal char-
acteristics and recommending corrective action to the design as
required to satisfy the long term obiectives of "instant-on"
readiness for the current and the next generation of missiles
and autonavigators in the weapon system arsenal.

The program goal for Phase I of the study contract
was to perform a theoretical and experimental investigation of
the Q-Flex thermal sensitivities and to develop design approaches
for a thermal model that has eliminated, improved, or circumvented
these sensitivities. The thrust of the effort was to character-
ize the existing design, correlate and analyze the interdepend-
ence of these sensitivities with their repeatability and sta-
bility parameters and then to recommend design modifications.
This would lead to a preliminary accelerometer design which
would allow the accelerometer to be used under wide temperature
excursions without active thermal control.
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Note that system performance is dependent upon the
mission profile which includes accuracy of the output character-
istics over specified temperature ranges. Since the Q-Flex may
be integrated into systems where stringent inertial grade per-
formance is required or into tactical missile applications where
lesser performance is required, the goal for this program was to
develop one design approach that would satisfy all the basic re-
quirements. The fundamental approach was thus to develop a
stable, predictable, modelable thermal profile of the bias and
scale factor characteristics. The secondary goal was to develop
preliminary design modifications that would significantly reduce
these sensitivities. Both design approaches were subjected to
close scrutiny to insure that satisfactory consideration was given
towards reliability, maintainability and production cost of the
accelerometer and its eventual integration into system hardware.

This report is intended to present the findings that
relate specific Q-Flex parameters to the design goals. The
study covers empirical test results from two classes of thermal,
environmental exposure. The predominant effort concentrated on
test results at various ambients after thermal exposure to nar-
row and wide static temperature ranges. Bias and scale factor
characteristics after being subjected to this "rapid reaction"
static temperature exmosure is presented in Section III.

To characterize the structural design of the Q-Flex
in a rapidly changing thermal environment and to isolate and
to optimize the sensing point within the structure for thermal
modeling of the instrument output, a "rapid warm-up" test program

was performed. Test results of this activity are presented in
Section 1IV.
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SECTION II

SENSOR CONSTRUCTION

An objective cof the program was to examine the phenomena
which affect O-Flex sensor scale factor and bias characteristics and
their relationship to their thermal sensitivities. In order to sat-
isfy this objective an overview of the construction and operation of
the existing design is presented.

The heart of the Q-Flex accelerometer is the seismic
system of fused quartz with integral pendulum, dual flexure suspen-
sion and outer support rim as shown in Figure 1. The choice of this
material was based on its nearly perfect elasticity, which elimi-

nates the hysteretic behavior characteristic of multimaterial or
metal flexures.

The integral quartz pendulum, suspension and support
structure are shaped from a ground and polished flat disc by a proc-
ess of chemical milling. The parallel quartz flexures are batch
processed from the original blank to a final thickness which is, in
the last step, an individually controlled vernier etch to reduce the
spring constant to within a family tolerance of #+ 10%.

The sensor is shown in exploded view, Figure 2. The proof
mass assembly consists of the monolithic, specially processed fused
silica element to which two aluminum-bobbin, series-wound torquer
coils are attached. Conducting leads for the differential pick-offs
and the torquer coil drive current are provided by vacuum depositing
a chrome-gold thin layer on the quartz structure and carrying these
metallic films across both sides of the quartz flexures. The torque
coils are bonded symmetrically to the sides of the central disc and
the copper wire terminations to the conducting torquer traces. The
gold traces across the flexures are terminated on the support rim
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Figure 2

EXPLODED VIEW OF THE Q-FLEX SENSOR
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where four thermocompression bonded one mil wires are uscd to
couple the signal junctions from the seismic element to the signal
posts in the lower magnet structure.

The sensor, which constitutes the basic measuring element
of the Q-Flex accelerometer, is comprised of tne quartz seismic
assembly and two cylindrical, low coefficient Invar permanent mag-
netic structures with lapped planar faces which clamp the quartz
support ring of the seismic assembly on three planar lands which are
elevated above the planar surface of the pendulum on each side by
750 micro-inches (3/4 mil). (See Figure l.) This planar separation
defines the limits of pendulum motion in the acceleration-sensing
(Input-Axis) direction between mechianical stops; and it establishes
the spacing between vacuum-deposited gold electrodes on the faces
of the pendulum and corresponding planar lapped faces of the Invar
magnetic structures which form two capacitors which electrically
define the position of the pendulum.

The three-part sensor is assembled on tooling rails such
that the two torquer coils carried by the pendulum are centered in
corresponding annular permanent magnetic gaps. The normal loading
of the three-part sandwich, which maintains alignment of the parts,
is made permanent by a median band of Invar with a width which
bridges on the outside diameter between the two Invar magnetic
structures, and which is fixed in place by epoxy bonding.

For the standard Q-Flex product line, the sensor is
mounted from the inside diameter of a standard one-inch O0.D. stain-
less steel cover with integral mounting flange having a planar

mounting face which is perpendicular to the cylindrical axis of the
cover.

The sensor is installed inside the cover such that the in-
put axis of the sensor is orthogonal to the mounting surface of the
flange within acceptable tolerance for axis misalignment. The
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sensor is fixed to the I.D. of the cover by a continuous band of
epoxy, which preserves electrical insulation between signal g.ound
potential of the sensor and the outer case ground.

The sensor/cover assembly of the Sundstrand Q-Flex (quartz
flexure) accelerometer is made as a standard product for all appli-
cations. All standard Q-Flex sensor screening tests are performed
at this level since, after the sensor is mated permanently with its
outer cover, quantitative performance characteristics may be perma-
nently identified with each serialized unit.

Standard sensor/cover screening tests grade the Q-Flex
sensors for performance over a wide range of temperature, and for
survivability to 250 g levels of shock in any axis. Additional
special tests are applied to qualify candidate sensor/cover assem-
blies for the requirements of special programs. All sensors ful-
filling the most basic requirements of the standard screecning tests
qualify for use in salable Q-Flex Instrumentation Grade accelero-
meters. Higher performance sensors are used first to satisfy more
demanding program requirements. Economy of all Q-Flex products is
achieved by commonality of all sensor parts, fabrication and assem-

bly processes, and basic sensor screening tests at the sensor/cover
level.
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STARTING DATA

Prior to this program and through the 1975 time frame sev-
eral thousand Q-Flex sensors have been tested. Quarterly data sum-
maries from thesc tests are presented in Figures 3 and 4. This data
represents normal production performance from instruments screened
and sorted during sensor testing. Since the introduction, in July
1973, of thermocompression bonds on the seismic element for flex
lead attachment, the performance data have been extremely well be-
haved and consistent. The uncompensated sensor bias and bias tem-
perature coefficient as depicted in Figure 3 are relatively con-
stant. The absolute and algebraic values for bias are approximately
1 milli-g and 100 micro-g's respectively. The absolute and alge-
braic values for bias thermal sensitivity are approximately 9 micro-
g per °F and 1.5 micro-g per °F respectively. The signiflcance of
the algebraic mean approaching zero value is that it connotes design
symmetry within the sensor for these two parametric functions.

The characteristic of bias, bias thermal hysteresis, de-
fined as the difference between ambient bias measured after a cold
soak at -65°F and bias measured after a hot exposure at 225°F is
also displayea. The data depict an absolute bias thermal hyster-

esis of approximately 240 .q in early 1974 decreasin to less than
180 ug_1n January 15;3. The aIgeBralc mean which had always closel
ollowed the absolute value has recently become much smaller, and
approaches GU’ug's. These improvements are attributed to better
process control and modified assem

techniques to i1improve

roces-
51ng sxmgetrx. The reduction in the aIgeBralc ﬁzstereSLS function
during the last six months is informative. The significance of this
characteristic wa € dlscussed 1n the Section III.

Scale factor characteristics have also been tabulated for
the 1974 to 1976 time frame and are presented in Figure 4. The
avrrage value of scale factor is controlled by magnet strength and
geviletry design. Small variations in vendor material and variati« 1s
in coil bobbin weight contribute primarily to scale factor varia-

tions. The scale factor thermal hysteresis has decreased durin
the two and one-half year time frame From 320 ppm to 170 ppm. %ha-
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Figure 3
O-FLEX PRODUCTION BEIAS DATA
Six Month Averages For 1974-1976
Absolute (M) And Algebraic
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lysis of this characteristic is discussed in Section III.

Since it appeared at the outset that the hysteretic be-
havior of bias and scale factor would prove difficult to model, the
characterization of the thermal hysteresis parameters and an under-
standing of their driving functions was one goal of the study.

in addition to thermal parameters, data could be provided
to demonstrate the performance characteristics due to other environ-
mental exposures such as vibration and shock. This data is impor-
tant in evaluating the overall performance capability of any device,
especially the intertial strapdown unit which is subjected to a much
harsher environment than in the gimballed system. To satisfy the
total system objectives, but not compromise the major thrust of the
thermal study, limited data is provided demonstrating existing per-
formance characteristics to strapdown environments.

Figures 5 through 9 display Engineering Design Integrity
Test data for the Harpoon program accelerometer, Sundstrand Part Num-
ber 979-0050-005. These tests were performed during the July-August
1975 time period. Figures 5 and 6 depict bias and scale factor sta-
bility through severe vibration and shock environments over the one
month test period. The large jumps in scale factor are due to scale
factor thermal hysteresis effects, i.e. scale factor once measured
after hot soak and the next time after cold soak. Figures 7 through
9 present vibration rectification coefficient data from S/N 155
which is typical of these instruments. It demonstrates the small

sensitivity to vibration with the unique Q-Flex pendulum construc-
tion.

Additional data on bias and scale factor shock repeata-
bility are provided in Table 1 from 9 ATIGS units delivered to
Honeywell around January 1975. These units were tested for repeata-
bility characteristics to support potential use on the "fly-shock-
fly" system for Cruise Missile evaluation.

Pyrotechnic shock data was provided for a Harpoon evalu-
ation program and data are presented in Table 2 and Figure 10. The
above data provide the technical baseline for performance character-
istics of the existing Q-Flex design.
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SECTION II1

DESCRIPTION OI' "RAPID REACTION"

Widespread use of strapdown systems has become a
reality because they offer more configuration flexibility and
lower cost potential than their predecessor gimballed systems.
One major system cost factor common to both types of inertial
guidance systems is inertial sensor thermal sensitivity. ‘Active
thermal control has historically been a system design approach
to reduce thermal performance effects by tightly controlling the
system temperature at a level higher than any ambient that may
be encountered. This approach becomes detrimental in day-to-day
operations such as aircraft applications where in effect, the
system is thermally cycled each time the system is turned on
and shut down.

High thermal gradients are induced across the inertial
sensors during 'fast' warm-up to the control temperature. These
gradients induce mass shifts which degrade sensor accuracy and
necessitate frequent recalibration. Besides the variable warm
up time from different initial system ambient temperatures, ad-
ditional time must be allowed for system stabilization.prior to
system alignment. Stable element warpage due to strip heater lo-
cation and its effect on inertial sensor input axes relative to
each other are serious design factors limiting the earliest time
that system alignment procedures can begin. Complex and expensive
multistage Kalman filters have been utilized to model the com-
bined inertial sensor, stable element, and system thermal envi-
ronment response to warm up heater input. Additional system cost
factors include separate heater power supplies and heater cut-
off and control temperature BITE circuit monitors.

Recently, experimental data indicate adequate accuracy
can be obtained from dry, 'instant-on' instruments without active
thermal control over a wide temperature range. This 'rapid re-
action' environment is characterized as being a static or slow-
ly changing system ambient temperature over the range -70° to
+200°F. The inertial sensors must perform accurately over this
wide temperature range. Although the temperature rates of change
are small, allowing better modeling of inertial sensor temperature
versus static calibration performance parameters, the following
investigation sought to provide data which could lead to the elimi-
nation or appreciable reduction of the Q-Flex accelerometer ther-
mal sensitivities. This approach included giving equal consider-
ation to maintaining or reducing current production cost and
maintaining or improving current reliability and maintainability
levels.

RAPID REACTION TEMPERATURE TUMBLE TEST OBJECTIVES

The goals of the rapid reaction performance tempera-
ture tumble test series on the Q-Flex accelerometer were:
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1) Measure and model the magnitudes and thermal sensitivi-
ties of scale factor and bias.

2) Determine the degree of model fit to actual scale fac-
tor and bias measured values (individual test RMS residuals).

3) Measure and model scale factor and bias at least three
times over the -65°F to +225°F temperature range under rigorously
controlled conditions to determine the time stability of the
Q-Flex scale factor and bias characteristics referenced to the
initial model.

4) From the wide temperature range measurements, determine
the degree of scale factor and bias thermal hysteresis by model-
ing ascending temperature and descending temperature output data
independently and analyzing the differences in thc¢ models obtained

5) Design and perform a series of limited temperature range
tests to measure and model scale factcr and bias thermal hystere-
sis as a function of temperature cycle center temperature and
extent.

6) Analyze the above minor loop data to determine whether
the thermal hysteresis values for the limited range temperature
cycles are a subset within the thermal hysteresis values-Measured
over the full -65°F to +225°F temperature cycle_rarg€.

7) Investigate all test result-anomalies and construct ad-
ditional special tests to furtirer isolate and identify the char-
acteristics and possible source of each anomaly. (Note:

Scale factor 'relaxation' following hot soak and its time de-
pendent affect on measured values of scale factor thermal hys-

teresis were investigated as a result of this goal.

8) Review the test results and the possible Q-Flex design
sources for thermal sensitivities in order to identify specific

LIMITED RIGHTS LEGEND
Contrect No. -]8=-C~
Contrector: , Inc.

Explanation of Limited Rights Date Identificetion Method Used

Underscoring or
— Liped Enclosure

Those portions of this technicel data indiceted es limited rights date shall not, without written permis-
sion of the above Contrector, be either (e) used, released or disclosed in whole or in part outside the
Government, (b) used in whole or in part by the Government for manufecture or, in the cese of computer
aoftware documentation, for preparing the same or similar computer softwere, or (c) used by e party other
than the Government, except for: (i) emergency repair or overheul work only, by or for the Government,
where the item or process concerned is not otherwise reasonably evailable to enable timely performance of
the work, provided thet the releese or disclosure hereof outside the Government shell be made subject to
a prohibition against further use, releese or disclosure; or (ii) releese to e foreign government, as the
interest of the United States may require, only for information or evaluation within such government or
for emergency repair or overhaul work by or for such government under the conditions of (i) above. This
legend, together with the indications of the portions of this dete which are subject to such limitatjons
shell be included on eny reproduction hereof which includes any part of the portions subject to such
limitetions.
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design features warranting modification to eliminate, reduce,

or circumvent Q-Flex accelerometer thermal performance character-
istics.

THERMAL STUDY PROGRAM

The performance history of the Q-Flex accelerometer was
reviewed with the objective of identifying sources of thermal
sensitivity. The thermal sensitivity characteristics of scale
factor and bias were subjected to intense scrutiny for common
factors suggesting interdependence. No common factors in either
temperature sensitivity or thermal hysteresis characteristics
were observed. Thus, the results of this thermal study program
and the effects on instrument design factors are presented in

separate bias characteristic and scale factor characteristic
sections.

sundstrand Data Control, Inc. funded development experi-
ments on configuration modifications have paralleled the investi-
gation of the current Q-Flex production design. The results of
development activities prior to and during this study program are
presented in the discussion of present design test results. The
insight gained from conducting these rigorously controlled thermal
environment tests is significant.

The data bank of actual Q-Flex accelerometer performance
results over widely varying time and thermal conditions, by it-
self, is a valuable tool for system error budget analysis.

The model chosen to represent the Q-Flex accelerometer
output current as a function of ambient temperature,3T, and in-
put acceleration, G, is: I(T) = Kl(T)(G + KO(T) x 10°) where:

I(T) = output current, mA
G = input acceleration, g
Kl(T)= scale factor, mA per g

KO(T)= bias, milli-g

The factors KI(T) and K_(T) have been further defined as poly-
nomial models normalized to 0°F and having coefficients to the
first, second, and third power of ambient temperature, T. Separ-
ate calculations of the scale factor, K,, and bias, K_, models
for temperature increasing from -65°F t% +225°F and £8r tempera-
ture decreasing from +225°F to =65°F permit examination of ther-
mal hysteresis characteristics.

DESCRIPTION OF TESTING PROGRAM AND ANALYSIS
Hysteresis Test Program

The rapid reaction performance temperature tumble tests
consisted of a series of experiments where four Q-Flex accelero-
meters were tumble tested at + 1 g for various environmental
temperature sequences. The hysteresis series consisted of six
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minor temperature cycles in the range of -65°F to 225°F

and are designated A through F. Accelerometers were tempera-
ture cycled twice hetween a low temperature, T , and a high
temperature, T,, and +1 g tumble test data taken at:'T. s Tae
and the mean c§cle temperature, T,.. The accelerometer¥ welte
hot soaked at 240 + 10°F no more %han 16 hours prior to each
minor temperature cycle and a tumble test at 70 + 1°F was
performed immediately prior to each temperature cycle.

The values of T., T,, and T,, as well as the cycle
extent, AT, for the six m&nor temperagure cycles are listed
in Table 3. Each minor cycle required one day to perform.

The series A through F was performed three times during 42
days of testing.

Extended Temperature Tumble "ests, ET3, were per-
formed before each series. The resulting models of scale factor
and bias temperature coefficient were used tou reduce the minor
temperature cycle data.

Table 3

RAPID REACTION TEMPERATURE TUMBLE TESTS

LOOP T, (°F) 7, (°F) T, (°F) A T (°F)
A -65 80 225 +145
B -30 80 190 +110
C 0 80 160 + 80
D 30 80 130 + 50
E -65 15 95 + 80
F +65 145 225 + 80

Thermal hysteresis data as a function of AT at
constant T. and as a function of T, at constant AT was de-
rived from the minor temperature cycles. Cycles A, B, C,
and D provide thermal hysteresis data for AT ranging between
+50°F and +145°F and T, = 80°F. Cycles C, E, and F provide
thermal hysteresis datg for T, ranging between 15°F and 145°F
and AT = + 80°F. Stability data at -65°F, 15°F, 70°F, 145°F
and 225°F were obtained from appropriate minor cycles in the
series.




The order of temperatures in a minor cycle was
70°F, T , T.,, TH' TM’ T TM’ Tl' T.. and the accelerometers were
tumble %ested twice "at gach temgera%ure. Data measured at
each temperature was:

1) TA Lab ambient temperature, °F

2) TB Bracket or accelerometer flange temper-
ature, °F

3) VT(+lg) Torque coil voltage in +1lg position,

vDC
4) VO(+1g) +1g output voltage, VDC
5) VO(—lg) -1g output voltage, vDC

Scale factor, bias, and torque coil resistance were calcu-
lated from this data to monitor the experiment.

Minor temperature cycle data was reduced and tabu-
lated with the computer program RAPRED. The program calculated
raw torgue coil temperature, scale factor and bias and these
values were compensated for ambient temperature variations.
Since the temperatures T., T,, and T were set only to an
accuracy of +5°F, the cu%ren% polyno&ial models for scale
factor and bias temperature coefficient were used to correct
the measured scale factor and bias to the assigned minor
cycle temperatures.

Thermal hysteresis values were calculated at T
for each half of the minor temperature cycle. Also the
shift of average scale factor and bias at T, was calculated
to determine systematic trend in the therma* hysteresis
center. The reduced results of minor cycles were tabulated
giving the cycle temperatures, center and extent, reduced
scale factor and bias, and thermal hysteresis data.

Extended Tummble Test (ET3) Program

Each ET3 consisted of an increasing temperature
leg from -65°F to 225°F on the first day of testing followed
by an overnight dwell at 225°F and a decreasing temperature
leg from 225°F to -65°F on the second day. Two to three
days prior to each ET3, the accelerometers were nonoperative-
ly hot soaked at 240 + 10°F for 1.0 hour and stored at
ambient prior to testing. Scale factor and bias data were
measured in +lg tumble tests at eight temperatures on both
the increasing and decreasing temperature legs. Two +lg
output voltage readings were made at the following tempera-
tures: =-65°F, -24°F, 18°F, 59°F, 101°F, 142°F, 184°F,
225°F. Temperatures were set to +10°F and measured to a
differential accuracy of + .1°F by calculating the torque
coil resistance. Prior to the increasing temperature leg
of the ET3, a tumble test at 70°F was performed to monitor
scale factor and bias stability.
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Extended temperature tumble tests were conducted
three times on each of four Q-Flex accelerometers over a
period of 29 days. These ET3's are contained within the
interval of 42 days of rapid reaction performance testing.
Data reduction for the ET3 was performed with the ET3FIT
computer program. The raw ET3 data was used to calculate raw
scale factors, biases, temperatures, and load resistances at
16 points on the increasing and decreasing temperature legs.
Polynomial models for scale factor, bias, and thermal hyster-
esis were determined using orthogonal polynomial least
squares and coefficient transformation routines. Values for
scale factor, bias, and residuals were calculated and print-
ed in tabular form. Polynomial coefficients were printed in
a second table.

Analysis - Thermal Hysteresis Versus Temperature
Cycle Center and Extent

Scale factor and bias thermal hysteresis data col-
lected from temperature tumble tests was modeled versus
temperature cycle extent and center, AT and T,,. The minor
cycles have temperature extents of + 80°F and tgmperature cen-—
ter at 15°F, 80°F, and 145°F. The ET3 hysteresis models have
an extent of + 145°F and are centered at 80°F.

Straight lines were fitted to each data set using least
squares calculations. Thermal hysteresis at the middle of temper-
ature cycle was modeled because thermal hysteresis normally has
a maximum value near midcycle.

For thermal hysteresis versus AT at constant TM the
general model equation was:

TH(AT) =C, x OT+ C
1 2 <
where
TH( A T) = Thermal hysteresis in PPM or “% at AT
C1 = Slope in PPM per °F or ug per °F
AT = temperature cycle extent in °F
C, = thermal hysteresis at A T=0 calculated

by least squares fit.

The temperature cycle extent A T was defined as
AT = & (T, - T)/2

and values of + 50°F, + 80°F, + 110°F and + 145°F were available
for modeling. The center of these minor cycles was 80°F.

Two or three values of thermal hysteresis were available for
modeling at each value of AT, giving a total of 8 to 12 points
for modeling. In the plots which follow, thermal hysteresis
points at each value of A T are averaged to clarify the plots
but individual points were used for modeling.
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The modeling equation for thermal hysteresis versus

T.. at constant A T was

M
TH(rM) = C3 x Ty + C4
where
TH Ty,) =  thermal hysteresis at Tyin PPM or ug.
C3 = slope in PPM/OF or ug/°F
TM = center temperature of the minor
cycle in °F.
Cy = thermal hysteresis at Ty = 0°F.

The temperature cycle center temperatures available were
15°F, 80°F and 145°F and the temperature cycle extent was
+80°F.

Major Loop Thermal Hysteresis Polynomial Models

Polynomial models for both scale factor and bias
were determined for temperature increasing from -65°F to
225°F and for temperature decreasing from 225°F to -65°F.
These profiles are called the increasing and decreasing
models respectively. The difference between increasing and
decreasing models was defined as the thermal hysteresis
function for scale factor and bias. The scale factor ther-

mal hysteresis function, SFTH(T), in PPM was defined as
follows:

SFTH (T) = SFI(T) - SFD(T) ” 106
SFD1
where

SFI(T) = increasing temperature scale
factor polynomial

SFD(T) = decreasing temperature scale
factor polynomial

SFD1 = decreasing temperature scale

factor at 0°F
The coefficients of SFTH(T) are calculated as follows:

SFTH(T) =  SFTHL + SFTH2 X T +
SFTH3 x T2 + SFTH4 x T°
where
SPTH1 =  SFIl - SFD1 6

x 107 = PPM
SFD1
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SFTHZ2

SFTH3

SFTH4

= SFI2 x SFI1l - SFD2 x SFD1

= o
SFDI PPM/°F
= SFI3 x SFIl - SFD3 x SFDL _ Lo o2
SFD1
= SFI4 x SFI1 - SFD4 x SFDl _ opd
SFDL = PPM/°F

The bias thermal hysteresis function, BTH(T), in ug was
defined as follows:

BTH(T) = (BI(T) - BD(T)) x 10°
o where

BI(T) = increasing temperature bias polynomial,
- milli-g

BD(T) = decreasing temperature bias polynomial,

milli-g

The coefficients of BTH(T) are calculated as follows:

BTH(T) = BTHL + BTH2 x T + BTH3 x T2
B +BTH4 x T
where
- BTHL = (BIl - BDl) x 10°  =ug
BTH2 = BI2 - BD2 = ug/°F
- BTH3 = BI3 - BD3 = ug/°F?
_ BTH4 = BI4 - BD4 = ug/°F>

The thermal hysteresis functions are models of the detailed
shape of thermal hysteresis on a temperature cycle over -

65°F to 225°F under + lg acceleration, and these functions

can be viewed as worst case peak to peak error functions
about the average scale factor and bias polynomial models.

27
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RAPID REACTION BIAS DATA

The bias, KO(T), can be expressed as the polynomial:

K (T) = CL+C2xT+C3x ™ + c4 x T3

where bias units are milli-g and temperature is in °F, the
units of the coefficients Cl through C4 are:

Cl, milli-g

C2, milli-g per °F
C3, milli-g per (°F)2
C4, milli-g per (°F)3
Bias temperature coefficient, BTC, is typically expressed

in units of pg per °F. Thus the above equation becomes:

2

K, (T) = Bl + 10'3(32 X T + B3 x T° + B4 x T3)

Where: Bl = Q-Flex bias, milli-g, at 0°F

BTC(T) = %T (B2 x T + B3 x T2 + B4 x T3)

BTC(T) = B2 + (2) (B3)(T) + (3) (B4) (T%)

and: B2, ug per °F
B3, ug per (°F)2

B4, ug per (°F)3
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Three of the four Q-Flex sensors chosen for these tests were of
current production configuration (Sundstrand P/N 617-2736).
They had been assembled in September, 1975 and had received
only standard practice artificial aging and performance screen

testing. Recently imglemented develogment imgrovements included
) trostatic

a roove and slot’ modil Ication to eliminate elec

charge buildup during cycilcaI self-test and coill attachment
with a resilient adhesive, DC 3144. Two of the three units
(§/N's 20204 and 50210) were utilized for rapid warm-up
tests prior to entering this test cycle. The fourth Q-Flex sen-
sor was chosen to represent an exaggerated example of an older

configuration sensor (Ssundstrand P/N 617-2230). Besides having

non-grooved metal pick-off surfaces and rigid coil attachment ad-
hesive, LCA4/LV, this unit (S/N 10450) had a deliberate excessive

application of conductive epoxy at the torquer coil center
tap interface. As a group. this "shorted bobbin" lot of sensors
exhibited large bias temperature coefficients and large bias

thermal hysteresis. Sensor assembly had occurred in May, 1974,
so natural aging stabilitzation should have occurred during room
ambient temperature storage.

Thermal Study Bias and BTC Test Reduction

Q-Flex accelerometer bias and BTC for the initial de-
creasing temperature test are shown in Figures 11 and 12 respec-
tively. The calculated BTC coefficients for the four accelero-
meters are given in Table 4. As expected, S/N 10450 had the
largest bias temperature coefficient.
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Table 4

Q-FLEX BIAS TEMPERATURE COEFFICIENTS FOR
INITIAL DECREASING TEMPERATURE LEG, +225°F to
-65°F, NORMALIZED TO 0°F

S/N B2 2 x B3 2 3 x B4 3
ug/°F ug/ (°F) ug/ (°F)
10450 -8.1 0.0104 -0.00261
20196 1.2 0.0220 -0.000111
20204 -3.0 -0.0078 -0.000006
20210 -0.7 -0.0240 -0.000075

The following data will demonstrate bias performance
over approximately a one month test period. During this
exposure the units were subjected to rigorous temperature
cycling from -65°F to 225°F and to hot soaks at 240°F.

Approximately 40 thermal cycles and 40 hot soaks were accrued
during this test period.

Bias Model Stability

Extended temperature tumble tests, ET3, were per-
formed three times over an interval of 29 days. The bias poly-
nomial models were computed for each increasing temperature
segment and for each decreasing temperature segment on each
of the three ET3's. Table 5 shows the RMS residuals
after curve fitting each of the individual segments. The

overall RMS residual, indicating short term bias uncertainty,
was 24 ug.

The long term stability of the bias model of the
four Q-Flex accelerometers can be expressed as the increase
of RMS residuals when each subsequent segment of raw data is
fitted to the inital increasing and decreasing bias models.
The resulting residuals are shown in Table 6. Subtracting
the average individual residual, 14 ug, from the overall
residual of 104 ug, gives an indication of 80 ug bias shift
in 29 days. Excluding S/N 10450, the 29 day bias stability
becomes 85 ug minus 24 ug or 61 ug.

Since the stability of polynomial model is a function
of short term modelability, the DC value and shape of the curve,
the additional error sources characteristics were explored to
determine their relative contribution to bias stability.

To obtain a figure of merit for the DC shift or displacement




. T
) S/N 11/24 12/9 12/22 RMS
10450 27 17 16 21
20196 44 28 32 35
- 20204 23 38 32 32
o ) 20210 9 6 8 8 |
RMS 29 26 24 | 26
’ DECREASING TEMPERATURE
S/N 11/25 12/10 12/23 RMS
- 10450 21 26 18 22
20196 37 30 27 32
) 20204 12 10 15 13
) 20210 3 10 9 8
| RMS 22 22 18 21

INDIVIDUAL BIAS POLYNOMIAL RESIDUALS

Table 5

INCREASING TEMPERATURE BIAS POLYNOMIAL RESIDUALS

st

et

OVERALL RMS RESIDUAL = 24 ug
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Table 6

EXTENDEDI/TEMPERATURE TWMBLE TEST BIAS RESIDUALS
REF. TO INITIAL (11/24) POLYNOMIALS

UPPER BIAS POLYNOMIAL RESIDUALS

ug
S/N 12/9 12/22
10450 44 96
20196 104 124
20204 45 59
20210 18 42
RMS — 86
RMS less| ____

10450 83
LOWER BIAS POLYNOMIAL RESIDUALS
ug
S/N 12/10 12/23
10450 65 184
20196 55 118
20204 65 59
20210 59 76
RMS == _ 120
RMS less| = 87

10450

RMS-all

RMS-all sensors after 29 days = 104 u*
sensors after 29 days less 10450 = 85ug




&

of the entire curve as a time-dependent pheromena, an
evaluation of the algebraic average residuals from the

initial and decreasing temperature segment models was
computed. Takle 7 lists the results of this analysis.

The weighted average residual for the 29 day data is 76 ug's.
The residual excluding data for S/N 10450 is 62 ug's. If

the 24 ug short term model uncertainty is subtracted, the dis-
placement or drift of the entire curve is estimated at 52 ug's
or 38 ug's dependent upon whether S/N 10450 is included.

To determine how well the three major elements contri-
bute to overall bias stability of the model, the root sum
square of these elements was computed and compared to the
29 day stability model. Table 8 lists this data. It can
be seen that the RMS values computed by evaluating modelability,

DC stability and shape stability are within the measured RMS
stability data.

The second element to the polynomie! model stability
is the change in shape of the curve. Shape can be determined
by examining the change in bias temperature coefficient BTC
residuals with respect to the initial BTC model. Table 9
shows that the 29 day test overall residual is only 0.74
ug/°F. Integrating thie BTC residual shift over the entire
+ 145°F temperature range results in an estimated worst case
RMS error of 60 ug.
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Table 7
AVERAGE BIAS RESIDUALS WITH RESPECT TO INITIAL BIAS MODEL

e e

UPPER BIAS RESIDUALS ug

S/N 12/9 12/22
10450 23 64
20196 -95 -109
20204 -16 -38
20210 -13 0
RMS - 23
RMS LESS

10450 | - 49

LOWER BIAS RESIDUALS ug

S/N 12/10 | 12/23
10450 -46 -172
20196 -19 -111
20204 -62 46
20210 -34 -66
RMS . 99
RMS LESS

10450 | - 74
ABS AVER.
OVERALL = 76 ug
ABS AVER.

OVERALL LESS 10450 = 62 ug
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Table 9

BIAS TEMPERATURE COEFFICIENT RESIDUALS WITH
RESPECT TO THE INITIAL POLYNOMIAL MODEL

Decreuasing Temp BTC Polynominal Residuals, ug/OF

S/N 12/9/75 12/22/75 RMS

10450 .615 .936 .792
20196 .662 1.0 . 859
20204 .682 .624 .649
20210 * .643 .643
RMS _— .822 . 754

Increasing Temp BTC Polynomial Residuals ug[oF

8/N 12/10/75 12/23/75 RMS
10450 .680 .649 .665
20196 1.071 .659 . 889
20204 .425 .700 .579
20210 * .586 .586
RMS —_— .650 .705

RMS - all sensors 29 days = .741 ug/oF

* Limited data set for modeling
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Thus, it can be seen that the size of the bias residuals,
mainly attributed to shifts in bias null during the testing
period, can be significantly affected by small changes in

the bias model shape. The data analysis of the DC

value and shape indicate that both segments of the stability
mcdel appear to have been affected during this testing period.

Another technique used to analyze stability and shape
of the bias model was to review minor loop data and correlate
the two elements of the bias profile through thermal exposure.

Bias Stability - Minor Loop Analysis

Bias stability through thermal environment for four
Q-Flex accelerometers is plotted at -65°F, 15°F, 70°F, 145°F
and 225°F in Fiqures 13 through 17. The data covers 42
days of rapid reaction performance testing. In addition,
stability at 70°F over 100 days for two of the accelerometers
is plotted in Figure 18 and 19. For each data set a straight
line was fitted to the data using least squares curve fitting
in order to determine bias trending apart from scatter about
the average bias value. The model used was

A B

MB X t +~A.Bo
Where

OB

bias deviation from the initial bias in ug
MB = the bias stability slope in ug per day
t = time since the inital bias reading in days

A.Bo = calculated initial bias deviation for a
least squares fit in ug

Note that & B is defined as

AB = (B(t) - BO)) x 107
Where

B(O)
B(t)

initial bias in mg

bias at day t in mg

The bias stability slopes for all the data sets are summarized
in Table 10. The last column of Table 10 gives the absolute
average stability slope between -65°F and 225°F for each
ancelerometer. This quantity ranges between 0.5 and 2.6 ug
per day and is a measure of the accelerometer bias trend
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Table 10

BIAS STABILITY SLOPES (ug/day)

42 DAY DATA

S/N -65°F 15°F 70° 145°F 225°F ABS AV
Temp Over
Range
10450 -4.6 -2.5 -2.8 -0.9 +1.6 2.5
20196 -3.8 -3.3 -.01 Snid -4.6 2.6
20204 -0.6 -0.5 -0.6 -1.6 -3.6 1.4
20210 +0.2 +.06 -0.9 -.01 -1.1 0.5
ABS AV 2.3 1.6 1.1 0.9 2.8 1.7
For all
Sensors
100+ DAY DATA

SN 20210 @ 70°F: -0.5 ug/day

SN 10450 @ 70°F: -1.4 ug/day

ABS Average Correlation Coefficient = .7
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over the entire temperature range. The last row of Table 10
gives the absolute average bias stability for the accelerometers
at each temperature. This guantity ranges between 0.9 and

2.8 ug per day and indicates that this sample of Q-Flex accelero-
meters trends most at the extremes of the operating temperature
range. The absolute average bias stability slope for all
accelerometers at all temperatures is 1.7 ug per day for the

42 day period. For the 100 day data at 70°F the absolute
average bias stability slope is 1.0 ug per day which is com-
parable to the 42 day result of 1.1 ug per day.

The RMS scatter of A B for each accelerometer
and each temperature about the average O B was calculated to
determine the band of bias stability apart from trend in the
bias. The RMS values are listed in Table 11 and these
values are larger than the RMS residuals of the least squares
fit. The average RMS error between -65°F and 225°F for each
sensor is listed in the last column of Table 11 and ranges
between 15 and 52 ug. In the last row the average RMS
error for the test sample ranges between 19 and 51 ug. The
average RMS errors for all four sensors at all temperatures

is 34 uyg or a 3 sigma average RMS error of 102 ug over 42 days
of thermal cycling.

The information to be denoted and stressed is the
characteristic difference between S/N 10450 and the family of the
three other units. S/N 10450 exhibits both a larger drift at
ambient temperature and a significant shape change of the
bias profile. The shape change is characterized by a large
negative bias change at -65°F gradually decreasing to a
positive or increasing bias at 225°F. The significance of
these characteristics and their relationship to the other units
are discussed under Q-Flex Bias Design Factors.

Bias Thermal Hysteresis Versus AT and Ty

The models of BTH versus & T and T for four Q-Flex
accelerometers are plotted in Figures 20 and 51. The
coefficients of the models are summarized in Table 12 along

with absolute averages of the coefficients to characterize
the sample.

Figure 20 shows that absolute BTH is an increasing
function of A T. Three accelerometers in the test sample for
example, exhibit BTH less than 50 ug for & T = + 40°F.

This limit is valid for T, between %5°F and 120°F because BTH

is essentially independen@ of T. as can be seen in Figure 21.
It is assumed that BTH convergeg to zero for A T < + 40°F.
The linear models cannot be justifiably extended beyond +50°F
and + 145°F because actual data is not available.




Table 11

BIAS STABILITY RMS ERRORS (ug)
42 DAY DATA
SN -65°F 15°F 70°F 145°F 225°F AV OVER |
ALL TEM
10450 70 36 56 13 31 41
20196 58 48 47 24 [ 81 52
20204 21 8 16 30 70 29 B
20210 22 g 23 7 22 15
AV of all 1
Sensors 43 23 36 19 51 34
100+ DAY DATA
SN 20210 @ 70°F: 28ug
SN 10450 @ 70°F: 73 pq
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Table 12
BTH MODEL VS AT AND T,
Coef- 10150 20196 20204 20210 Abso- Ave
ficient lute
Average
Cy -1.32 .946 -.870 642 .940 -.151
C, 30 32 42 -55 40 12
BTH(A T) = C; x AT + C,y, ug !
e S e p—
BTH VS Ty, @ A T = * 80°F
53 Coef f 10450 20196 20204 20210 Abs Ave
Average
|
Cq 677 ..006 -.234 .339 .319 .194
C, -84 101 -8 -32 56 -6
= +
BTH(TM) C3 X TM C4, ug
1 i
52
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The absolute average values of the BTH model co-
efficients C,, C,, C3, and C, have been used to plot BTH bands
versus T %nd % in“Figure 32. This figure characterizes the
bias thermal hyst%resis behavior of the test sample.

Bias Thermal Hysteresis Models and Relative Minor
Cycle Thermal Hysteresis

Figures 23 through 26 show the bias thermal hysteresis
models and relative minor temperature cycles. The bias tempera-
ture cycles are less well behaved than the SFTH cycles but fall
within the RMS error bands of most of the BTH models. The non-
zero values of BTH at the model end points are within the RMS
errors of the increasing and decreasing polynomial models.

Also the BTH models do not show a characteristic shape as SFTH
shows. BTH can vary from relatively constant as with SN 20204

to highly curved and pivalent as with SN 10450. The significance
of the data again should be noted. That is, the hysteresis func-

tion is directly dependent upon the temperature range and thus,
a small A T will produce a small bias hysteresis. '
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Long Term Bias Stability

Data in previous sections spanned a 42-day
test period. To gain perspective over a longer time
frame a final test was performed early in April. The long
term bias stability was evaluated over a 4.5 month period
by comparing the ET3 decreasing temperature bias model
coefficients. In addition, the increasing temperature bias
model was utilized to obtain the stability of bias thermal
hysteresis at 70°F. Results are shown in Table 13.

Bias Data Summary

A review of the entire rapid reaction bias per-
formance test leads to the following conclusions:

1) In terms of residuals to fitted curves for individ-
ual ET3 tests, all four Q-Flex accelerometers look alike.
No indication of long term performance stability is appar-
ent from the degree to which the raw data from any single
test can be least squares fit to the bias polynomial model.

2) T™wo Q-Flex accelerometers, 10450 and 20196, were
clearly less stable than the remaining test units, 20204
and 20210. An approximate factor of 2 times less stable,
evident at the end of 29 days of extensive temperature
cycling, increased to a factor of 4 to 5 times less stable
when results of 119 to 135 day test intervals are compared.
The least stable accelerometer, as anticipated, is the old
configuration, 10450, having rigid LCA4 epoxy coil attach-
ment and deliberately excessive torquer coil center-tap
conductive epoxy. Although two of the three current pro-
duction Q-Flex accelerometers showed good bias stability
throughout, the third, 20196, evidenced significant bias
and bias temperature coefficient (BTC) shifts during the 29
day test period. This variation between accelerometers of
the current production design indicates that driving func-
tions for bias parameter shifts are still present on the
proof mass though clearly much reduced over those of the
old configuration. For wide temperature operation, small
BTC shifts are a significant error source and therefore
warrant design modification improvement.

3) Bias thermal hysteresis (BTH) is significantly
larger on both of the less stable accelerometers than on
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the stable bias units. Sensor level performance testing
could possibly sort out low BTH sensors for best long term
performance, but a better, long-run approach to improved
bias stability is to eliminate the proof mass strain con-
tributors.

4) The maximum bias thermal hysteresis (BTH) error
occurs near the temperature range midpoint. For temp-
erature excursions less than full range, the resulting
minor loop BTH error stays within the extended range BTH
error envelope.

In summary, the data demonstrate that two units,
S/N 20204 and 20210 with the present design construction
performed extremely well over the 42-day test period. The
RMS bias residuals from the initial calibration curve was
approximately 60 ug's and the thermal hysteresis was less
than 30 ug's when tested over a 220°F temperature span
{(+110°F a%out midpoint). 1In addition data accrued on S/N
20204 over a five month test period where the unit was
subjected to extensive thermal testing demonstrate excel-
lent long term stability characteristics.

The third present construction unit exhibited
both larger hysteresis and bias trend during the test
period.

The fourth unit under test, S/N 10450, exhibited
extremely poor performance when compared to the present
design family. Bias trend and shape change of the model
polynomial was dramatic. 1In order to properly interpret
the data accrued during the rigorous thermal testing pro-
gram an analysis of the error torques that constitute the
sources for bias must be examined. 1In fact, the signific-
ance of S/N 10450 unit's performance and its relationship
to the total conceptual understanding of the design and
therein, design modifications for improved performance shall
be shown in the following section.

Q-Flex Bias Design Factors

Bias is expressed as the summation of all torques
acting upon the Q-Flex proof mass and requires a torque gen-
erated rebalance current to servo these error torgques to
electrical null. The sources of bias stress can be equated
to strain related bending moments about the proof mass
flexure suspension axis.

61

5 e o Tt o <" 8
B 1o et

i B



o

In a perfect structure there would be no trans-

verse stress applicd to the proof mass assembly and the only
contribution to bias and bias thermal coefficient would
result from the inherent stresses within the quartz element
itself and the thermal effects which arise within the body
of the pendulum. Within the current understanding of the
mechanics which influence Q-Flex performance, the following
factors represent potential sources of bias and bias error.

Mechanical structure strain contributors external

to the proof mass anc transmitted through the proof mass
assembly rim are list:d below.

1)

2)

3)

4)

5)

6)

Change in preload at the sensor belly band due
to relaxation in epoxy material causing axial
force changes on proof mass rim.

Dimensional changes of the rim clamping metal
structures (excitation rings) due to small
thermal mismatch in the invar-quartz interface
producing rradial forces on the proof mass rim.

Quartz rim pad geometry asymmetry due to process-
ing variations.

Thermal expansion coefficient strain across the

annular epoxy ring joining the sensor assembly
to its housing cover.

Warpage of the sensor mounting flange when
clamped due to non-planar mounting pads trans-
mits strain into the sensor assembly.

Servo electronics pick=-off null svability.

Internal proof mass strain contributors are as follows.

1)
2)

3)
4)
5)
6)
7)

Conductive epoxy-quartz interface.

Conductive epoxy bridging opposing torquer
coils.

Coil-epoxy-quartz interface.

Vapor deposited metal-quartz interface.
Changing quartz internal strain.
Magnetic particle contamination.

Electrostatic charge build up on unplated quartz area.
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External Strain Contributor Discussion

During the entire developm-nt and production his-
tory of Q-Flex at Sundstrand Data Control, Inc., mechanical
structure strain contributors have been explored. Early
development efforts centered on dimensional changes of the
then two-piece Armco-Invar excitation rings and proof mass
rim strain from flex lead attachment. Single piece Invar
excitation rings and the development of a thermo-compression
flex lead attachment process resulted. Dramatic reduction
in bias and bi: temperature coefficients were demonstrated.
See Table 14. Surface preparation techniques were developed
for improved epoxy bonding adhesion in this time frame.

Axial Preload Stress- Elaborate techniques to provide

constant clamp preload utilizing spring-loaded, welded sleeves were
devised. Additional quartz disk spacers were interposed between
the proof mass rim pads and the excitation ring interface sur-
faces to decouple the proof mass rim from external forces.
These additional parts added to cost and made assembly oper-
ations much more difficult with no significant bias perform-
ance improvement. Therefore, these changes were not incor-
porated into the Q-Flex standard design.

Radial Stress- During the 1975-1576 time frame, develop-
ment activity was directed toward evaluating variations in proof
mass rim clamp geometry. Twelve sensors were built with a
rim clamp pad behind the flexures and highly compliant rim
sections to two additioral spacer pads. SiX more sensors
were built with continuous clamping over a portion of the
rim and gradually changing limit stop gaps over the remain-
der cf the rim. Several units were fabricated with relieved
rim sections for increased radial compliance. No signifi-
cant reduction in bias, BTC, BTC linearity (BTCL), or bias
thermal hysteresis (BTH) were observed.

LIMITED RIGHTS LEGT"ND
Contrect No. F -75-C-1281

Contrector: __Syndstrand Data Control, Inc.
Explanetion of Limited Rights Data Identification Method Used

—lndexscoring or
—Lined Enclogure

Those portions of this technical date indicsted es limited rights dete shell not, without writtsn permis~
sion of the above Contractor, be either (s) used, releesed or disclosed in whols or in pert cutside the
Government, {(b) used in whole or in part by the Government for manufecture or, in ths case of computer
software documentetion, for prevsring the same or similer computer softwere, or (c) used by e party other
than the Governmant, except for.

where the item or process concei.sd is not otherwise rsssonably eveilable to enable timely performance of
the work, provided that the relesiue or disclosure hereof outside the Govsrnment shall be made subject to
a prohibition ageinst further use, rsisese or disclosure; or (ii) releess to * foreign gcvsrnment, ss ths
interest of the United Stetes may require, only for information or svalustion ~ithin such governmant ox
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Quartz Rim Pad Geometry- 1f the three planar lands which
ultimately interface with the invar magnet structures are eroded or
improperly formed, the outer rim of the fused quartz element wiil
be deformed when the sensor is assembled. This will cause
stress to be transmitted to the pendulous element and again
give rise to bias. This will be especially significant with
respect to the thermal coefficient of bias since the compres-
sive force on the lands will be temperature dependent.

Extensive development and improvement in process-
ing techniques have occurred during the last several years
to reduce effects from the phenomena. Geometry control and
100% inspection of each processed part after chemical mill-
ing has enabled this characteristic to be well controlled as
evidenced from the production bias and bias temperature
coefficient plots in Figure 3.

Sensor/Cover Stress- Results of +lg tumble tests per-
formed on sensor assemblies before and after being assembled into
sensor /fcover housings have shown no significant bias parameter
shifts. Thus, the location and annular symmetry of the

epoxy bridge between the sensor assembly and its stainless

steel cover have been retained.

Mounting Flange Stress- The Q-Flex mounting flange is
flat when machined to drawing requirements. When the flange mount-
ing pads are mechanically lapped to adjust input axis alignment,
improper lapping technique may round off one or more pads uneven-
ly. Then, when the accelerometer is mounted with its hold down
screws, flange warpage strain is transmitted asymmetrically
through the annular epoxy ring. Bias changes with reupect
to torquing sequence and torque magnitude resulted. Sund-
strand developed and implemented an ‘active' axis alignment
technigue as an integral step prior to epoxy application in
the sensor canning operation. This precludes the need to
mechanically lap the mounting flange pads.

LINITED RIGHTS LEGEND
Contract No. Lol = ot Vil

Contractor: , Inc.

Explanation of Limitsd Rights Data Identification Method Used

___Underscoring or
Lined Enclosure

Those portions of this technical data indicated as limited rights data shall not, without written permis-
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Electronics Stability- Servo electronics contributions
to bias and BTC performance errors are an order of magnitude below
the sensor's contributions. The thermal study tests were con-
ducted with 'Harpoon type' transformer pickoff servo hybrid
electronics. A new 'monochip' servo hybrid was developed
and released for production late in 1975. All new
program accelerometer designs incorporate this better per-
forming and more reliable servo hybrid.

The results of the thermal study confirmed the
repeatability of bias parameters through several accelero-
meter remove and remount operations. In order to mount
thermocouples in sensors designated for rapid warm-up exper-
iments, sequential temperature tumble tests were performed
on 'canned' sensors, then on the same sensors after machin-
ing off their housings and recanning in modified housings.
No significant bias parameter shifts were observed.

In conclusion, the influence of external forces on
proof mass bias have been rigorously examined. Corrective
action has been implemented where warranted. The remaining
bias strain contributors appear low level and consistent.

It is recommended that the mechanical structure configura-
tion be held fixed while major proof mass internal strain
contributors are eliminated.

If the stresses transmitted from without the proof
mass assembly are small and contribute low level changes to
performance that cannot be analyzed until the larger error
torques are eliminated, then the source for these large
strains must lie within or on the seismic element.

The following analysis shall show that performance
should be dramatically improved if two of the stress sources

on the proof mass system are eliminated or significantly
attenuated.
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Internal Proof Mass Strain Contributors Discussion

Conductive Epoxy/Quartz Interface- As denoted pre-
viously, a significant bias performance improvement resulting
from the substitution of thermocompression bonding for the four
asymmetrical conductive epoxy: attachments on the proof mass rim
dramatically highlights the degree to which this rigid, high
thermal expansion coefficient adhesive can produce strain in the
low thermal expansion quartz. Now being developed at Sundstrand
Data Control, Inc., is a feasible technique to replace the
last remaining conductive epoxy bonds for the three torquer
coil connections. Two of the bonds connect the torquer
start turn wires to the vapor-deposited gold traces on the
quartz and the third bond is a lap joint at the torquer coil
center-tap. See Figure 27.

One of the Q-Flex accelerometers utilized in this
thermal study program, S/N 10450, was one of eight units
fabricated with a deliberately excessive quantity of conduc-
tive epoxy at the center tap location. The effect was a
bridging of the quartz proof mass and overlap connection to
both coil forms. Comparison of bias thermal hysteresis for
this lot to companion lot units is presented in Table 15.

The present design thermal study test results show
correlation between large bias thermal hysteresis (BTH) and
inferior bias stability. In addition, production sensor/
cover 100% performance screen test data now shows an inter-
dependence between BTH and BTC linearity (BTCL). This re-
lationship was just recently discovered. BTH data as dis-
played in Figure 3 shows that absolute and algebraic BTH
were equal in value until the January 1976 reporting period
when the algebraic mean approached zero. Analysis performed
on the data showed the strong relationship between these two
characteristics.
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Figure 28 shows that units with large positive
BTH have large negative BTCL and negative BTH accompanies
positive BTCL. Minor process changes in assembly techniques,
providing a more consistant but random assembly application
is the probable cause for this performance change. A prime
design objective for reducing BTH and BTCL errors while im-
proving long term bias stability is the elimination of all
conductive epoxy from the proof mass assembly, thus elimina-
ating a major stress contributor on the seismic element.

To accomplish this goal research was initiated in
late 1975 to investigate alternate attachment techniques.
Preliminary results of these company funded experiments have
demonstrated the feasibility of bonding the copper wiie to a
gold ribbon utilizing resistance welding technigues. Samples
of this gold ribbon tab have then been parallel gap we lded
to the vapor-deposited gold traces using a new thin film
bonder. Before experimental hardware can be fabricated new
tooling masks to replace the conductivc epoxy center-tap lap
joint with a vapor-deposited wrap-around gold trace and fur-

ther refinement in the resistance parallel gap weld sched- ;
ules are required.

Coil-Quartz Interface - The second major source of
strain on the proof mass assembly occurs from coil-quartz in-
terface stresses. See Figure 29. Torquer coil to quartz
proof mass attachment was formerly accomplished with rigid |
LCA4 adhesive. Dimensional stability and strength to tolerate
harsh shock and vibration environments are firm design con-
straints. Coupling the aluminum coil form through rigid epoxy
to the low thermal expansion quartz results in strain at all

temperatures except the epoxy cure temperature. This can be
observed in Fiqure 30.
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Figure 29

COIL MOUNTING TO QUARTZ

INITIAL CONFIGURATION: LCA4 EPOXY BOND BETWEEN
QUARTZ AND ALUMINUM BOBBIN.

PRESENT DESIGN: ELASTOMER BOND BETWEEN QUARTZ

AND BOBBIN.

COIL ASSY

“EED

ey

COIL - QUARTZ INTERFACE STRAIN DUE TO THERMAL MISMATCH.

EPOXY
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As test temperature approaches 170°F, the plotted ]
sensor biases approach zero. Figure 31 shows how some,
but not all, of the units relax with 120 hours of -75 to
+250°F temperature cycling such that BTC becomes smaller and
more linear. This is additionally demonstrated in Figurcs
32 and 33 where bias changes radically at -65°F and

gradually diminishes as the temperature approaches thc epoxy
cure temperature.

Figure 34 shows the sensitivity to controlled
guantity and location of the LCA4 versus results from a
trained, but less experienced assembler.

Table 16 compares attachment with a resilient
silastic adhesive, DC3144, to the then standard LCA4 adhes-
ive. Note the dramatic performance improvement for the LCA4
units indicating rapid changes in BTCL, BTH and bias itself.
Smaller changes and a more linear BTC characterize the
flexible coil adhesive. A flexible silicone elastomer
adhesive, DC96-083, is the current standara adhesive, chosen

to provide resiliency, yet be heat catalyst curable for ease
of assembly operations.

parallel to the thermal study testing, a devel-
opment effort has evaluated a sample group of rare earth
magnets. Bias stability for 150 days is plotted in Figure
35 for room ambient shelf storage conditions. Several
of the units were removed from this test on the 82nd day to
support an evaluation of scale factor thermal hysteresis
relaxation. Bias temperature coefficient for the same units
is shown in Figure 36. It is apparent that the units
with the most linear BTC's have the best long term bias
stability, even though they do not have the lowest magnitude
BTC's. Bias thermal hysteresis on the less stable units is

approximately 100 to 200 ug larger than for the best stability
units.
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This thermal study has shown that, for many tomp-
erature cycles, the shape change in the bias polynoial
model 1is small (< lug/°F 1in 29 days). However, when the
wide temperature range desired for rapid reaction is con-

. sidered, such an error is a significant contributor to bias
uncertainty. Thus substitution of a low thermal expansion
quartz or ceramic material for the present aluminum coil
bobbin material will reduce the thermal expansion coeffici-

| ent difference stress at the attachment interface.

The present proof mass design attempts to balance
these coil attachment stresses in that the two torquer coils
have identical 'footprints', are centrally located, and are
mounted opposite each other. To determine the most producible,
least coercive adhesive-coil form material system for the
next configuration of Q-Flex sensor, single coil-proof mass
assemblies will be fabricated. This technique will dramati-
cally exaygerate the thermal strains at the quartz-coil
interface by allowing direct measurement of the effects of
the different adhesives or coil bobbin materials.

vapor deposited thin-film metals put on the proof mass and across

care is taken to match the side-to-side areas by mask dimensional
control, to align the circuits rotationally for symmetry, and to
average the side-to-side thickness by depositing at slow rates

while rotating the reed. Both the magnitude of the stress level

thesized that these same mismatched stresses acting as a force
couple across the flexure thickness are a source of bias
thermal sensitivity.

A company-funded research method, utilizing an
autocollimator, rotatable front surface mirror, reed holder,
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Vapor Deposited Metal-Quartz Interface- Another source
of bias in the Q-Flex accelerometer is the residual stress in the

the flexures for torquer coil leads and capacitor plates. Extreme

and the degree of matching affect the resultant bias. It is hypo-
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and sinagle-side deposited etched reed sample, has demon-
strated reduced stress levels for aluminum and aluminum/gold
depositions as compared to the standard chrome/gold depo-
sition. However, the degree of mismatch is presently thought
to be less than 1%. Based on three times normal deposition,
single-sided deposition measurements, and 1% mismatch, the
bias contribution is estimated at only 60 to 70 ug. 1In
addition, changes to the proven chrome/gold metalization
raise questions as to the thermo-compression bondability aad
possible long term diffusion of aluminum through the thin
film of gold. Softer metals than chrome may exhibit lower
initial residual stress, but may suffer from metalization
creep phenomena (bias trend) or poor adhesion (catestrophic
failure). Due to the possibility of lower reliability and
the small degree of improvement anticipated, it is recommend-
ed that no substitute metal depositions be considered until
major strain contributors have been eliminated or appreciably
reduced. Additional research at a later date may then be in
order to achieve further bias improvement.

Quartz Internal Strain- Internal strain inherent in the

or polishing processes during reed blank fabrication is a possible
source of bias. However, the optical quality fused silica
specified by drawing requirement is certified to have a

striae rating of grade 'A' and reed blank processes are care-
fully pianned to meet and maintain rigid flatness criteria.

The classic stress relief method for this material is total
immersion in hydrofluoric acid. As a reed blank, the part is
totally etched to aid inspection for scratches and the final
flexure trim etch operation involves total immersion. No
additional effort is recommended at this time.

Magnetic Particle Contamination- A source of fixed bias
can be the attraction of a ferrous metal particle contaminant on
the proof mass to the fixed permanent magnet flux field. The
fused silica material purity is evident. Other materials chosen

fused silica raw material or induced by cutting, grinding, lapping,

[N U O —
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for the proof mass assembly have been closely examined for magnetic
properties.  The eoil bobbinsg, clectropolished for deburring
PUrposes prior teo anodizing, aro thereby assured froe oF
contamination. Epoxy mixing and coji

winding operations aro poer-
tormed in laminar flow clean benches,

Finally, sample proof masg assemblies have becen
tested for attraction to magnetic fields with negative re-
sults. No changes are recommended at thig time, except to

verify that any process or material change planned by reviewed
for possib.e magnetic properties,

Elec'rostatic Charge Build Up on Proof Mass- The
unplated quartz bPlanar surfaces of the proof mass have been
shown to build Up a persistent electrostatic charge under
certain conditions. Mirror image, Opposite sign charges

dre attracted to the planar capacitor Pickoff surfaces of

the metal Subassemblies. The resulting electrostatic attractive
force on the proof mass is a source of bias.

The metal part 'groove and slot' modification pre-
vents the formation of electrostatic charge by forcing con-
tact between the proof mass and the metal parts to occur at
the chrome/gold Ccapacitor area. In addition, the sensitivity
to electrostatic charge build-up from any source has been de-
creased by a factor of 200 to 400 by reason of

depth and the reduction in the effect as the square of the
distance.

No changes are recommended at this time. However,
as the major sources of bias are eliminated Or appreciably
reduced, further refinement activity may be warrante
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ludes any part of the portions subject to such
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In conclusion, the improvement in bias character-
iF istics anticipated from the modifications to eliminate con-
ductive epoxy, change bobbin material, and optimize coil at-
tachment w«re shown in Table 17. The recommended changes
appear feasible, are of comparable cost and ease of assembly
and maintair or improve the Q-Flex accelerometer reliability.
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Q-Flex Scale Factor

The scale factor model used in this thermal study

was:
K. (T) = k, + k,T + k T2 + k T3
1 1 2 3 4
Where:
kl(T) = Scale factor model, mA/g

K2 = mA/g/°F

roml

K3= mA/q/°F
om3

K4 = mA/g/°F

The coefficents, k, can be normalized to the scale factor at
0°F and the thermal model given terms of mA/g and PPM/°F as
follows:

K (T) = SFL(L + 10"6(sF2 x T + sF3 x T2

+ SF4 x F2)), mA/g
Where |

SFTC(T)= SF2 +(2) (SF3) (T)+(3) (SF4) (T?) ,ppm/°F

and
SF1 = k,, mA/g
SF, = k, x 108/k,, peM/°F
SF, = ky X 10°/k,, PPM/°F2
sF, = k, x 10%/k;, PPM/°F>

The initial decreasing temperature scale factor polynomial
models for four Q-Flex accelerometers are plotted in Figure
37. The scale factor temperature coefficient is simi-

lar for all Q-Flex accelerometers and provides a character-
istic property with which to discuss Q-Flex performance.

The scale factor temperature coefficient models for the four
O-Flex accelerometers are plotted in Figure 38. The
coefficients for the polynomial models are listed in

Table 18.
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Table 18
Scale Factor Temperature Coefficent Polynomial

For Four Q-Flex Accelerometers

S/N SF2 2 x SF3 3 x SF4

PPM/°F pPM/°F> ppM/°F>
10450 28.3 0.38 . -.00063
20196 23.0 0.26 ~.00084
20204 29.3 0.42 -.00078
20210 39.4 0.30 -.00042

Scale Factor Model Stability

The stability of the scale factor models is deter-
mined by examining the RMS residuals of individual polynom-
jial modelings and RMS residual with respect to the initial
models computed from tests on 11/24/75 and 11/25/75. Also

the temperature coefficient RMS residual with respect to the
initial model is examined.

Models for four accelerometers between 11/24 and
12/23 are available. This data set was taken in conjunction
with minor loop rapid reaction performance tests with the
load resistor hard wired into the test fixture. A sup-
plemental set of data is available on 4/6/76 and 4/7/76.
This data was taken with an alternate resistor which was
measured to within 23 PPM of the original resistor. The
April data does not include modeling for S/N 20196 which had
an incomplete data set due to saturated electronics. The most

reliable data covers the 29 day period for four accelerometers
and will be discussed first.

The individual increasing and decreasing tempera-
ture scale factor models were fitted using 16 points each
(except as noted in tables) and the individual RMS resid-
uals for all the models are listed in Table 19. The
average RMS residual between 11/24 and 12/23 is 36 PPM. This
indicates the short term stability of scale factor with re-
spect to a best fit third order polynomial over the oper-
ating temperature range -65°F to 225°F and also includes
measurement uncertainty errors.
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Table 19
INDIVIDUAL SCALE FACTOR POLYNOMIAL RES/IDUALS
Increasing Temperature Scale Factor Polynomial Residuals (PPM)
T -
S/N 11/24 12/9 12/22 4/6/76
10450 44 30 30 48
20196 39 32 31 -
20204 13 35 35 47
oy i - e
] 20210 40 6 35 38

Decreasing Temperature Scale Factor Polynomial Residuals (PPM)

S/N 11/25 12/10 12/23 4/6/76
10450 28 29 28 72
20196 33 50 30 -
' 20204 41 56 29 a7 |
20210 39 38 30 30

Average RMS Residual for Fits to 12/22 = 36 PPM

Overall RMS Residual for All Fits = 37 PPM {
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The stability of scale factor over 29 days with
respect to the initial models on 11/24 and 11/25 is given
by the RMS residuals listed in Table 20. The weighted
average residual for this period is 50 PPM, larger than the
RMS residuals obtained for individual models to a given data
set. The quantities affecting this total RMS residual for
later data are residuals due to short term modelability,
shift in the scale factor and change in the scale factor
shape. To differentiate the significant contributors to
the total RMS errors over the test periods, the total RMS
value of RMS residuals of scale factor attributed to model-

ability, temperature coefficient and average scale factor
were examined. :

The average scale factor with respect to the ini-
tial scale factor models are listed in Table 21 and have
an average value of -10 PPM for the models on 12/22 and 12/23.
This value is well within the 36 PPM for individual model-
ability. 1In Table 22 the scale factor temperature co-
efficient RMS residuals with respect to the initial models
are listed and the weighted average value for the 29 day
period ending 12/23 was computed at 0.522 PPM/°F. This vari-
ation in SFTC when integrated over the temperature range gives
an RMS error in scale factor of 44 PPM. This is reasonable

since it is comparable to the spread of scale factor about an
individual model.

Table 23 depicts the 29 day stability RMS residual

using upper polynomial shift residual, the shape residual due
to temperature coefficient, and the modelability residual Thez
t°t§11§QS residual, upper and lower, is shown to be ((-1 + 44° +

367) or 58 PPM. This value is comparable to the total resi-
dual originally obtained in Table 19. In the 29 day data it is
clear that the shape contributes the most variation of the
scale factor polynomial model with the short term modelability
the next most significant contributor. Shift in the scale
factor model is essentially negligible. Data analyzed 135 days
after the initial model indicates that the residual due tc change
in the temperature coefficient does not grow significantly
larger. (See Table 22).

The models determined on 4/6/76 and 4/7/76 are well
suited for comparison of scale factor temperature coefficient
because SFTC is a differential quantity independent of the
load resistance. The data is not reliable for determining
average change in the scale factor model since a different
load resistor was used to test the accelerometers. The orig-
inal resistor was built into a test console following the first
set of test and was not available for testing. The average
shift in scale factor models can only be considered to be an
upper limit on stability over 135 days.
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‘Table 20

EXTENDED TEMPERATURE TUMBLE TEST SCALE FACTOR RESIDUALS

Referred

to Initial Model:s

on 11/24 and 11/25

Increasing Temperature Scale Factor Polynomial Residuals(PPM)

S/N H1/24 12/9 12/22 2/6/76
10450 44 46 65 121
20196 39 36 43 ==
20204 43 55 54 100
20210 40 39 42 72

Decreasing Temperature

Scale Factor Polynomial Residuals(PPM)

S/N [1/25 12/10 12/23 4/7/76‘M“ﬂ
10450 46 66 55 141 |
20196 33 59 35 =
2020 42 108 55 124
20210 39 65 44 97

4 Units, 29 days Average RMS Residual;between 11/24 & 12/23=

50 PPM

3 Units, 135 days Average RMS Residual between 11/24 & 4/7 =

105 PPM




QJ Table 71

AVERAGE SCALE I'ACTOR RESIDUALS WITH RESPECT TO

INITIAL SF MODLL

Increasing Temp. Scale Factor Residuals (PPM)

S/N 12/9 12/22 1/6/76
10450 -21 -34 -72
20196 -9 =21 -
20204 -45 -18 -37
b 20210 -4 12 -48

g5 —

| Decreasing Temp Scale Factor Residuals (PPM)
S5/N 12/10 12/23 1/7/76
10450 -23 -21 -87
20196 -29 -10 -
20204 -49 4 -97
20210 -40 12 -86
28 Days Average Residual Change between 11/24 & 12/23,

Hardwired Resistor = -10 PPM

135 Days Average Residual Change between 11/24 & 4/7,
New Resistor = -68 PPM
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Table 272

SCALE FACTOR TEMPERATURL COEFFICIENT RESIDUALS
WITH RESPECT TO THE INITIAL POLYNOMIAL MODEL

UPPER SFTC DPOLYNOMIAL RESIDUALS, (PPM/OF)

S/N I 12/9/75 12/22/75 4/6
10450 .320 a1 474
20196 .318 .571 -
20204 .474 . 684 857
< 20210 * 612 . A57

LOWER SFTC POLYNOMIAL RESIDUALS (PPM/OF)

I s/ 12/10/75 12/23/75 4/7
10450 .336 .164 1.41
20196 .574 .183 =
20204 .514 .513 .768
| 20210 x .358 .780

4 Accelerometers .
. 29 days Average RMS Residual between 11/24 & 12/23 =,522PPH/F

| 3 Accelerometers B
| = 135 Days Average RMS Residual between 11/24 & 4/7 =(.688 PP4/"F)

* Limited data set for modeling.

o
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The individual model residuals for the April data
are included on Table 19 and the overall residual for all
models (excluding S/N 10450 on 4/7/76) was computed to be
37 PPM. The model for S/N 10450 on 4/7/76 was a RMS residual
of 72 caused by 3 points more than +120 PPM away from the
scale factor model. Since such a large deviation of scale
factor data was not observed for any other model throughout
the study, this model is excluded from discussion of the
results over 135 days. .

The RMS residual of the 5 April models relative
to the original model are listed in Table 20 and the average
residual is 105 PPM over 135 days. This value is 55 PPM
larger than the 29 day data mainly due to shift in the scale
factor. The average shift given in Table 21 is -68 PPM and
the RMS residual due to a .688 PPM/°F RMS residual in SFTC
(see Table 22) is 58 PPM. The residual due to SFTC change
increased only 14 PPM between the 29th and 135th day. Thus
the shape of the scale factor model is more stable than would
pbe indicated by the 29 day data.

Total RMS residual over 135 days was calculated to
be 105 PPM. By evaluation of tae indivi95al residuals, the
total is estimated to be ((-68)" + 377) or 97 PPM over the
four and one half month test period.

Scale Factor stability - Minor Loop Data

Scale factor stability data through thermal environ-
ments for Q-Flex accelerometers over 42 days and 100 days at
-65°F, 15°F, 70°F, 145°F, und 225°F are plotted in Figures
39 through 43. As with bias, a straight line was fitted by
least squares to each data set to determine scale factor trend-
ing. The model used was:

ASF(t) = MSF Xx t + ASFo
Where
ASF(t) = deviation of scale factor at time t, in PPM
n Mgp = scale factor stability slope, in PPM per day
t = time since initial test, in days
A;SFO = initial scale factor deviation determined

by least square fit, in PPM

ASF(t) is defined as follows:

ASF(t) = (SF(t) - SF)) x 10

SFo
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Where

SF(t) = scale factor at time t, in mA per g
SFo = initial scale factor at t = O, mA per g

The RMS errors about the average scale factors for

the same 42 day and 100 day stability data are listed in Table
24. These RMS errors are not the RMS errors to the indi-
vidual polynomial fits but rather define the error band

of stability for each accelerometer at each temperature.

The average RMS error is 35 PPM over 42 days and for S/N

20210 over 100 days at 70°F, the RMS error is 36 PPM.

S/HN
10450
29196
20204

20210

Table 24

RMS ERRORS ABOUT THE AVERAGE SCALE FACTOR BETWEEN
-€5°F and 225°F

-65°F 15°F 70°F 145°F 225°F
30 28 28 6 20
32 38 36 12 12
40 11 36 23 27
30 21 39 18 15

Average RMS ERROR for all Accelerometers over
42 days at all temperatures = 35 PPM

RMS ERROR for S/N 20210 at 70°F over 100 days = 36PPM
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The stability slopes at each temperature are
shown in Table 25.

The stability slope of 0.9 PPM per day determined
for the 42 day data is deemed not significant because the
error due to such a slope would be 38 PPM in 42 days but the
RMS value from all error sources for the same period based
upon the model was 43 PPM (See Table 20). In addition,
accelerometer S/N 20210 displays an absolute average slope
of over 42 days of 0.9 PPM per day, making it typical of the
four units measured for 42 days, but over a 100 day time
frame S/N 20210 shows no scale factor trend and has an RMS
error for that period of 36 PPM. See Figure 45. The data
thus gives no convincing evidence of trend over 42 days.

ET3 data for scale factor stability has been pre-
viously discussed in terms of model RMS errors over the en-
tire operating temperature range. Table 26 lists the
stability of scale factor parameters at 0°F for four Q-Flex
accelerometers over various time periods. The pointwise
stability of the ET3 data can thus be seen to be comparable
to the minor temperature loop data.

The RMS errors observed in this data are comparable
to the short term modelability observed for all ET3 data dis-
cused previously. Finally the 42 day data does not show any
systematic change in shape among the four accelerometers.

Scale Factor Stability Conclusions

The following conclusions are obtained from the ET3
data and minor loop data.

1) Short term modelability of the Q-Flex scale
factor is better than 40 PPM,

2) The scale factor temperature coefficient is
stable to better than .7 PPM/°F over 135 days.

3) The temperature coefficient stability is in-
fluenced significantly by the inherent model-
ability of scale factor and does not appear to

have major impact upon rapid reaction perform-
ance.

4) Scale factor stability was bounded below 0.5
PPM per day over 135 days by the study data.




Table 25
SCALE FACTOR STABILITY SLOPES BETWEEN

-65°F and 225°F

OVER 42 DAYS

| s/N | -65°F 15°F 70°F 145°F 225°F

} 10450 -.10 -1.4 =154 .04 1.1
20196 =, -1.5 ~1.2 .02 -.8

‘ -
20204 +1.7 -0.2 ~0.5 1.4 .8
20210 +1.4 -1.1 -0.8 1.0 -.4

Absolute average slope for all sensors over
all temperatures is 0.9 PPM per day.

Slope for S/N 20210 at 70F over 100 days is
-.03 PPM per day.
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5) It should be noted that the ability to model is
very much dependent upon the ability to accur-
ately measure the steady state temperature for
each data point. Since the average scale factor
temperature coefficient is approximately 50
PPM/°F, a 0.5°F measurement error would result
in a 25 ppm deviation from the true reading.

To overcome this sensitivity the torquer coil
was monitored and data corrected to + 0.1°F of
the measured reading. An error analysis of this
measurement indicates that temperature is, how-
ever, only accurate to 0.5°F RMS. Thus, as
noted above, data can be counted as a probably
worst case error.

Q-Flex Scale Factor Thermal Hysteresis

Background- All Q-Flex accelerometers exhibit posi-
tive scale factor thermal hysteresis. That is, the scale
factor following a hot soak is smaller in magnitude than that
before hot soak at all temperatures within the operating range.
Prior to this study scale factor thermal hysteresis was only
measured at room temperature for thermal cycles between 225°F
and -65°F. For individual ~ccelerometers the value of scale
factor thermal hysteresi: - ier these conditions has been
demonstrated tc be very r« - itable.

This study has significantly modified the knowledge
of SFTH phenomena. During this study program SFTH was measured
over numerous ambients and temperature cycles within the op-
erating temperature range. The shape of SFTH over the temper~
ature range of -65°F to 225°F was modeled with a third order
polynomial. SFTH was modeled as a function of temperature
cycle extent and cycle center and the minor loops were demon-

strated tn fall within the major loop thermal hysteresis
envelope.

109




Scale Factor Thermal Hysteresis Models and Relative
Minor Cycle Thermal Hysteresis- Filgures 46 through 49
show the SFTH models and three minor temperature cycles of
four Q-Flex accelerometers. The dashed lines are one sigma error
bands about the models. The dome shaped SFTH curve is co-
incident with the decreasing temperature scale factor model.
The SFTH models include effects of scale factor relaxation to
be dicussed in the followlng section. 1t is noted that the end
points of the thermal hysteresis models at -65°F and 225°F
do not converge on zero as would be expected for a closed
hysteretic cycle. The SFTH models thus form a peak to peak
error band into which all thermal cycles fall. It was found
that this non-convergence of loop ends was due to scale factor
decreasing due to hot soaks and indeed, as a test design
requirement, all accelerometers dwelled at 225°F for up to
12 hours between increasing and decreasing modeling runs.

cale Factor Thermal H steresis versus T,, and AT-

]
Figures 50 and ] show the scale factor g

thermal hysteresis of
Q-Flex accelerometers versus AT and T,.. Table 27 gives

the models' coefficients and Figure 52 shows the average scale
factor thermal hysteresis bands versus AT and Ty.

The SFTH models versus AT and T, fall into a family
of curves and show less variation among accelerometers than the
BTH models. This indicates that there is a well behaved
driving force behind SFTH which is probably related to struc-
ture and materials rather than assembly methods. SFTH is a
strong function of AT and a weaker function of Ty
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Table 27
SFTH vs AT & Ty Modeling
SFTH VS AT at T = 80°F
10450 20196 20204 20210
1.29 1.53 1.88 1.83
4 55 -48 -42
SFTH VS T, at AT + 80°F
10450 20196 20204 20210
.482 .649 .606 .497
38 6 20 26
117

ABS Ave
1.63

31

ABS Ave

.559

23

Ave

1.63

-29

Ave
.559

23
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The average SFTH versus AT shows that SFTH is zero for AT=+
20°F. If scale factor relaxation accounts for 50% of SFTH

then the average SFTH is less than 100 PPM for AT = + 140°F at
80°F.

Scale Factor Relaxation

Analysis of stability data obtained from rapid re-
action performance tests disclosed a correlation between time
since hot soak and scale factor deviation from a reference level.
This phenomena had not been detected in any previous testing
because scale factor stability tests were always performed at
regular time intervals before and after hot soak. Usually, sta-
bility following hot soak is measured as soon as the accelerometer
is stable or about 1 hour following hot soak.

To evaluate this new discovery about thermal hysteresis,
specific tests were conducted to confirm that scale factor relaxes
over a finite period following exposure to hot and cold tempera-
ture extremes. Bias was also measured in these tests to verify

its stability following temperature extreme exposures. The tests
confirmed the following:

1) Scale factor relaxes up to 300 PPM during the 100
hours following hot soak at 240°F + 10°F. The
time constant for the relaxation phenomena is less
than 40 hours.

Scale factor does not relax following cold soak at
-70° + 10 °F for soaks up to 2 hours.

Bias is stable following both hot or cold soak.

Scale factor relaxation contributes up to 63% of
the observed scale factor thermal hysteresis.

!
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An explanation of scale faclor relaxation data and analysis follows.

Figure 53 shows the initial data showing scale factor re-
laxation and bias during the same experiments. The accelerometer,
S/N 20210, was hot soaked at 240 + 10°F for 1 hour and then both
unit and chamber temperature were returned to ambient and stabil-
ized at 70 + 1° F. The scale factor and bias were measured during
the following 90 hours after the initial stabilization at 70°F.

The hot soak and measuring process were repeated several times to

obtain additional data. The same scale factor and bias reference
levels were used for all runs.

The scale factor deviation, ASF, versus time was
modeled to an exponential:

ASF = ( ASF ) ( exp( -Y/7 ))

A semi-logorithmic plot of this function is a straight line:
Lnl ASF) =Ln ( ASF)) - t/y
Figure 54 shows the semi-log plot of the first relax-

ation data. The values of ASF_ and <« as determined by
least squares curve fitting were:

ASF0 -240 PPM

T

Li}

32.8 hours

The correlation coefficient of the least squares fit was -0.9.

(A coefficient value of +1 indicates a one to one correlation be-
tween the dependent and Independent variables of the data set.)
This data quantitatively confirmed that scale factor relax-

ation occurred in the accelerometer.

LIMITED RIGHTS END
contrect No. F33615-75-C~-1281

Contractor: Sundstrand Data Control, Inc.
Explanetion of Limited Rights Data Identification Method Used

Lined Enclosure

Those portions of this technical date indiceted es limited rights dete shell not, without written permis-
sion of the above Contractor, be either (e) used, released or disclosed in whole or in part outside the
Government, (b) used in whole or in part by the Government for manufacture or, in the case of computer
software documentation, for preparing the same or similar computer software, or (c) used by a perty other
than the Government, except for: (i) emergency repair or overhaul work only, by or for the Government,
where the item or process concerned ia not otherwise reesonably available to enable timely performance of
the work, provided that the release or disclosure hereof cutside the Government shell be made subject to
a prohibition egainst further use, relesae or disclosure; or (ii) release to a foreign government, as the
interest of the United Stetes may require, only for information or evaluetion within such government or
for emergency repair or overhaul work by or for 'such government under the conditions of (i) above. This
legend, together with the indicetions of the portions or this data which ere subject to such limitetions

shall be included on any reproduction hereof which includea eny part of the portions subject to such
limitations.

120

s e T

P s ——




o et |

Figure 53
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The scale factor thermal hysteresis by definition is '
positive for all Q-Flex accelerometers and thus the scale |
factor is smaller at a given temperature following hot soak
than before hot soak. 1If secale factor is stable after hot
and cold soak, the scale factor thermal hysteresis would be
independent of the time since either soak as shown in Figure
55. If the scale factor following hot and cold soak is
unstable, then the thermal hysteresis would vary with the time
as shown in Figure 56. It is therefore obvious that scale factor
relaxation contributes dramatically to thermal hysteresis and

makes it a function of time following exposure to temperature
extremes.

Additional relaxation tests similar to the initial
test were conducted on three additional Q-Flex accelerometers.
- They were soaked at 70° + 10°F as well as 235° + 10°F for 2
hours instead of 1 hour.” Scale factor deviation about a
reference level during 100 hours following the soaks were
modeled for relaxation to show the time dependent scale
factor thermal hysteresis. Bias was also measured and
modeled to show thermal hysteresis.
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.l Figures 57 through 59 show the scale factor results.

No relaxation of appreciable amplitude was observed following

cold soak. The scale factor data following cold soak suggests

a relaxation process but the data did not fit an exponential
relaxation model with sufficient statistical significance to
justify predicting relaxation following cold socak. The
correlation coefficients for the cold soak data were less than 0.5.

Following hot soak the relaxation amplitude ranges
between -178 and -240 PPM and the time constants range be-
tween 13.5 and 15.6 hours. It is apparent from the plots
that the scale factor thermal hysteresis is largest at time
0.0 and decreases to a constant, finite value after three time
constants. The relaxation process contributes up to 63% of
the time zero thermal hysteresis for these three Q-Flex
accelerometers.

The bias following hot and cold soak are shown in
Figures 60 through 62. The bias thermal hysteresis
for the three accelerometers ranges between -180 ug and +263

ug. Note, although hysteresis is large, no bias relaxation is
- observed from these units.

In an attempt to understand the phenomena that contribute
to the relaxation, hysteresis and stability effects on the scale
factor coefficient and also the contributing error sources for the
scale factor thermal coefficient, an analysis of scale factor is
presented.
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m‘ Scale Factor Theory and Design Considerations

The value of scale factor has been derived theoretically |
to better than 10% at room temperature. The theoretical eqguation
for Q-Flex accelerometer scale factor is !

4 |

P x 10 Cl |
Ky = i/a = B. L r - TB_N
g w'f g
where
K1 = scale factor, mA/g
P = pendulousity, gm - cm
- Lw = total coil length in flux field, cm
re = effective lever arm for air gap flux, <m
- Bg = air gap flux density, gauss
o i = force coil current, amperes
Cl = geometry constant
- N = torque coil turns

This is the expression for total scale factor. It is
important to note that the scale factor is, in fact, the result of
two nearly identical magnetic and mechanical structures operating

in series. Therefore, the product of coil length and flux gap
density in detail is:

Bg Lw = BL lL = Bu 1u
- where
Bg TR Coil length - gap flux density product
- Bu Lu = Coil length - gap flux denisty product for
upper structure
! - BL 1L = Coil length - gap flux density product lower

structure

. s The flux density in the air gap (B_) or the field strength (H ) in
the air gap are given by the folloaing basic formulae: 9

H

| L

| - | B I dm

] Bg b dAl'l'l and H g = TFTI
| ! FAq g

1 133




— e |

Bg = air gap flux density, gauss

Bd = magnet induction level, gauss

Am = magaet cross sectional area normal to flux direction,
cm

£ = reluctance factor

Ag = Cross seitional area of air gap at right angles to
flux, cm

Hg = demagnetizing force of magnet, oersteds

Lg = 1length of air gap parallel to f'ax direction, cm

F = leakage factor

L, = magnet length parallel to flux direction, cm

The scale factor temperature coefficient is inversely
proportional to the temperature sensitivity of the air gap flux

density, B_. The air gap flux density as a function of temperature
can be exptressed as:

(MMFm) (1L + cxm T)

B =
9 a R (L+4 O _T) + R (1+ A, T) +R(L + AT
g ( g( g ) J( 3 ) l(. i ))
where:
MMFM = magnet mangetomotive force, gilberts
Rg - _Eg = air gap reluctance, c:m-l
A
g9
L. . -1
Rj = J = reluctances of epoxy joints, Cm
AL
L,J ) : -1
R, = i = reluctance of invar return path, cm
i
e Ohgr A ,o(i = temperature sensitivity coefficents of
9 ] the magnet, air gap, epoxy gaps and
invar that effect the air gap flux
density, ppm/°F
T = operating temperature, °F




-

The temperature differential is:

dB R_+ R. + R, MMF X - (MMF R + R.O{. + R, A,
- (R + Ry o+ Ry) (MMF) X (MMF_) (R &4+ Ry + R; &)
dT 5
A (R_+ R. + R;)
g g J 1
where the operating point flux density, B_ , 1is
MMF %o
B = m
90 A (R. ¥+ R, ¥+ R,)
g 9 1 J
Combining Equations expressing Bg and ng gives:
o dT
MMF .
1 dB - K- R - j O(J_MMF o 5
Bg dT MMFm MMF

This equation describes the air gap flux density tempera-
ture sensitivity. The air gap temperature changes give rise to
the accelerometer scale factor temperature coefficient.

The general equation defines the four elements that to- |
gether give rise to the scale factor temperature sensitivity, the
magnet temperature coefficient, the dimensional temperature change
of the air gap, the dimensional temperature change of the epoxy
joints, and the permeability temperature change of the invar return
path. The air gap change with increasing temperature causes the
field strength in the air gap to increase while the three other
effects cause a decrease in scale factor.

The general equation for scale factor tem'::rature coef-
fient, SFTC, is as follows:




w

sy

where:

D = magnet diameter, cm
L_ and Lp = length portions of the magnet and pole piece
La = total axial length of the gap normal to the
flux, cm
Xi = linear coefficient of thermal expansion of
Invar ppm/°F
XiL, = linear coefficient of thermal expansion of
J epoxy ppm/°F
va = Volumetric expansion coefficient, ppm/°F
Lj = length of epoxy gap parallel to flux, cm
A. = Ccross sestion area of epoxy joint normal to
] flux, cm
H, = field strength in invar structure, oersteds
L, = path length of invar parallel to flux, cm

The quantity & m or magnet temperature coefficient is
a function of the magnet flux density-field strength ratio, Bd/Hd
and the magnet length to diameter ration, Lm/Dm.

Analysis and empirical testing has allowed these

sensitivities to be accurately estimated. For example, at 110°F,

the thermal coefficients have been described and are depicted in
Table 28.

Table 28

STRUCTURE TEMPERATURE SENSITIVITY COEFFICIENTS

MAGNET INVAR EPOXY AIR GAP TOTAL
GAPS
+49 +35 +1 -28 +55

NOTE: Coefficients in ppm/°F
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To reduce the thermal coefficient of expansion, tech-
niques such as magnetic shunts have been employed. 1In addition,
Sundstrand has demonstrated the capability to reduce this coef-
ficient dramatically using its own proprietory, negative tempera-
ture coefficient thin film resistor network. The voltage scale
factor temperature coefficient on these units is less than 15

ppm/°F over a 160°F temperature range . All these approaches, however,

add networks which increase cost and probably reduce stability by
the addition of a new material or process. Another approach is
being pursued which attacks the fundamental magnet coefficient
characteristics. This technique would minimize cost and enhance
reliability by not having additional hardware added to the struc-
ture. This proprietary approach has just becen funded under a
MICOM research and development program.
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Scale Factor Stability Design Considerations *

The long term stability of scale factor is determined
by the two Alnico IX magnets which produce the magnetic gap flux
density. The Alnico IX magncets used in the O-Flex accelerometer
are characterized by a uniaxial anisotropic structure, with rod
like domains of magnetic precipitate of high saturation magnoti-
zation imbedded within a matrix of lower magnetization. These
regions are aligned parallel to a magnetic ftield which ig applied
during the anncaling process and are on the order of 100A in width.
As a result of the small size and elongated shape of the Alnico
regions, the magnet is devoid of Bloch walls and does not suffer
from easy magnetization reversal due to motion of these walls.
The size and shape of the precipitate regions in the Alnicos are
responsible for their superior stability and why they have been
chosen for the Q-Flex sensor design.

Following magnetization the precipitate regions find
themselves in a self-demagnetizing field and this situation is
maintuained for long periods of time. The self-demagnetizing field
is not constant but contains a component called the Néel Field
which fluctuates with time due to external conditions such as
temperature changes, stray magnetic fields, and mechanical shock.
The Neel Field varies exponentially as shown in Figure 63.

The dominant process for magnetic reversal in Alnico IX
is buckling of the precipitate regions following magnetization.
To reduce this process and therefore improve the scale factor
stability of the Q-Flex sensor, the magnets and sensors are arti-
ficially aged. By subjecting the magnets to magnetic reversal
and temperature cycling immediately following assemlby, the mag-
nets can be artificially driven down their natural stabilization
curve to a region where the dB/dT slope is essentially zero.

The effect of articial aging is shown in Figure 64. The subas-
sembly processing to accomplish the articifial aging is as fol-
lows. Non-magnetized Alnico IX magnets are mounted into upper and

lower stator. The magnets are individually magnetized to satura-
tion and the sensor is assembled.

Following assembly on AC current is applied through the
torque coil which reduces the scale factor 5% to 15% by knocking
down the magnetization of each magnet. The knockdown effects
those regions in the magnet which are unstable and would be suscep-
tible to the Néel Field over long periods of time. Following

Technical information and graphs have been condensed
from Permanent Magnets as Precision Instrument Elements,

W. L. Zingery, Autonetics, Downey, California. August,
1962.
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Figure 6%
UNTREATED ALNICO STABILITY
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Figure G 4
NMATURAL AND ACCELERATED AGING OF ALNICO MAGNETS
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knockdown the sensors are mounted into their sensor cover assemblies
and thermal cycled for 96 hours between -65°F and 255°F (approxi-
mately 24 cycles). This thermal cycling removes the remaining non-
reversible magnet changes and stabilizes the magnets at their
final operating points.

In addition to these sensor processing techniques, the
O-Flex scale factor stability is insured by completely surrounding
the magnets in Tnvar which shields them from external magnetic
fields. The magnets also have opposing magnetic fields so that
the torque coil magnetic field alternately magnetizes and demayg-
netizes the magnets in plus and minus acceleration.

Design Factors Affecting Scale Factor Thermal Hysteresis

Scale factor thermal hysteresis, as now understood, con-
sists of a fixed non-reversible change in the flux field geometry
and a time dependent change which has a significantly long time
constant. This newly acquired knowledge strongly suggests elastic
meterial property changes, probably due to thermal stresses de-
veloped within components in the magnetic structure. To examine

factors contributing to SFTH, the following possible errors souces
were examined:

1) Magnet thermal hysteresis.
2) Variable, non-reversible change in the magnetic gap.

3) Variation of torque coil geometry and position.
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Magnetic Thermal Hysteresis- The thermal cycling of a
magnet can be viewed as operating the magnet on a minor hysteretic
loop because the self-demagnetizing field seen by the magnetic do-
main varies with temperature. However, scale factor thermal
hysteresis due to this effect is not considered likely for several
reasons. First, several types of magnet materials with signifi-
cantly different material properties, including rare earth magnets,
have been used to fabricate Q-Flex sensors and all have shown no
significant difference in SFTH. Second, other manufacturers of
sensors similar to the Q-Flex and using identical stabilization
processes and magnetic material do not report scale factor thermal
hysteresis in their sensors. It, therefore, is concluded that
the SFTH observed in the Q-Flex sensor is due to the physical pro-
cessing and mechanical geometry of the mechanical structure.
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Magnetic Gap Geometry- The most likely cause of scale
factor thermal hysteresis 1s the high sensitivity to variations of
the maganetic gap geometry. Figure 65 shows a conceptual view of
the gap flux density. Field mapping has indicated that there is a
significant gradient flux field in the upper gap of the present
Q-Flex design. The magnitude and direction of flux in this portion
of the gap is very sensitive to variation in the position of the
pole piece and magnet with respect to the Invar return path
structure.

Data to support this thesis came from a company funded
activity during the 1976 time frame.

- To study the sensitivity to axial positional changes in
the magnet-pole piece geometry with respect to the Invar return
path, the epoxy material coupling these components was changed.
The existing system uses the low thermal expansion coefficient
LCA4/LV epoxy. This system was chosen to minimize the thermal
stresses developed between the Alnico IX magnet and the Invar
structure. The glue line for this system varies between 0.001

- and 0.002 inches per joint.
« A sample of nine :nits was fabricated using an extremely
sl - thin glue line material. The epoxy gaps at the pole piece-magnet

interface and magnet-Invar structure interface were less than 200
micro-inches each. If positional displacement occurred due to

: epoxy creep then one would expect reduced thermal hysteresis with

the thin glue line material. The production temperature tumble

test data from these units are presented in Table 29. The table

also presents a comparison of scale factor thermal hysteresis from

- the current production build. The improvement observed has statisti-
cal significance at the 95% level.

LIMITED RIGHTS LEGEND
Contrect No. =7 f=C=

Contractor: a control, Inc.

Explenetion of Limited Rights Data Identification Method Used ™
- Underscoring or -

r Lined Enclosure

oy

Those portions of this technicel date indiceted es limited rights deta shell not, without written permis-
, = sion of the above Contrector, be either (s) used, releesed or disclosed in whole or in part outside the
. Government, (b) used in whole or in part by the Government for manufecture or, in the case of computer
softwere documentation, for prepering the ssme or similar computer software, or (c) used by a party other
than the Government, except for: (i) emergency repair or overheul work only, by or for the Government,
where the item or process concerned is not otherwise r.asonably eveilable to enable timely performance of
the work, puow.ded thet the releese or disclosure hereof outside the Government shall be madc subject to
a prohibition ageinst further use, releese or disclosure; or (ii) releese to e foreign government, es the
| interest of the United Stetes may require, only for information or evaluetion witliin such governmeant or
for emergency repeir or overhaul work by or for such government under the conditions of (i) above. This
} legend, together with the indications of the portions of thie dete which ere subject to such limitetions

i shall be included on eny reproduction hereof which includes any part of the portions subject to such
{ limitations.

! - 143




| nlathil
il
il |
, HETHE
A il
i,'iiili E;E
| it
AR i :
'h'l !!!h ]
i) :!":: & A
lli ==1" 1" =
hilmi = / : g
ity 9 8 3
i l’sll'iiii
il |
s
. |-
B
A
[ = s |
“ ~
‘ o -
5 ( ‘ - l : o
lg 4 L J ‘1‘
v F L.t E
Loz !
&
| g
l fx Z 5
} 9 - ‘
E i
Z
| ¢ \ |




e e T - ; e

The data thus qualitatively demonstrates the folloW$Qgi |

1) The magnetic gap gecmetry is extremely soniitive | R,
to relative axial displacements of the magnet
gt and the Invar return path. e
' 2) The existing epoxy system does exhibit a non- i e

reversible dimensional change after thermal cycling.

To obtain better quantative data and a further under-

standing of the property dynamics at the structural interface,
| additional tests are required.

| TABLE 29
SCALE FACTOR DATA |
THIN GLUE LINE SENSORS
S/N SCALE FACTOR SCALE FACTOR
- THERMAL j
(ma/qg) HYSTERESIS
- (ppm) i
— = ey |
- 2290-1 1.148243 26
2290-4 1.182294 56 |
2290-5 1.125500 144 ;
= 2290-7 1.205206 18 !
2290-8 1.145382 96 .
= 2290-9 1.211581 42 !
e _ 2290-10 1.87360 229
. 2290-11 1.174279 119
2290-12 1.120250 -20
} - AVERAGE 1.166677 79
AND
STANDARD {+.033307 +77
DEVIATION
CURRENT 1.2802 189
PRODUCTION
- +.0401 +107
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Variation of Torgue Coil Position- If large gradient
flux fields exist in the magnetic structure then axial and radial
displacements of the torque coil in the gap must be another signi-
ficant error contributor. As has been noted, both of the torque
coils are mounted on the quartz element using a low stress

- elastomer to reduce bias and bias temperature coefficient. This
elastic isomer may allow a non-reversible variation of the torque
coil within the magnetic gap flux field. This can contribute to
SFTH 1f the gap flux density is not symmetrical about the middle I
of the torque coil. As the torque coil moves through a gap field
with a horizontal or vertical gradient, a net change in the fluyr ‘
density coil length product would occur and a resultant scale
factor change would be measured. Under a parallel performance im-
provement program within Sundstrard, tests to evaluate radial dis-
placements were completed in early 1976. Three sensors were
tested in their "C" clamp closing tools prior to "belly banding".
In this configuration controlled radial displacements of the |
proof mass assembly with respect to the magnetic structures could
be accomplished. Tests were performed to measure proof mass radial |
sensitivity along the pendulous axis of the sensor. The results
of this test demonstrated a significant sensitivity to radial mo-
tion which could not be explained by positional displacements of
a non-gradient flux field. The radial displacement sensitivity

along the pendulous axis was measured at approximately 4 ppm/ per
micro-inch.

Conclusion- This data in conjunction with the thin glue
line experiment results indicate a very large flux gradient field -
exists within the magnetic gap. The time dependent hysteretic
effect can now be explained by slow relaxation or creep on either
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or both the coil-quartz interface material and/or pole piecce-
magnect, magnet-Invar interface epoxy. The fixed hysteretic be-
haviour is again believed to be associated with fixed displace-
ments within the air gap due to bonding material characteristics.
To reduce the susceptability to micro-inch motion within the
sensor, a structural modification as shown in Figure 66 is pre-
sented. The step in the Invar return path should concentrate and
linearize the flux towards the middle of the gap. By reducing
the flux gradient field of the upper gap, scale factor thermal

— e el

|

hysteresis should be dramatically improved. The shape and geometrﬁ

of this modification will result from further flux field mapping
experments,.

Another modification that will be examine is the change
from thick glue line material to a thin glue line material in the
magnetic structure. In addition to reducing the axial displace-
ment sensitivity, the epoxy gaps acts as reluctance in the mag-
netic circuit. A 0.002 inch glue line in the magnetic circuit
causes approximately a 6% loss in flux density in the air gap.
This effect can be seen in Table 29 by comparing scale factor
data from current production and the thin glue line units.

With the incorporation of a more linear flux field and
a thin glue line structure the average thermal hysteresis of

scale factor should be less than 25 ppm for the family of Q-Flex
sensors.
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SECTION IV

RAPID WARM-UP PERFORMNCE

Goals

The general objective of the rapid warm-up tests
was to obtain a description of the accelerometer output

current characteristics in a rapidly changing thermal environ-
ment.

The ultimate goals were: (l) to extract the dominant
driving forces for the current scale factor and bias transients
from temperature measurements taken at specific test locations
inside the Q-Flex sensor assembly during dynamic temperature
environments, and (2) to uniquely assign each of the physical
driving forces to its source of origin in the Q-Flex structure.

The immediate goal was to find the ideal location for
a temperature sensor somewhere inside the Q-Flex mechanism
which would exhibit a temperature characteristic that corres-

ponded to the simultaneous output current in the most effective
way.

More spmecifically, the ideal sensor location is de-
fined by its unique property through which its instant
temperature is related to the simultaneous output current of
the unit. This instant, measurable temperature at any point
in time has the same relationship to the output current during
a dynamic temperature environment, as it has for the unit in

a static temperature environment at the same thermal sensor
temperature.

This ideal location provides valid temperature-out-
put current data regardless of the particular arrangement
of the heating system and the particular conditions of warm-
up rates, and final, stationary temperature distributions
across the internal structure of the Q-Flex mechanism.

In search of this ideal point, the accelerometer
was tooled to accept several thermocouples that were embedded
inside the sensor assembly at characteristic locations
specifically selected for their projected effectiveness.

In addition to the thermocouples the electrical re-

sistance of the torque coil was utilized to provide tempera-
ture measurements at the very heart of the instrument. Any
other extraneous sensor would have been hard to fit with-
out distortion of the sensor parameters and disturbance of
the thermal environment in the vicinity of the sensor.

The test findings present the dynamic temperature
characteristics of the output current as they relate to the
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immediate program goal of disclosing the ideal sensor loca-
tion. As a by-product of the underlying tests, the temporal
temperature gradients and thermal time delays between struc-
tural sections of the mechanism are made visible in the test
data and graphs supporting this investigation.

RAPID WARM-UP TESTS
Test Description

The transient thermal response of the Q-Flex sensor
output and temperature upon application of constant heater
power was chosen as the most convenient method of measuring
rapid warm-up performance. The method simulates the rapid
warm up conditions eéncountered in temperature controlled,
fast reaction guidance systems. Typically a large power
input is applied to bring such a system to operating tempera-
ture followed by heater cut back to maintain that temperature.

A typical heater power program for a rapid warm
up experiment or 'Heat' jis shown in Figure 67. a hypo-
thetical temperature response of the accelerometer output
current is also shown and events in the experiment are
identified. This pParticular type of warm-up program is con-
venient because the theoretical modeling consists of a
linear system response to a temperature ramp.

The accelerometer output current and torque coil voltage
were measured at 20 second intervals. The chamber temper-

Q-Flex Sensor Instrumentation

Five copper-constantan thermocouples were imbedded
in the Q-Flex sensor/cover assembly to measure the tempera-
ture distribution and identify the heat flow paths within the
structure. As shown in the cutaway drawing Figure 68

flange. The thermocouple beads were less than .025 inch
diameter and formed from: .010 inch diameter insulated wire.
The beads were potted into holes .050 inch diameter deep
using thermally conductive epoxy. Heat shrink tubing
and thermally insulating eépoxy were used to attach and
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Figure 67

A TYPICAL RAPID WARM-UP
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stress relieve the thermocouples. This mounting, as shown

e for a fully instrumented accelerometer in Figure 69, pro-
vided adequate durability and temperature me :surement
capability throughout the series of rapid warm-up tests.
In addition to thermocouples, the torque coil voltage and cur-

rent were measured and the torque coil resistance modeled
versus temperature.

Inertial grade accelerometers with Harpoon trans-
former type servo hybrid electronics were used in the rapid
warm-up tests. Performance was measured before and after
instrumentation. No performance degradation occurred as a

result of machining and reassembly of the sensor/cover
assemblies.

Rapid Warm-Up Apparatus

The rapid warm-up fixture is pictured in Figure
70. The accelerometer was mounted on an aluminum block heated
by four 40 watt strip heaters. The accelerometer and block
are insulated from the chamber and from the tumble test
dividing head by a phenolic plate. Flange warm-up rates to
A 90°F per minute starting at -65°F were achieved with this fix-
3 ture. The accelerometer could be calibrated or tested in the
plus or minus lg position.

] The five temperatures within the sensor were
measured every thirty seconds on a multichannel temperature
recorder. Torque coil voltage and output voltage across in
external load resistor were measured with separate digital

= voltmeters. Chamber temperature was maintained within +1°F
of the initial temperature. Up to 160 watts were applied to
the heaters to warm up the accelerometer at various rates.

. Since the resistance of the heaters varied less than 5% be-

tween -70°F and 250°F, nearly constant heater power input was

maintained by simply setting and monitoring the heater power
supply voltage during warm-up. The power versus time programs
used for the high and low warm-up rate experiments are shown
in Figure 71. The warm-up fixture had adequate thermal
insulation and sufficiently small heat capacity so that the

- accelerometer flange temperature was very nearly a straight
line ramp over a major portion of most warm-up profiles.

~ Rapid Warm-Up Data Reduction

| The result of the Heat experiments was a plot of
+1g or ~1lg output current versus temperatures at six points
in the sensor as shown in solid lines in Figure 72, which is
a hypothetical plot of results. The dotted line in Figure

72 is the static temperature output current obtained in normal
' - temperature tumble testing.
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Figure 72

HYPOTHETICAL RAPID WARM UP OUTPUT VERSUS TEMPERATURE
AT & LOCATIONS WITHIN Q-FLEX SENSOR

OUTPUT mA/g

b

b

. 330 —
STATIC
- 325 OUTPUT
RAPID WARM
.320 — UP OUTPUT
. 315~ >
.310—
| ! [ ]
-60 80 120 180 240

TEMPERATUNKE, °F

157

T P et emect sty oty s sy

%

SN



o

Note that because each location within the sensor has a parti-
cular time constant, the time base is slightly different for
cach curve as shown by the tick marks for multiples of

a unit of time, t. Temperature versus time is shown in Figure
73. An ideal temperature sensor location would provide an
output versus temperature plot under most rapid warm-up rates
similar to the static output characteristic. This behavicr

is reported for the rapid warm-up experiments in plots similar
to Figure 72, that is, the ent’re output characteristic for
static as well as rapid warm-up conditions. An alternat=
method used to report resultits is called the difference func-
tion for rapid warm-up response.

The difference function is used to report empirical
results and is derived theoretically. It is defined as the
difference function, D(T) in PPM, between the static and rapid
warm-up characteristics:

T) - IS(T)

I { IS
D(T) = RW x 10

I
o

Where:
D(T)=Difference function as a function of
temperature T

IRW=Rapid Warm-Up output current at temperature
T

IS(T)=Static output current at temperature T
O=Reference output current

In Figure 72 the difference functions for hypothetical

curves 1 through 6 are negative with curve 1 having the largest
value at all temperatures. These difference functions are
plotted in Figure 74. The difference function gives the error
between predicted static output current and rapid warm-up

output current. Since a system for temperature compensation
will be based upon the accelerometer's static temperature output
characteristics, sensor location having a minimum difference
function is mandatory.

The rapid warm-up current versus temperature
results were obtained by correlating plots of temperature
versus time and output versus time for each temperature sensor
location. The initial temperature or zero time output cur-
rent was normalized to the static output current at that
temperature. Scale factor and bias shifts between tests
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Figurr 73
TYPICAL TEMPERATURE VERSUS TIME PLOT FOR 6 LOCATIONS
WITHIN A Q-FLEX ACCELEROMETER
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Figure 74
HYPOTHETICAL D(T) FOR & LOCATIONS
WITHIN Q-FLEX SENSOR
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were eliminated from the data by a tumble test immediately
prior to rapid warm-up. The initial temperature at all
sensor locations was normalized. The temperature versus time,
output versus temperature, and difference functions versus
temperature are used to report results.

EXPERIMENTAL RAPID WARM-UP RESULTS

The rapid warm up experiments included high and
low warm-up rate tests. Flange temperature rates ranged from
0 to 89°F per minute in these tests. Although data collection
was hampered by fast changes in output current and sensor
temperatures, the high rate experiments provided a worst
case environment in which the driving forces behind rapid
warm-up performance were accentuated. Large temperature
gradients over the sensor occurred during rapid warm-up,
allowing heat flow path to be identified. The high rate
experiments cover the major portions of the Q-Flex tempera-
ture range. Initial ambient temperatures were 0°F and -60°F
and final flange temperatures were between 200°F and 240°F.
Accelerometer performance degradation and reliability were
also tested under these worst case conditions. Tests at rates
below 13°F per minute were also performed to demonstrate
performance in conditioons similar to those encountered in
uncontrolled temperature environments.

Slow Warm-Up Experiments

A Q-Flex accelerometer, +lg output current was
measured under slow warm-up conditions. The initial temper-
ature was 0°F and the initial flanye temperature rates were
8.0°F per minute and 13.3°F per minute during the first 5
minutes of warm-up (experiments A and B). The final flange
temperatures after 60 minutes were 83°F and 120°F at the ac-
celerometer mounting flange and 89°F and 122°F at the torque
coil. Experiment B had the higher initial warm-up rate and
higher final temperature. A plot of flange temperature
versus time for these experiments appears in Figure 75. Figure
76 shows the variation of output current in per cent versus
flange temperature. The output current has been normalized to

the 0°F output which is 1.35625 mA for the +1g position. The sol-

id line is the static output current characteristic. The

warm-up output current versus flange temperature is within +400

PPM of this static output characteristic for both slow rate

experiments. The output current versus torque coil temperature

tracks the static output more closely as shown in Figure 77.
This data plot shows the difference between warm-up and static
outputs in PPM relative to the torque coil temperature.
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Note that the difference with respect to flange
temperature has a larger final deviation than the difference
versus torquer coil temperature at the final stabilized temp-
erature. Figure 77 demonstrates that at slow warm-up rates,
below 15°F/min temperature within the accelerometer sensor
accurately predicts accelerometer output. The results also
demonstrate that the Q-Flex accelerometer, if heated at rates
below 15°F per minute can perform within 90 PPM RMS of
the static temperature output current model. The RMS devi-
ation of output versus flange temperature from the static
temperature output characteristic is 208 PPM for the 8°F per
minute experiment and 366 PPM for the 13.3°F per minute
experiment.

High Rate Warm-Up Experiment

Figure 78 shows the temperature versus time plot
for various locations within a Q-Flex accelerometer during a
rapid warm-up experiment with an initial flange temperature
rate of 40°F per minute. The initial temperature is 0°F, the
peak temperature occurs in the lcwer stator at 242°F and the
stabilization temperature is between 190°F and 230°F. Figure
79 shows the -1g output current versus upper and lower
stator temperatures compared to the static -lg output current
characteristic. The initial output was =-1.370300mA. The
output relative to the stator temperatures bracket the static
output up to 145°F and the maximum deviation of upper
stator output current is -610 PPM at 225°F.

The difference function versus torque coil tempera-
ture for the entire experiment appears in Figure 80. The
total error band for the output versus torque coil temperature
is +550 PPM. The final output current is 400 to 500 PPM below
the static temperature output characteristic and is due to a
temperature gradient between the average stator temperature and
the torque coil temperature. For an order of magnitude
estimate, assume a scale factor temperature coefficient of
50 to 100 PPM per °F. If the individual magnet structures
are perfectly matched and have constant, equal temperature
coefficients then the output current is determined by the
average temperature of the magnet structures (average
cstator temperatures) which is about 224°F. This is 5°F higher
than final torque coil temperature and gives an output devia-
tion of -250 to -500 PPM. Note that the magnet structure TC's
are approximately the negative of the scale factor TC's be-
cause the scale factor is determined by the reciprocal of the
magnet structure properties. The final output deviation is
understood to be due directly to gradients between the model-
ing temperature, which in this case is the torque coil temper-
ature, and the average magnetic structure temperature. Devi-
ations due to gradients across the magnetic structure itself
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Figure 78
TEMPFRATURE VERSUS TIME FOR A FAST RATE
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are very .aiall due to the matching of the magnets in cach
Q-Flex sensor.

THEORETICAL RAPID WARM-UP PERFORMANCE MODEL
Model Derivation

A simplified thermal schematic of the accelerometer
with respect tc its environment is presented in Fiqure 81.

Let Te be a function of time, t

H

Te(t) 0 , £t € 0

= Bt s £ >0

and let the sensor be in thermal equilibrium with the environment
for t ¢ 0.

T_(t) = Te(t) = 0

5 , tc¢o

For t>0 the sensor temperature is derived from heat flow balance
between sensor and environment.

d T, + T _ Bt

d t R pcV R pcV

Integrating and applying the 1n1t1a1 conditions gives the sensor
temperature with time.

T = Bt - BT (1 - exp (-t/7T ))
where ¥ = R pcV

The result is plotted in Figure 82.
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Figure 82
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At t much larger than T or

e

T = Bt - BT

T -T = BY , constant

The sensor has a finite, constant temperature difference with
the environment and its temperature changes at the same rate.

Finally, the sensor temperature is expressed in a more useful
form as a function of environment temperature.

TS = Te - BT (1 - exp (-Te/BYT))

Accelerometer Ouput Model

The +1g output current as a function of temperature is

I(T) = 1o (1 + ITCxT x 20°% + 17rC % 7% x 1078
I(T) = Output Current, Milli-amperes
ITC = Output current temperature coefficient, PPM/°F
ITCL =

Outpgtzcurrent temperature coefficient linearity,
PPM/"F

The output current coefficients are directly related to scale
factor and bias temperature models, i.e.,

3

I(T) = Kl(T)(G + KO(T) x 10 7)

I(T) is @ model determined at static temperatures, T, in
temperature tumble tests.

Rapid Warm-Up Performance Model
The derivation of the difference between real sensor output

and sensor output as predicted by the environment's temper-
ature under conditions of rapid warm-up follows:
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Define the ideal output current, I.(T), as the accelerometer
output current that would be observed if T = 0. 1In this case
T = Te and the accelerometer would be isothermal throughout
rapid warm up.

I(T) = I(T) =1 x (L+ITCx T x 10"+ 1rcL x 1 % x 1078
1 e (0] e e

Next define the real output current, Ir(T), as the observed out-
put current. This current is determined by the temperature of

the sensor.

vy = . - . -6 . 2 =6
I (1) = I(ry =T (L +IFCx T, x 10 ° + ITCL x T " x 10 )

Substituting '1‘s in terms of Te’ the equation becomes

- -6 _ _
I(T) = I, (1 + ITC x 10 (T, BTexp (T Te/B'T ))
+ITCL x 1077 (T - BTexp (T /BT )) 2y

D is defined as the difference of real and ideal output in PPM.
D is expressed as

6 6
Ir (TS) x 10 . Ii(Te) x 10
D = =
I I
O (o]
D = ITCx (T_ - T ) + ITCL x (T2 - T 2)
S e S e

Substituting TS in terms of Te from the Ts equation gives D as a
function of Te'

D(Te) = BT« (BT x ITCL - ITC)
-2BTx ITCL X T
where o{ = 1 - exp (—Te/B’V )
At times larger than T or T, > BY

O((Te > BT) =1

and D (Te) becomes
D(Te >» BT ) = BYBT x ITCL - ITC)
-2BY x ITCL x T

Figure 83 shows the behavior of D(Te) for three cases.
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Experimental Verification of The Rapid Warm-Up Performance Model

_ The results of the high rate warm-up experiment can
be used to verify the rapid warm-up performance model.

From the static temperature -lg output current char-
acteristic for sensor S/N 10738 used in the rapid warm-up
experiments, the average temperature coefficient between 0°F
and 220°F was determined to be 36 PPM/°F. The average output
temperature ccefSicient linearity was determined to range between
0 and 0.3 PPM/°F° for the same temperature range. From the
flange, torque coil, and stator temperature versus time plots of
the 40°F per minute experiment, the product Bfwas found to range
between 30°F and 40°F. Since the stator most nearly represents
the active region determining scale factor, the lower value, BT
= 30°F was chosen for model verification. Although the torque
coil resides at the geometric center of the Q-Flex sensor, the
average temperature of the sensor does not occur at the torque
coil for this -1lg experiment, and the stator temperatures are
more representative of the sensor temperature. Also the value

- of BT = 48°F gives a value of T = 1.22 minutes for B = 39.4°F
per minute in this experiment. Calculations of the sensor heat
capacity (C = 10 watt-sec/°F) and order of magnitude estimates

5 of thermal impedances within the sensor (R = 6°F/watt) give an
upper limit of 7 = RC = 60 seconds.

To summarize, the relevant parameters for the per-
formance model verification are as follows:

BT = 30°F
' B = 39.4°F per minute
i T = .76 minutes
ITC = 36 PPM/°F
- ITCL = 070.3 PPM/°F

A sample calculation of D(Tg) using ITCL = 0 follows:

Te = 192.6°F
S oA = 1- exp | —Te/B’T')
&« = 1- exp ( -192.6/30)
- = .998
i
BTA = 29.94 %
¢
§ e
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D(T_) =  BTY (BYd x ITCL - ITC)
-2BTx ITCL x Tc
il D(T,) = 29.94 (29.94 x 0 -36)
-2 x 30.00 x 0 x 192.6
D(T,) =  -1078 PPM

A list of experimental and theoretical values of D(T_) for
the high rate experiment with ITCL equal 0 and .3 931 per °F
appears in Table 30 and the results are plotted in Figure 84.

Figure 84 shows that the performance model pro-
vides a worst case prediction of the difference function as
compared with experiment. The experimental data however be-
haves qualitatively as predicted. The experimental data grows
nearly linearly between 80°F. This is due to a finite
value of ITCL in the lower temperature ranges and because the
sensor temperature and environmental temperatures are parallel
ramps in this temperature range. The deviations begin to de-
crease above 200°F because the output temperature coefficient

o becomes linear at higher temperatures. In other words, ITCL
(5 goes to 0 at higher temperatures.

The experimental data between 0°F and 80°F does not
| follow the predicted difference function for several reasons.
First, the theoretical curves are based upon a linearly in-
creasing environmental temperature. In fact the finite heat
capacity of the warm-up fixture causes the environmental temp-
erature to increase slower than B = 39.4°F/min. at low tempera-
tures and thus the observed response lags behind the predicted.
Secondly, large gradients across the sensor during the early
portion of warm-up also contribute to the observed response
lag. At low temperatures, the scale factor is highly sensi-
tive to all geometry and material properties within the sen-
sor and, indeed, scale factor temperature coefficient vari-
ability in the family varies three times as much as at high
| temperature. Thus, under high gradient conditions at low
‘ temperatures, the static output current characteristic is not
as good a predictor of output current as at higher tempera-
| tures with the same gradient conditions. The derived dif-
ference function is thus less accurate at low temperatures ’
! under gradient conditions. _




Table 30

gﬂf EXPERIMENTAL AND THEORETICAL DIFFERENCE FUNCTION FOR
4 A HIGH RATE RAPID WARM-UP EXPERIMENT

BT = 30°F B = 39.4°F/Min ITC = 36 PPM/°F
Time T, D(T,) D, (T,) D, (T,)
Seconds °F Experiment Theory Theory
ITCL=0 ITCL=.3
! 0 .6 0 -21 -21
30 9.3 40 -288 -313
- 60 34.3 -28 -736 -1031
90 56.6 -234 -916 -1586
- 120 79.6 -849  -1004 -2103
150  101.8 -1184  -1044 -2562
< . 180  121.4 -1385  -1061 -2947
; 210  140.4 -1453  =-1070 -3309 {
o - 240  159.2 -1619  -1075 -3659
270  176.3 -1801  -1077 -3973
~ 300  192.6 -2009  -1078 -4270
330  205.6 -1947  -1079 -4506
|

360 217.4 -1725 -1079 -4720
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Q-Flex Output Current Compensation

The results of high rate rapid warm-up experiments
indicate that the Q-Flex accelerometer current can be accurate-
ly compensated by measuring the average sensor temperature.

For severe environments with warm-up rates to 40°F per minute,
temperature sensitive elements would be located in the upper

and lower magnetic structures of the Q-Flex sensor. For less
severe environments where lower sensor gradients and rates be-
low 15°F per minute are expected, a single temperature sensitive
element at the lower stator would be adequate for temperature
compensation.

Expected errors for compensated Q-Flex accelerometer
output current over the operating temperature range of -65°F
to 225°F can be estimated from the following:

1) Modelability of Q-Flex sensor output
2) Temperature sensor accuracy
3) Compensation network accuracy

The modelability of Q-Flex scale factor and bias are
+40 PPM and +30ug respectively. Thermal hysteresis contri-
butions for bias and scale factor are typically +75ug and
+150 PPM. The total uncertainty due to modelability is approx-
mately +175 PPM RMS for +lg output.

Temperature sensor accuracy, estimated to be +1°F,
couples through the output temperature coefficient to contrib-
ute an error to the compensated output. Average scale factor
and bias temperature coefficients are 50 PPM/°F and 1l0ug/°F
respectively and give a total output current coefficient of
approximately 60 PPM/°F per +1g output. The resulting error
due to temperature sensor is about +60 PPM.

The total RMS error due to all sources is not less
than +185 PPM for +1g output. The major contributor to compen-
sation error is accelerometer modelability. These estimates
ignore the compensation electronics which are external to the
accelerometer. If such a network is estimated to be accurate
to 1% of the total deviation of the non-compensated output be-
tween =65°F and 225°F or about 174 PPM (.01 x 290°F x 60 PPM/°F
= 174 PPM) the total RMS error for the compensated output is
about 250 PPM. It is the goal of future Q-Flex development to
improve the modelability and lower the scale factor tempera-
ture coefficient of the Q-Flex accelerometer and thus improve
both its compensated and non-compensated output characteristics.
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RAP1ID WARM-UP CONCLUSIONS

The rapid warm-up experimental and theoretical re-
sults provided valuable information for confirming, predict-
ing, and improving the Q-Flex accelerometer rapid warm-up
response. The following conclusions are made.

1) The output current is determined by the tempera-
tures of the two accelerometer sensor magnetic
structures.

2) At slow warm-up rates, below 15°F per minute, the

Q-Flex output current accurately tracks the
static temperature output current if the refer-
ence temperature is measured within the acceler-
ometer sensor.

3) At fast warm-up rates to 40°F per minute output

current deviations from the static output current

characteristics are caused by gradients across
the accelerometer sensor. Indications are that
under low gradient conditions, the rapid warm-up
current would accurately track the static output

current.

4) The rapid warm-up performance model gives the
maximum deviation of warm-up current from the
temperature.

5) The accelerometer thermal properties determining

the rapid warm-up performance are the sensor to
environment thermal resistances, R, and the
sensor heat capacity, C. The product of C and R
determines the sensor time constant.

6) Accelerometer performance properties determining
rapid warm-up performance are the output current
temperature coefficient, temperature coefficient
linearity and higher order coefficients.

RAPID WARM-UP DESIGN RECOMMENDATIONS

Rapid warm-up conditions represent a severe oper-
ating environment for any transducer. Design principles
which can improve performance under rapid warm-up conditions
will, thus, have considerable value in improving performance
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for more benign environments. The following design recom-
mendations are made to improve the rapid warm-up response of
the Q-Flex accelerometer.

1) Decrease the thermal time constant of the accel-
erometer sensor by decreasing thermal impedances
within the sensor and between the cover and the
sensor. This can be accomplished by using
thermally conductive epoxies to assemble and
mount the sensor.

2) For active or passive temperature compensation,
when rates exceed 15°F/minute two thermal sensors
should be mounted in each of the magnetic
structures and connected in series to provide
an average sensor temperature. For rates below
15°F/minute a single thermal sensor may be
employed.

3) Decrease the gradient sensitivity by reducing the
scale factor temperature coefficient. Sundstrand
has recently tested Q-Flex accelerometers with dif-
ferent magnet material. These units have demon-
strated thermal coefficients over the entire
temperature range of less than 20 PPM/°F.
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SECTION V

Q-FLEX LOW COST, MAINTAINABILITY AND RELIABILITY
LOW COST

The Q-Flex production philosophy is characterized by
a vertical type manufacturing organization. The capability
exists within the company to process most raw materials through
all required machining, etching, plating, anodizing, passivating
and lapping processes. Certain heat treatment and quartz pro-
cessing operations are performed out-plant, but multiple sources
have been validated through purchase and evaluation of prcduction
detail parts. The Q-Flex fabrication and assembly operations
are planned and scheduled on the basis of batch processing. For
example, 24 reeds are chemically etched simultaneously, 12 etched
reeds are simultaneously metal vapor deposited. Actuu'! manufac-
turing material, labor, and scrap rates are computer accumulated
and compared to previously established standard measures. Follow-
up on operational variances is an integral part of the manufac-
turing engineering effort.

The Q-Flex accelerometer is the evolutionary result of
a purposeful, multifunction design philosophy. Sundstrand Engi-
neering has combined the following funct.ons within the three
part proof mass assembly.

1) Seismic mass (quartz disk plus attached torquer
coils)
2) Pickoff and torquer interconnect (vapor-deposited

chrome/gold traces across quartz flexures)

3) Circuit isolation side-to-side (intermediate
quartz)
4) Pendulum hinge suspension (chemically milled

dual quartz flexures)
5) Pickoff gap spacing (lands on rim)

6) Input axis definition (location of hinge axis
reference to proof mass center of gravity and
rim lands plane).

In similar fashion, the Invar excitation rings serve
as pickoff electrical ground, magnet flux return path, proof
mass rim clamps, electrical connector retainer, and magnet/pole
piece housing. The result is a dramatically small parts count
(15 parts including five connector pins) and a demonstrated high
reliability.
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A key element in the O-Flex accelerometer low cost

i concept is standardization. One standard sensor assembly and

< ‘ one standard servo hybrid electronics is the goal. 1In reality,
significant configuration changes require a transition phase

consequently, high fre-
quency carrier signal to a "monochip” servo hybrid with no trans-

former, lower carrier signal frequency, improved performance,
lower parts count and improved reliability. All new program
applications and current program reorder updating activities
receive the new servo configuration. The commercial varients

of the Q-Flex accelerometer are being converted as inventory of
the old design is reduced to zero.

= Standardization and batc
burn-in and functional test of maj
24 sensor/cover assemblies proceed
=75°F to +250°F temperature cycles to non-operative shock ex-

- posure (250g, 1/2 sine, 6 m-sec) and then to mechanized
temperature-tumble functional test. Sensocrs are sgorted into
primary performance categories based on measured values of scale

o - factor, bias, scale factor and bias temp .rature coefficient,
1 scale factor and bias thermal hysteresis at 75°F, and bias tem-
perature coefficient linearity. Non-~-standard special screen tests

- and additional burn-in tests are performed as required to support
special program applications.

h processing also apply to
or subassemblies. Batches of
through standard 96 hour,

Even the specific program calibration and acceptance
- test operati

frequency response and rectification error.
- cedures with variable conditions,
limits are used extensively.

Standard format pro-
test fixtures, and acceptance

. The net result of this commitment to one standard Q-
Flex sensor, one standard Q-Flex servo hybrid, and batch pro-
l cessing using standardized procedures with mechanized, multi-
channel test equipment is production efficiency. Economies of
- large scale raw material Purchase and detail part fabrication
possible from common usage throughout multiple programs, and
the avoidance of subcontractor add-on profit margins by doing

| -, most operations in-plant contribute to the favorable Q-Flex
‘ accelerometer low cost position.

2
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MAINTAINABILITY

The maintainability of the Q-Flex accelerometer is
well served by the constant striving for low cost and standard-
ization. Simply breaking the electronics cover epoxy seal per-
mits discrete component exchange for factor or field depot re-
calibration. Neither the sensor nor the servo hybrid electronics
have any known wear-out modes, but if out-of-specification or
damaged, either one can be easily replaced with an interchange-
able assembly. Standardization of subassemblies supports quick
turn around from existing inventory.

The exterior surfaces of the Q-Flex accelerometer are
entirely stainless steel, except for the solder-plated pins and
glass of the unit header. There are no maintenance schedules
for preservation, lubrication, or periodic operation required
for long term storage.

RELIABILITY

Sundstrand Data Control, Inc. recognizes the need for
reliable operation of the Q-Flex accelerometer in user systems.

The sincere commitment to standardization forces re-
liability consideration to the lowest levels of the entire fab-
rication, assembly, and test sequences of the Q-Flex accelero-
meter. Not knowing beforehand which accelerometers will be
selected for high reliability programs requires that all fabri-
cation, cleaning, lapping, metal vapor despotiion, and assembly
procedures meet rigid quality and reliability standards. Sensor
final cleaning and closing operations are performed in clean
room areas. Prior to epoxy cure, each sensor is subjected to an
automatic pendulum freedom test. Daily samples of thermocom-
pression bonds are subjected to pull tests. This adherance to
rigid quality and reliability standards for all aspects of Q-
Flex production has proven effective in meeting or exceeding all
user system reliability requirements.
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SECTION VI
THERMAL STUDY CONCLUSIONS

A review of the entire Thermal Study Program leads to
the following conclusions:

BIAS CONCLUSIONS

1) Individual bias polynomial models based upon
least squares curve fitting have unique coefficients from unit
to unit.

2) The short term bias modelability, as measured by
the RMS residuals, was consistent from unit to unit and had an
overall RMS residual of 24ug.

3) No indication of long term bias magnitude or
shape instability is apparent from the magnitude of RMS residuals

from any single test when least squares fit to the bias polynomial

model.

4) O-Flex accelerometer, S/N 10450, was less stable
than any of the other three accelerometers tested.

This accelerometer had old configuration, rigid coil

attachment epoxy and a deliberately excessive qgantity of rigid
conductive epoxy at the coil center-tap connection.

Direct correlation from multiple sources, and confirmed
in this thermal study, exists between proof mass strain, induced

LINITED RIGHTS LEGEND
Contract No.

ey T o L
Contrector: £ol, Inc.
Explanation of Limited Rights Data Identification Method Used

—Underscoring or
—Liped Enclogura

Those portions of this technical data indicated as limited rights data shall not, without written permis-
sion of the above Contractor, be either (a) used, released or disclosed in whole or in part outside the
Government, (b) used in whole or in part by the Government for manufecture or, in the case of computer
software documentetion, for vreparing the seme or similar computer software, or (c) used by a party other
than the Government, except for: (i) smergency repair or overhaul work only, by or for the Government,
where the item or process concerned is not otherwise reasonably available to enable timely performance of
the work, prwvided that the release or disclosure hereof outside the Government shall be made subject to
2 prohibition against further use, release or disclosure; or (ii) releass to a foreign government, as the
interest of the United States may require, only for information or evaluation within such government or
for emergency repair or overhaul work by or for such government under the conditions of (i) above. This
legend, together with the indications of the portions of this data which are subject to such limitations

shall be included on any reproduction hereof which includes any part of the portions subject to such
limitations.
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by material thermal coefficient differences and resultant large
bias thermal hysteresis (BTH) and degraded bias temperaturc
coefficient linearity (BTCL).

5) Bias stability on one of the current configuration
Q-Flex accelerometers, S/N 20196, was clearly inferior when com-
pared to the stable bias accelerometers, S/N's 20204 and 20210.

This variation between accelerometers of the current
production design indicates that driving functions for bias
parameter shirts are still present on the proof mass, thoujh
clearly much reduced from the old configuration.

Both bias and bias temperature coefficient shifts are
significant error sources for the long term bias model when wide
temperature range operation is assumed.

6) Q-Flex accelerometers, S/N's 20204 and 20210,
demonstrated extremely stable bias performance.

For these units, the RMS bias residuals from the initial
calibration curves were approximately 60ug.

In addition, the bias thermal hysteresis was less than
30ug when tested over a 220°F temperature span (+ 110°F about
midpoint) .

Four and one-half months of extensive thermal testing

verified the excellent long term bias stability of these Q-Flex
accelerometers.

7) The maximum BTH error occurs near the temperature
range midpoint.

LIMITED RIGHTS LEGEND
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Contractor: _ 1, Inc.
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For temperature excursions less than full range, the
resulting minor loop BTH error stays within the extended tem-
perature range BTH error envelope.

The contribution of BTH error to bias model uncertain-
ty can be reduced by one-half by averaging the increasing and de-
creasing temperature bias models.

BTH was demonstrated to be very repeatable.

8) It is evident that bias model stability is depend-
ent upon more than one source of proof mass strain. Available
evidence points towards conductive epoxy stress on the proof
mass and coil attachment temperature dependent stress as the
prime driving functions causing bias thermal instabilities.

SCALE FACTOR CONCLUSIONS

1) Individual scale factor polynomial models based

upon least squares curve fitting have unique coefficients from
unit to unit.

The coefficient differences were much smaller than bias
model coefficient differences and indicate that for some appli-

cations a 'family' scale factor model would be sufficiently
accurate.

Short term modelability of the Q-Flex accelerometer,
as evidenced by the RMS residuals, was consistent from unit to
unit and had an overall residual of 37 pPpm.

2) The Q-Flex scale factor temperature coefficient
(SFTC) is stable to better than 0.7ppm/°F over 135 days.

LIMITED RIGHTS LEGEND
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SFTC is significantly influenced by the inherent model-
ability of scale factor.

SFTC does not appear to have major impact upon rapid
reaction performance.

3) Long term scale factor stability was bounded below
0.5 ppm per day over 135 days by the study data.

Error analysis of scale factor measurement and steady
state temperature measurement accuracies indicate a measurement
uncertainty of actual scale factor of approximately 50 ppm, RMS,

(50 ppm/°F x 0.5°F, RMS + 25 ppm, RMS, alternate load resistor cali-
bration uncertainty) .

4) All O-Flex accelerometers exhibit positive scale factor
hysteresis (SFTH) that is, the scale factor following hot soak
is smaller than that before hot soak at all temperatures within
the operating range.

The maximum SFTH error occurs near the temperature
range midpoint.

For temperature excursions less than full range, the re-
sulting minor loop SFTH error stays within the extended temperature
range SFTH error envelope.

The contribution of SFTH error to scale factor model
uncertainty can be reduced by one half by averaging the in-
creasing and decreasing temperature scale factor models.

SFTH was demonstrated to be very repeatable.
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5) Scale factor relaxation effects after hot soak were
observed.

Scale factor was stable after cold scak and bias was
stable after both hot and cold soaks.

The time constant for scale factor relaxation is less
than 40 hours.

Scale factor relaxation contributes up to 63% of the
observed SFTH.

6) All scale factor data indicate the existence of a very
large flux density gradient near the proof mass interface. It
is concluded that time dependent hysteretic scale factor effects
are the result of epoxy creep causing relative motion between
the proof mass coils and the magnet circuit geometry.

RAPID WARM-UP CONCLUSIONS

1) Accelerometer performance properties determining rapid
warm-up performance are the output current temperature coeffient,
temperature coefficient linearity and higher order coefficients.

These coefficients are directly related to the scale factor/bias
thermal models.

The output current is determined by the temperatures
of the two accelerometer sensor magnetic structures.

At slow warm-up rates, below 15°F per minute, the Q-Flex

output current accurately tracks the static temperature output

current if the reference temperature is measured withinu the ac-
celerometer sensor.

At fast warm-up rates to 40°F per minute output current
deviations from the static output current characteristics are
caused by gradients across the accelerometer sensor.

LINITED RIGHTS LEGEND
Contract No. F33615-75-C-1281
contractor: Sundstrand Data ontrol, Inc.
Explanation of Limited Rights Dsta Identificstion Method Used
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Lined Enclosure

Those portions of this technical data indicsted ss limited rights data shall not, without written permis-
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software documentation, for preparing the same cr similsr computer softwsre, or (c) used by a party other
than the Government, except for: (i) emergency repair or overhaul work only, by or for the Government,

where the item or process concerned is not otherwise reasonably available to enable timely performance of .

the work, provided that the release or disclosure hereof outside the Government shall be made subject to
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2) The rapid warm-up performance model gives the maximum
' deviation of warm-up current from the static current referenced
@4 to the flange temperature.

3) The accelerometer thermal properties determining the
rapid warm-up performance are the sensor to environment thermal
resistances, R, and the sensor heat capacity, C. The product
of C and R determines the sensor time constant.
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‘ SECTION VII

RECOMMENDATIONS

To maintain the low cost posture, keep and preserve the
simplification concept of maintainability, and to retain the high
X reliability standard established for Q-Flex production, the design
modifications recommended were closely analyzed to insure these
- concepts were not violated. The conclusions reached about pres-
. ent instrument performance and the proposed modifications recom-
mended to enhance performance do indeed satisfy the existing
tenets established for the Q-Flex accelerometer.

The accelerometer modifications recommended to improve
performance are:

BIAS IMPROVEMENTS

_ 1) tliminate all usage of conductive epoxy from the proof
mass assembly.

Develop welding techniques to connect the torque coil
o wires directly to the proof mass thin-film metal circuits.

2) Modify the proof mass conductor circuits to accomplish
— torque coil center-tap connection via a thin-film ‘wrap-around’
trace.

3) Optimize the torgue coil bobbin material and attachment
- means to minimize thermal expansion coefficient difference effects
at the bobbin/proof mass interface. Materials such as guartz
or ceramic should be evaluated for the coil bo

bbin material.

- LIMITED RIGHTS LEGEND

Contrect No. F33615-75-C-1281
Contractor: Sundatrand Data Control, Inc.
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SCALE FACTOR IMPROVEMENTS

1) Redesign the magnet circuit geometry to reduce flux
field gradients.

2) Incorporate adhesive materials that reduce bond-line
‘ thicknesses at the excitation ring/magnet/pole piece 1interfaces.

RAPID WARM-UP IMPROVEMENTS

1) Improve the heat flow path from external housing flange

to internal magnets by means of thermally conductive epoxy sub-
stitution for present adhesives.

2) Evaluate rare earth magnet materials and sources.

3) Modify torgque coil bobbin design to reposition coil
turns within the linear portion of the magnet circuit flux field.

4) Provide optional means for the installation of one or two

temperature sensors in intimate contact at the magnet-Invar
interface.

Ko
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