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Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From To Muluiply By
angstrom meters (m) 1.000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1.013 25 X E 42
bar kilo pascal (kPa) 1.000 Q00 X E +2
barn meter? (m?) 1.000 000 X E -28
British thermal unit (thermochemical) joule (J) 1.054 350 X E 43
calorie (thermochemical) joule (J) 4.184 000
cal (thermochemical)/cm? mega joule/m? (MI/m?) 4,184 DOD X E -2
curie giga becquerel (GBq)* 3,700 000 X E +]
degree (angle) radian (rad) 1.745 329 X E =2 4
degree Fahrenheit degree kelvin (K) to= (t® f + 459.67)/1.8 J
electron volt joule (J) 1.602 19 X F -19
erg joule (J) 1.000 000 X E ~7 3
erg/second watt (W) 1.000 000 X E -7 4
foot meter (m) 3.048 000 X E ~1 ’
foot~pound-force joule (J) 1.355 818
gallon (U.S. liquid) meter? (m?) 3.785 412 X E <3 1
inch meter (m) 2,540 000 X E ~2
jerk joule (J) 1.000 000 X E +9 4
joule/kilogram (J/kg) (radiation dose -]
absorbed) Gray (Gy)** 1.000 000
kilotons terajoules 4,183
kip (1000 1lbf) newton (N) 4,448 222 X FE +3
kip/inch? (ksi) kilo pascal (kPa) 6.896 757 X £ +3 4
ktap newton-:;gcnnd/m"
(N-s/m") 1.000 000 X | +2
micron meter (m) 1.000 000 X E -6
mil meter (m) 2.540 D00 X E -5
mile (international) meter (m) 1.609 344 X E +3
sunce kilogram (kg) 2.834 952 X E -2
pound-forcde (1bf avoirdupois) newton (N) 4. 448 222
pound-force inch newton-meter (N<m) 1.129 848 X E -1 i
pound-force/inch newton/meter (N/m) 1.751 268 X E +2 i
2 pound-force/foot” kilo pascal (kPa) 4,788 026 X F =2 B
pound-force/inch? (psi) kilo pascal (kPa) 6.894 757 }
pound-mass (lbm avoirdupois) kilogram (kg) 4.535 924 X E -1
pound-mass.-fuot'7 {moment of inertia) kilogram-meter"
(kg*m”) 4.216 D11 X E =2
pound-mass/foot’ kilogram/meter’
(kg/m?) 1.601 84k X F +1
rad (radiation dose absorbed) Gray (Cy)*% 1.000 00 X E -2 ;
roentgen coulomb/kilogram (C/kg) 2,579 760 X F -4
shake second (s) 1.000 N0 X E =R
slug kilogram (kg) 1.459 390 X E +]
torr (mm Hg, 0° ) kilo pascal (kPa) 1.353 22 X F -1 g
*The becquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s. 1
**The tiray (Gy) is the SI unit of absorbed radiation.
A more complete listing of conversions may be found in "Metric Practice Guide F 380-74,"
American Society for Testing and Materijals. ;
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SECTION I

INTRODUCTION

1. DESCRIPTION OF REPORT

This report is the final report on a contract whose objective
was to deliver two prototype production versions of the Kearfott
Angular Rate Sensor (KARS); the tasks considered in the per-
formance of this contract were:

1. Design, build and test two brassboard angular
rate sensors. Compare results to KARS Product
Specification and modify design as required
and document results.

2. Based on the above results/modifications design,
build, test and deliver two prototype production
versions of the angular rate sensor.

In the following sections of the report, each of the two tasks
above willl be addressed. The product specification referred to
in Task 1 is a released Singer Kearfott Division (SKD) document
and is included as an appendlx to this report.

2. BACKGROUND

The unit is basically a damped angular accelerometer and is
shown pictorially in Figure 1. It comprises a conductive
liquid annulus (mercury) positioned in the gap of a permanent
magnet. Upon application of an angular input to the case, the
liquid annulus initially remains immobile. The relative
motion of the liquid to the case is sensed by measurement of
the potential generatcd in the liquid as it cuts the lines of
force of the permanent magnet. The potential is measured on
the two electrodes (not shown) submerged in the mercury. For
a complete description of the KARS the reader is referenced to
the Final Report of a previous contract with DNA entitled
Angular Rate Sensor Program Contract No. DNA0O1-77-C-0140
Report No. DNAU4U52QF. Its purpose was to evaluate the
technology associated with the KARS and to verify that it was
at a level of development such that a production version could
be designed. The successful completion of that contract
resulted in the present contract.
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3. OPERATING PRINCIPLE

The conductive liquid ring used in the KARS assembly acts as
a lumped inertia element viscously linked to the instrument
housing. The differential equation describing the motion of
such system has been written and solved. The reader is
referenced to the previously mentioned Report No. DNAU529F
for complete details and only the solution is shown below as
Equation 1.

e, = Kb(s) s >JW, (1) i
Where : e, = output voltage (v) '
K = Magnetic generator constant (V/s/rad) i
B = Angular input to the instrument case (rad) ,
wo = Sensor lower corner frequency (rad/s)




SECTION II
BRASSBOARD SENSOR

4, DESIGN

The KARS has the capability to measure a wide range of input
rates and is only limited by the saturation characteristics

of the electronic processing circult connected to it. For
this particular application three distinct regimes were chosen
and are listed below in Table 1.

Table 1
Regime Max Input Rate Bandwidth
°/sec Hz
1 10 500
2 3,000 2,000
3 30,000 5,000

A full scale output of 5 VDC for each regime, 2% (of full
scale) resolution and a low frequency corner of one hertz

or less is required. In addition to the field temperature
range (-35°C to 71°C) a severe shock environment (10,000 g's)
will be seen by the unit. Results of the first contract
indicated that these requirements could be met and a brass-
board version of the sensor was designed. Its purpose was to
evaluate the sensor performance with respect to its require-
ments and the environmental influences. The sensor can be
broken up into two major areas one belng mechanical and the
other being electrical and are discussed separately in the
following sections of the report.

4,1 Mechanical

Results of the previous contract showed that to meet noise
criteria it was more beneficaal to increase gain by using
multiple pickoffs than by simply increasing the gain in the
electronic circuit. Based on this, a sensor incorporating
eight (8) pickoff sets was made by modifying some hardware
from the first contract and using a thin circular disc magnet
covering the bottom and top surfaces. Figure 2 shows a
picture of this sensor. All the possible combinations from
one (1) to eight (8) pickoffs were tested and in general good
agreement with the results of the first contract was obtained.
However, the galn started to fall off as the pickoff number
was increased from six (6) thru eight (8). At eight the in-
crease in gain had dropped from 8/1 to 6/5/1 as a result of

12
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Figure 2. 8 Pickoff Version KARS
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of the magnetic field around the mean circumference. This
potential problem, the mating of surface problem (flatness
sensor/magnet) and the multiple pickoff electrode seal
problem resulted in another look at the multiple pickoff
configuration versus electrical gain tradeoff which required
a closer look at the nolse sources and the electrical com-
ponents used in the previous tests. This protlem will be
discussed in the electrical design section.

A return path was another possibility that would increase

the scale factor in the current design. When the air gagps
required to prevent shorting the magnetic raths and the in-
crease in complexity in parts and mating surfaces that are
required are considered this approach was rejected. OJtructural
considerations during the shock lcad became the main con-
sideration.

An increase in scale factor is possible if a reduction in the
magnetic gap can be achieved. The present aspect ratio of

the mercury annulus was chosen arbitrarily, but with the idesa
of obtaining the maximum moment of inertia abcut the input axis
with no basls for fthe minimum required. A version of the
sensor with an annulus whose thickness was equal to 1/2 of

the original design (0.125 inches new/0.250 inches old) was
designed and built. This unilt incorporates a dual pickoff con-
figuration feeding a voltage adding circuit, the resulting
scale factor was 10 mV°/sec with a low frequency corner of
belwo 0.1 Hz. Comparison testing of the 1/2 thickness and

full thickness KARS shows no difference in low frequency corner
response with respect to this application. The fidelity of the
wave shapes at 5 to 10°/sec at frequencies of 10 and 20 liz as
compared to the input are the same. TFigures 3 and ! shows
typical response wave forms at stated inputs and scale sensi-
tivity. Based on these observations the 1/2 thickriess unit

was selected as the baseline design.

To evaluate the 0-Ring as the thermal expansion compensaticn
mechanism, the original test fixture for this purpose was used.
A modification to the face seal was made and is shown as

Figure 5.

14
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Figure 5

Thermal Expansion Compensation Mechanism

This modification allows more surface area of the 0-Ring to

be exposed to the mercury. Tests show that when subjected

to the upper temperature limit of 71°C the maximum pressure
measured was 165 psig. This test was repeated four times

with good correlation. Figure 6 is a picture of the test
fixture. The pressure transducer used to measure the pressure
rise can be seen iIn the top center of the fixture. A further
modification to eliminate the 1lip completely, to simplify
Fabrication, was made and tested showing similar results.

Engineering drawings were made based on the 1/2 thickness
mercury ring, two pickoffs and incorporating an O-Ring as the
compliant member but not for sealing. Sealing was obtained
by first coating the mating surfaces with a commercial sol-
vent for Plexlglas, the sensor non-conductlive body material,
and then the pleces pressed together to form a uniform bond/
seal. In the assembly to prove out the O-Ring compliant
member a poor seal was obtained which resulted in a large void
in the mercury and prevented any testing. This could be a
potential problem using this method of sealling and cannot be
easily corrected as the pleces are bonded together. To
eliminate this problem the sensor was sealed with O-Rings and
screws for evaluation work. The use of the 0-Ring as seal
and compliant member turned out to be the best solution and
was incorporated into the baseline design. Figure 7 is a
plcture of the brassboard O-Ring/screw sensor design.

The design of the sensor support structure to support the
sensor has been completed and was analyzed by a finite element
stress/strain computer program to determine its response to

e e e s




Figure 6, Test Fixture - Thermal Expansion Mechanism

Figure 7. Brassboard Sensor
18
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the 10,000 g shock. Figure 8 is a geometry plot of the
complete structure showing how the structure was broken up
for the program. After some initial trimming the combined
stresses are within acceptable limits. A conventional
strength of material stress analysis was also performed by
hand calculation. There were differences in values, but
the same conclusion of a safe design was arrived at.
Ultimate tensile strength of 130K psi was used in both ap-
proaches as a titanium alloy (6 AL U4VA) had been selected
for support structure. The basis of this selection was light
weight, strength and the lack of iron in the composition.

Initial plans were to build and test this structure but the
combination of test facilities (10,000 g, 3.2 millisec
duration) and time a decision was made to trust the stress
analysils and only build the final design.

1nitially it was planned to fill the KARS through tubes that
would be pinched off forming a crushed defusion bonded seal.
Two were to be used, one to pull a vacuum and the other to
back f111 with mercury. Seal problems developed between the
tubes and the sensor which did not yield to a easy solution
so a new design was incorporated. This design is similar to
seal on a medical ampule bottle. A rubber seal is held in
place by a hollow set screw and the seal i1s punctured with a
hypodermic needle to gain access thru the seal. Figure 9 is
a sketch of this type seal showing the hypodermic neelde in
place. After the fill has been completed the hollow set screw
is replaced by a solid one and the voild above filled with an
epoxy sealer.

N

Figure 9

Mercury Fill Evacuation Port
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This type of seal has been used in other sensors made

by Singer Kearfott Division (SKD) and proved to be ex-
tremely reliable on the KARS. Simple electrode seals
were obtained by using a close fitting feed thru hole and
sealed with an epoxy compound.

4,2 Electrical

The electrical design proved to be more of a problem than
was expected due to the high gain required in the 10°/sec
regime to deliver 5 volts full scale, a 2% resolution and
be stable. Table 2 is a restatement of some data from the
first contract final report DNA 4529F Table 3 with an ad-
dition of a column for the noise to signal ratio at 10%/sec.

Table 2
Number Of Scale Factor Noise Noise/Signal 10°/Sec
Pickoffs MV/°/Sec MV %
1 1.83 0.8 b,37
2 3.86 1 2.59
3 5.57 1 1.79
4 7.10 0.8 1.13

As original planned a large number of pickoffs were to be
used between parallel magnets and from the above trend there
would be no problem with the resolution specification.
However, when the multiple seal problem, the non-uniformity
of the magnetic flux, as detailed in the mechanical design
section and the noise/signal deterioriation as the signal was
amplified to 5V full scale showed the resolution to be a
problem. The solution was a detailed look into low noise op
amps and the design of high gain stable circuits. Resulting
from this investigation was a design that is shown in schematic
form as Figure 10.

As can be seen from Figure 10 the outputs are AC coupled so

not to have DC bias shifts in the circuit effecting the output.
This type of coupling is possible as the sensor cannot follow

21
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DC and, therefore, no need to pass DC voltages is required.
The required bandwidths are obtained by using single pole
filters in the feedback loop of an op amp in each regime.
Interconnections between amplifiers are phased as to give a
positive output as defined by the right band rule. (Counter i
clockwise viewed from top of the KARS). ;

Electrical components that have been selected are a Signetics

op amp SE 5534 AT for the first stage, a Harris HA-1-4741-2 1
Quad op amp for the remaining stages. A National LIT 126 dual

polarity tracking vocltage regulator delivers 212 volts to the

circuit from a *15 volt supply voltage. A voltage regulator

was 1incorporated to eliminate any sensor output change due to

power line variation.

Brassboard electronic circults were constructed by using
phenolic vector boards wiring and sockets for integrated
circuits. All components selected are Military qualified and
should not be a problem over the temperature or vibration
environmental range. Figure 11 shows a typical brassboard
circuilt configuration.

The output will consist of four wires, three color coded
outputs and one common low or ground.

Input requirements will be 215 volts DC supplied by three
wires two hot and one return. Input power requirements should
be less than 1/2 watt.

5. TEST RESULTS

KARS testing was performed using a rate table operating in a
sinusoidal mode. Scale factor and low freguency corner test-

ing were amplified on this table. Figure 12 shows a typical
result for the three output circuits. Good correlation was
cbtained with theoretical and actual outputs and shows linear
response at the higher rates. This testing was perfermed at

a frequency of 5 Hz; however, testing at a variety of freqguencies
shows no appreciable change in performance.

Some data at higher input rates has been cbtained. At a
frequency of 2 Hz, two data points were obtained at 175 and
338°/sec with good correlation between sensor and table

23
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indicated rates. These table rates are beyond limits stated
for the machine but, discussions with the manufacturer
(Genisco) showed that it was possible to get to the full
torque limit of the rate table and do no damage.

By reducing the table inertia it was possible to approach
1000°/sec as an input rate in the oscillatory mode. Some
trimming of the servc control locop was required based on in-
formation supplied by the manufacturer. Additionally a low
inertia table top was fabricated and assembled on the table.
Comparison of the sensor output with the table input, with
the conventional table top, showed good correlation and both
show the switch from sinusoidal wave form to triangular when
the drive torque starts to limit.

Noise measurements have been made in the outputs and are
0.042, 0.0023 and 0.00045 Volts RMS for the 10, 3000 and
30,000°/sec circults respectively. These measurements were
made with a true RMS voltmeter with an integrating time con-
stand of 10 sec.

To evaluate the effectiveness of the filter corners and to

get an understanding of the frequency noise spectrum, the
sensor with 1ts complete electronics was connected to a real
time spectral analyzer with a digital plotting capability.
Figure 13 is a typical plot and is for the 10°/sec regime.

The lower curve shows the circult as described by Figure 10
and the 39 X 103 VRMS is an good agreement with the noise
level previcusly stated and shows the single pole filter break
to be at apprxolmately 500 Hz. The upper curve is the same
circuit with the 2200 of capacitor removed showing unfiltered
response to 5 kHz. Vertical scales are in db while the
horizontal 1s log frequency starting at 12.5 Hz and extending
to 5 kHz, the SV 100 means that 100 samples were processed for
the average wave form displayed. High frequency corners for
the 3000 and 30,000°/sec regimes were measured to be 2000 and
5700 Hz respectively. The low frequency corners were all
below 1 Hz at 0.55 Hz.

This circuit was mounted in a standard electrical Bud box,
potted and subjJected to the temperature extremes ( -35°C;
71°C). Evaluation of the circuilt showed no change in the
performance after exposure to these temperatures. In ad-
dition, the circult was operated with a function generator
as the signal source over the operational temperature range
(-29°C to 71°C) and functioned successfully with less than
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a 1% change in the individual bandwidths for the three
regimes. To demonstrate operatlon the three regimes were
individually functioned at full scale ocutputs.

This potted circuit was subjected to the transportation
vibration specification for this system. Figure 14 shows

the circuit mounted on vibration in the two orientations
tested. FPFilgure 15 shows the shape of input acceleration
frequency profile for a typical run. Scale factor check after
these tests showed no change.

To reduce the part count the bias resistors were eliminated
from circuit. To prevent blas shifts in the high gain regime
#1 circuit an additional high pass filter was required.
Figure 16 shows the new circuit. No change in scale factor
in regime #1 was observable as predicted, however, the low
frequency corner slipped up to 1.2 Hz and required the chang-
ing of AC coupled output capacitor from 0.33 uf to 1 uf which
dropped the low frequency corner below 1 Hz. This circuit is
the choice for the baseline design.

6. MODIFICATIONS

The concept of using a brassboard to checkout the design proved

to be very useful in this program. The followling are the

problems uncovered and the action taken and are tested in Table 3.
Table 3

Modifications Brassboard Design

Problem Mcdification
® Fill Problem Pinch Tube Rubber Compression Seal
® Sensor Seal O0-~-Ring For Seal & Thermal
Compensation Mechanism
® Resolution Full Scale Change Pickoff Design
Output Regime #1 From 8 to 2 and Design

Low Noise, High Gain, Stable
Electronic Circuilt.

® Regime #1 Low Frequency Modify AC Coupled
Corner Above 1 Hz OQutput Capacity From
0.33 uf to 1 uf.

These changes/modifications have been implemented successfully and i
have been included in the baseline configuration of the KARS.

28
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Figure 14, Brassboard Electrical Circuit
Vibration Test
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SECTION IITI

PROTOTYPE PRODUCTION SENSOR

7. DESIGN

The prototype production version of the KARS is the baseline
developed using the brassboard proven concepts. This design is
a two pickoff version using a plastic sensor housing surrounded
by a metal structure for strength. O0O-Ring's are used as both
the primary mercury seal and the thermal compensation mechanisn.
Pure gain is provided as required to bring the output level to

5 VDC at maximum inputs in the three operating regimes of the
sensor. Bandwidth i1s proved by single pole filters in the feed-
back loop of the gain amplifiers and capacitive coupling 1s used
to eliminate any bias shifts.

7.1 Hardware Description

The KARS outline is defined by SKD drawing #K130A062 which is

shown in this report as Figure 17. It is basically cyclindrical

in shape with a centerline and flange provisions for mounting.

The sensor 1s sensitive to rates about the centerline producing

a positive output for a counter clockwise motion of the case when
viewed from the top. Three ranges (10, 3000 & 30,000°/sec maximun
input rate) provide a 5VDC full scale output and all three ranges
work independently and can be monitored simultaneously. Power
requirement is 0.3 watts 15 VDC and is supplied through the cable
harness. Outputs are monitored via three wire shielded cable in
the cable harness. The KARS consists of a sensor with its
electronics surrounded by and supported by a outer housing set.
Figure 18 shows a major part breakdown consisting of upper, lower
housing, cover sensor and electronic P/C board. 1In this early
picture of the parts the sensor was not filled with Mercury,
however, the Samarium Cobalt magnets are in place. In addition,
the 0O-Rings were not installed. Upper and lower housings and

cover are made of a 6-aluminum 4-vanadium titanium alloy while the
sensor housings are made of Rohm & Hass Plexiglas 55, an aircraft
quality acrylic thermoplastic. The sealing/thermal compensation

is obtained by using two Nitrile 0O-Rings and Parker Company Compound
#N6TL-70. All of the wires have teflon insulation and were etched
prior to potting with Dow Corning Sylguard 186. A commercial thread
locking compound, Glyptal, was used on the 2-56 screws securing

the cover to the upper support housing. Due to the cement/water
environment in actual use %the screws to hold the KARS together and
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the ones to mount to the test location are made of the same
titanium alloy, 6-aluminum 4-vanadium. By using the same
material cathodlc protection can be obtained. Figure 19 shows
the KARS assembled with cover removed to show the electronic
P/C board and how 1ts mounted in the upper suppcrt housing.

A close up view of the P/C board is shown in Figure 20. The
first stage SE553U4AT can be identified in lower left hand
corner, while the National LM126H is in the lower right hand
corner. At the top center is the Harris Quad U4741-2 amplifier,
the gold rivets at 3 and 9 o'clock are the input connections
from the dual pickoffs. SKD drawing #K130A062 appearing as
Figure 17 defines the KARS outline and mounting interface in-
formation. Appearing as Figure 21 is the electrical schematic
for the sensor and defines the input power and output level
connections. These two drawings define the installation of the
KARS and i1ts hook up. Figure 22 is a picture of the assembled
unit.

7.2 Test Methods

All of the rate testing con this program was performed using a
Genisco Model 1100-5 Rate Table. Typically the Genisco system
consists of a direct drive rate table assembly including drive
spindle mounted torque motor, precision tachometer generator

and electrical slip rings; an all transistorized high power servo
amplifier and a power supply; and a high precision vcltage
reference and divider network. Of special interest to this pro-
gram is that by use of an external input plug, sinuscidal input
signals can be summed to the servo loop producing sinuscidal
table motions. The table motion is only limited by table inertia,
system bandwidth and torque capabilities.

As supplied by the vendor with a 14 in diameter aluminum table,
rates of 140°/sec at a frequency of 3 Hz are possible. The
external input has a sensitivity of 1 volt/°/second and the tacho-
meter has an output nominal scale factor of 0.070 V/°/second.
Source for the external input was a Interstate Electronics
Corporation Model F51A function generator which had a low and high
output level connections and a variable cross over adjustment in
the sine function which was useful. Output voltage levels were
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v measured using a Fluke Model 873A which was good down to

5 Hz,below this a Disa Model 55D35 was used which was good
£to0.1Hz. Signal wave form was displaced on Tektronix

Model 545 with a type 1ATA plug-in. This plug has the
unique feature of high gain and variable bandwidth filter
capability. Low frequency response was measured using
Lissajous figures displaced on Hewlett Packard Model 1205B
dual channel scope with a A versus B option. All scopes
were used in the DC input mode to eliminate any low frequency
signal distortion. Sensor power was supplied from a Power
Design Model TW5005 dual power supply. Basic 115V AC power
was supplied from a single phase source with heavy ground
wire terminations to eliminate 60 Hz ground loops.

Figure 23 is a picture of the test stand showing the test equin-
ment. The rate table has the standard 14 inch table head.
Shown in the figure on the rate table is a selector switch

; terminal for convenience testing of the three sensor regimes.

f For stability the test station was mounted on an inertial

E quality test pier. TFigure 24 shows the low inertial tabletop
designed to increase rate capability and the use of the slip

‘ ring facility of the rate table. The drive spindle mounted

i torque motor can be seen under the plexiglas shield. Figure 25
shows another view of the test area, this time with the low
inertia test tabletop.

Temperature and vibration testing were performed in the SKD
Environmental Test Laboratory using standard test equipment.

Frequency response data were obtained for the electronics by
using a Solartron EMR Frequency Response Analyzer Model 1410-01.

. The strip chart recorder used for phase checks and sensor
r response to step input was a Brush Recorder Model 240.

L0
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Figure 25. High Rate Test

Figure 24. Low Inertia Rate Table Head
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8. TEST RESULTS

8.1 Electronics

Separate tests were conducted on the electronics to establish
performance and to compare with design requirements. Gain,
bandwidth, noise and low freguency response were evaluated.
Numerous such measurements were made during design and exist

in the program file,

included.

only the final design circuit values are
These represent the circuit boards used in the two

deliverable units (S/N 1 & S/N 2) and are shown in Table 4.

Regime #1
AR1 '

AR2-47/
AR2-B

Regime #2
AR2-C

Regime #3
AR2-D

Table 4

Description

1lst Stage DC Offset
Gain
Frequency

Galn
High Corner Freguency
Low Corner Frequency

Gain
High Frequency Corner
Low Frequency Corner

Gain
High Frequency Corner
Low Frequency Corner

S/N 1

+500 uVv
90.0
Flat

4o2g2
512 Hz
0.66 Hz

13.8
2000 Hz
0.72 Hz

1.36
5920 Hz
0.73

t TFor description code see Figure 21.

Design
S/N 2 Goal

-600 uv 1000 uVv
91.7 ¥
Flat Flat

4082 4160
480 Hz 500 Hz
0.63 Hz 0.57 Hz

14 13.8
2030 Hz 2000 Hz
0.63 Hz 0.48 Hz

1.38 1.38
5800 Hz 5809 Hz
0.62 Hz 0.48 Hz

* Trimmed for each sensor scale factor nominal 100.
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As can be seen from the table, the design goals were achieved.
Included for information and to show the character of the
response are Figures 26, 27 and 28 for S/N 1 circuit board.
The bandwidths are determined by using the 3db point and the
reference point is cited on the individual figures of 0db.
Regime #2 and #3 have simple single pole filters for the

high and low pass filters used. Regime #1 has simple single
pole filter for the low pass filter, but a second order filter
for the high pass filter. Figure 29 shows a computer solution
to the mathematical model used.

The circuits performance on supply voltage was determined by
setting regime #1 at full scale output (10 Vpp) at 50 Hz and

the nominal #15V supply varied from *13V to #18V, with no
measureable effect. Previous test data on the development

units showed this design could operate in the specified environ-
mental; hence, the individual circuit boards were not tested.

As previously noted, resolution had proved to be problem so the
noise measurements at max gain utilized in regime #1 (3.78 X 102)
were made and proved to be 40 MVens Or 57 MV peak. Specification
reguirement is for 2% resolution based on full scale output,
which then using 5V would be 100 MV peak, which measurements

show was met. 1In regime #2 and #3 the values were 0,42 and

0.14 MV peak respectively. These measurements were made with

the input shorted and were taken with a true rms meter set with

a 10 sec time constant.

8.2 Assembled Sensor

Performance testing was done with the two prototype deliverable
sensors assembled, final wired but unpotted. As stated due to
rate table limitations the sensors could not be tested over theilr
full operating range. It was decided to determine the scale
factors for the three regimes, response to step inputs, phase
check, low frequency corner determination, axis alignment and
maximum rate testing. Table 5 summarizes the results for the

two units.
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Table 5

S/N 1 sS/n 2

Scale Yactor V/°/sec

Regime #1 0.48 0.53

Rerime #2 0.00154 0.00173

Recime #3 0.000158 0.000168
Low Yreauency Corner Hz

Rerime #1 0.7 e

Recime #2 0.65 _—

Phase Jheck v v

Pirures 30, 31 and 32 show 2 prlot of the raw data used to
determine the scale factors for S/ 1. Particular note should

te taxen on Yicure 32 which shows the resolution c¢f the
30 X 103 regime which shows a threshold at 20°/sec which would
te 0.07% spvec is 2% (L{00°/sec). Tigure 33 shows the response of
the sensor to nositive and nersative rate inputs and the cor-
resn hndlnc: *gnal cutruts from the sensor. (Positive output/
rositive rate, right hand rule),
“icures 34 and 35 show the shane cof the low frecuency corner
respvonse for recimes #1 and #2 resrectivelv. Regime #3 should
nove the same characteristics as #2 and 1s so noted on the
rlct. Tisure 3¢ shows the resnonse to a 3000°/sec ster input.
AT can be seen from the data the step input 1is really not =a
ster, tut a sine ramr to 3000°/sec at approximately 1.4 Hz,
tnzed on this and the low freauency response of the system
‘n recine #2 a value of 2400°/sec should be evident. Referring
©¢ the trace 2 value of 2272°/sec was determined which Ig with-
‘v, S.3% 2of che actual value. Considerine the methcd this 1s
~od arrcement. rFigure 37 is a similar response, but with a
~ore comrrecced time scale showine the comrlete resronse of the
natrument to 2 ster inrut of rate,

"sures 32 thrua 42 chow zimilar data fer S/N 2.
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Figure 42.




S/N 1 Response to Various

Step Inputs

Figure 43.
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S/N 1 Plot Max Rate Data Regime #2

Figure 44,




Figure 45,

S/N 2 Plot Max Rate Data Regime #2
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In addition, for S/N 1 the response to various step in ut
wer:s recorded and appears as Figure 43. In general

relationshic as expected 1s shown in the insert.

ﬁ 47}

inc
a 11
v rate testing, of the sensors was done at varlous freguenciecs
meximum table input rates. [Figures 44 and 45 show a plot of
cut, measured bty the rate table tachometer generator, and
V'ﬂsurcd value ty the KARS sensor S/N 1 and S/N 2 respectively.
: can be seen rates on the order of 1500°/sec could be
enerated and KARS was capable of sensing this rate accurately.

nput axis misalignment was measured by mounting the sensor
inrut axis at az right angle to the rate table spin axis. 1In
<hiz orientation the rate table input was applied to the crosc
2x13 of the senscr. Under these conditions the output from
recine #1 (10°/sec) was monitored with a 10°/sec input. The
results are that misalignments are 19.1 and 14.1 arc minutes
for 3/N 1 and S/ 2 respectively.

8.3 Environmental

The KARS deliverable production prototypes were evaluated in
three principle areas as listed in Table o.

Table 6

Environmental Test Areas

Number Description
1 Temperature
2 Vibration
3 Shoek

The results are covered in this section. To establish environ-
mental effects, scale factor tests in the 10°/sec regime #1 cut-
nut were taken before and after exposure.

No testing was done in the magnetic interference area since the
flux density in the pickoff 1s at least 3000 gauss. The presence
or absence of the earths magnetic field of 1/2 gauss will have a
trival effect on the sensor. The KARS will meet any realistic
magnetic requirements.
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Figure 46. Environmental Temperature Cycle KARS
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Temperature

Temperature testing was performed by placing the KARS in a

standard environmental test oven and subjecting them to

temrerature extremes of -35°C to 71°C. A typical temperature

time plot is shown as Figure U46. It can be seen that the soax

time at the two extremes was 2 hrs., oven rate was uced as the 1
thermal shock between extremes and the cycle repeated four

times, The temperature represented on this chart are the amblent
cenditions, a temperature probe on the KAR3S surface showed gocd

arreement with 3 slight lag to these readings Scale factor checlk

shtiews a2 0.0% change after temperature exnosure.

Vitration i

The units were subjiected to ¥IL Standard
(Figure 514.2-C curve AB) for a Q minute
Figure 47 is a copy of the srecified curv
avrlied to Ltoth the input and cross axis

L8A 1s the input axis direction and Firur

mounted on a standard fixture cube for cr

“igure 49 shows a typical response curve in g's cf “he contral
accelercmeter used in the servoe loor of the vibration table.
The unit can be clearly identified in Figure 484 as the center
oblect on vibration head with an electrical lead connected :o
It. Scale factor check after vibration exposure showed nc

change.

Mechanical Shock

A method of evaluating the sensor during the reguired 10,000 =
reax shock in the form of 3.2 millisec haif sine could not te
located in The Singer Organization. There is an Avco Shock

est Machine Model SM-005 with a Shock Amplifier Kit suitable )
or high accelerations (10,000 g) but only short (0.12 miliizec)

uration vulses. The shock amplifier kit was assembled and ;
2ctfted and 10,000 ='s at 0.12 millisec was obtainable., The 1

uanits were subjected to this input in both input and acrossz axiaz
directions as go-no go tests,
“irure 50 shows the pulse shape where the vertical scale iz 4

S0 volts/crr and horizontal scale is 0.1 millisec/cm. Tho
monitorine accelerometer scale factor (83.3 V/g) curve ‘-
shown as Ticure 51, Scale factor testing shows a 1% chance. :
“icure 52 shows the units mounted on the shock machirne in the

is and inrut axis direction. )
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Figure 50. Shock Pulse Input KARS
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Figure 52. Shock Machine Testing
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SECTION IV

CONCLUSIONS

Two prototype production KARS were designed and built for the
Defense Nuclear Agency. These units were tested and met the
design goals specified by DNA. An interesting result was that
the 30,000°/sec regime had a threshold of 20°/sec which is
well below the 600°/sec required. In the 3000°/sec regime

the threshold was 5°/sec where the requirement was 60°/sec.
Even though there was no linearity requirement, a rough look
at the numbers show a 2% linearity number. In conclusion, i
the KARS 1s a rugged design capable of measuring accurately 3
high rates. The key test will be field test where the 10,000
g's at 3.2 millisec half sine wave is experienced.
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Apnendix A

Develcprmnent Drec
“or
Ansular Rate Censor
1. SCOPE
1.1 JSeneral. This specification establishes the performance,

deslegn, develorment and test requirements of the Angular Rate
Zensor, herein referred to as the End Item.

2. APPLICABLE DOCUMENTS
2.1 The following documents, of the exact issue specified,
form a vart of this specification to the extend specified
herein.
STANDARDS
Military

MIL-STD-810C Environmental Test Methods
10 March 1975

OTHER PUBLICATIONS

ATA
ATA EETC Report Aerospace Industries Association
30 June 1965 Standard Accelerometer Terminoclogcy

EETC Report

2.2 The following documents, of the latest issue in effect, form
a part of this specification to the extend specified herein.

DRAWINGS

Kearfott Division

K130A0€2 Sensor, Angular Rate

Y216A315 Schematic Diagram Wiring

!
s




3. REQUIREMENTS

3.1 Item Definition. The End Item is a damped angular accelerometer,
and comprises a conductive liquid annulus (mercury) positioned in the
gap of a permanent magnet. The conductive liquid is held in a disk
shaped 1nsulative housing. Upon application of an angular input

to the housing, the liquid annulus 1is coerced 1nhto motion by viscous
forces. The relative motion of the liquid to the case 1s sensed by
measurement of the potential generated in the ligquid as it cuts the
lines of force of the permanent magnet. The output potential is
amplified to a suitable level by a preamplifier filter assembly.

3.1.1 Orientation. The End Item input axis shall be as defined 1in
Figure A-1,

3.1.2 Mounting Plane. The End Item mounting plane shall be as iden-
tified 1n K130A062.

3.2 General Requirements.

3.2.1 Definitions. The following document defines termirology used
in this specification: Aerospace Industries Assocation, Standard
Accelerometer Terminology, EETC Report.

3.3 Performance. The performance specified for all parameters of

the End ltem are stated as a design goal. An actual performance
value, not meetling the requirements stated, shall not be considered
in conflict with contractual requirements. The device shall be

expected to be useable in three distinctly different regimes known
as Regime 1, 2 and 3. The difference between the three regimes
manifests itself in the sensor as changes in the characteristics
of the electronics package. All three regimes appear as outputs
and can be monitored simultaneously.

3.3.1 Maximum Input Rate. The End Item shall perform over a maxi-
mum input rate of 10°/s for Regime 1, 3000°/s for Regime 2 and
30,000°/s for Regime 3.

3.3.2 Resolution. The End Item shall perform with a minimum res-
olution of 2% of full scale.

3.3.3 Bandwidth. The End Item shall operate over a bandwidth of
500 Hz for Regime 1, 2000 Hz for Regime 2 and 5000 Hz for Regime 3.

3.3.4 Gain/Scale Factor. The End Item shall have a nominal scale

factor of 0.5 volts,/°/s for Regime.1l, 0.00167 volts/°/s for Regime 2
and 0.000167 Vv/°/s for Regime 3.
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3.3.5 Corner Frequency. The End Item shall have a corner frequency
less than 1 Hz.

3.3.6 Rate/Acceleration Contamination. The End Item will have a
small component, at very low frequencies, which 1s proportional to
angular acceleration instead of rate. The transfer function for
the unit is defined as follows.

0
+1S

Pl

Co =

—

Co = Output voltage before electrical gain
K/1 = Gain factor

3.4 Input/Output Requirements.

3.4.1 Supply Voltage. The End Item shall reguire a supply voltage
of t15 t1/2 Volt. Noilse ripple shall be less than 0.05 Vp-p.

3.4.2 Output Signal Level. The End Item shall have an output level
of 5 volts for maximum input.

3.5 Mechanical Requirements.

3.5.1 Exterior Surfaces. All exterior surfaces shall withstand
the environment herein specified and the handling expected 1n the
normal course of operation, testing, and maintenance without deter-
ioration which causes non conformance to this specification.

3.5.2 Dimensions. The outline, mounting dimensions and location
oi! the center of gravity shall conform to K130A062.

3.5.3 Angular Rate Sensor Axis. The input axis and its positive
direction shall be defined by external markings and by reference
mouniting surface as indicated by Figure A-1.

3.5.4 Weight. The weight shall be 2.7 pounds maximum.

3.6 Environmental Requirements. The environmental conditions
listed 1n this section are those to which the End Item may be sub-
jected during storage, transportation, and handling or operation,

or both. The End Item shall be designed to survive these environ-
ments and to successfully complete the environmental tests specified
in Section 4.




3.6.1 Non Operative Environment. The following conditilons, occur-

1ng separately or 1n combination may be encountered during transpor-

tation and handling, or storage, or both. The End ltem shall conform ]
to all requirements of 3.3 after exposure or any reasonable combina- 1
tions of the specified service conditions.

3.6.1.1 Temperature and Thermal Radiation. Ambient temperature may

vary from a minimum of -35°C to a maximum of +71°C under unsheltered

ground conditions. Areas exposed to direct sunlight shall be con- !
sodered as unsheltered conditions.

3.6.1.2 Thermal Shock. Thermal shock shall be from -35°C to 71°C.
The heating and cooling rates of the ambient environment shall be
approximately 20°C/s.

3.6.1.3 Vibration. Vibration shall be in accordance with Mil
Standard 810 Method 514, Figure 514.2-6 curve AB for a 9 minute
logarithmic cycle.

3.6.2 Operative Environment. The following conditions, occuring
separately, or in comblnation may be encountered during operation.
The End Item shall conform to all the requirements of 3.3 during,
unless otherwise specified, and after exposure to any reasonable
combination of the specified service conditions.

3.6.2.1 Hechanical Shock. The End Item shall be capable of withi- '
standing the shock environment of 10,000 g peak in a 3.2 millisecond
half sine.

3.6.2.2 Temperature. The End Item shall be capable of operating
over a temperature range of -29°C to +71°C.

3.6.2.3 Magnetic Fields. The End Item shall be capable of with- j
standing magnetic fields of tTBD gauss without any degradation of
performance.

ik

4. QUALITY ASSURANCE

4.1 General. All tests governed by this specification shall be con-
ducted 1n accordance with test procedures prepared by the contractor.

4.2 Acceptance Tests. Fach End Item shall be subjected to an
Acceptance test consisting of the following individual tests.

a. Examination of Product

Scale factor

Input axis misalignment
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LIST OF TEST EQUIPMENT

Genisco Rate Table
Model 1100-5
S/N 2

Interstate Electronics Corporation

Function Generator
Model F51A
S/N 1

Power Design Inc.
Power Supply
Model TW5005

John Fluke Mfg. Co.

AC/DC Differential Voltmeter
Model 873A, 887A

S/N 12, S/N 2

Tektronix, Inc.
Scope

Model 545A

S/N 63

Plug In For Above
Type 1A7A

llewlett Packard
Scope

Model 1205B

S/N 12

Disa Inc.
RMS Meter
Model 55D35

Solartron EMR

Frequency Response Analyzer
Model 1410-01

S/N 9

Nicolet Scientific Corporation
Fast Fourier Transform Analyzer
Model 440A

S/N
with

Tektronix Digital Plotting Option
Model 4662
S/N 2

GOULD BRUSH

STRIP CHART RECORDER
MODEL MAEK 240

S/N 1

rven

cUoCY TRTT MACUITR
MODEL SM-(05-3

S/N 1

ilaia

[N

s d sttt L
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APPENDIX C

TEST LOGS KARS S/N 1, 2

PARAMETELR S/N 1 S/N 2
1 Scale Factor Regime #1 (V/°/sec) 0.485 0.537
2 Scale Factor Regime #2 (V/°/sec) 0.00154 0.00173
3 Scale Factor Regime #3 (v/°/sec) 0.000158 0.000168
4 Bandwidth Regime #1 (Hz) 513 480
5 Bandwidth Regime #2 (iiz) 2000 2030
6 Bandwidth Regime #3 (Hz) 5920 5800
7 Low Frequency Corner Regime #1 (iiz) 0.75 0.59
8 Low Frequency Corner Regime zg (Hz) 0.57 0.60
9 Noise Regime #l1 (V) 0.0515 0.0571
10 Noise Regime #2 (v) 0.00099 0.00064
11 Noise Regime #3 (V) 0.00036 0.00036

12 Axis Misalignment (min) 19.1 14.1
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