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Background

The need exists for a small, rugged 3-axis angular rate sensor which has an
electronic output and has a very short start-up time. The intended application
is for ejection seat steering contral for the Maximum Performance Ejection
System (MPES) Program. Three single-axis electrofluidic roll rate sensors
manufactured by Hamilton Standard were tested to measure their dynamic perform-
ance and cross-axis sensitivity. This information was used to develop a specifi-
cation for a combined three-axis angular rate sensor. In addition, the empirical,
dynamic mathematical model of a three-axis sensor will be used in NADC computer
simulations of seat ejections to refine the system performance requirements and

control component design.

Conclusions

The Hamilton Standard design, combined into a three axis sensor, appears to
have a high probability of meeting the requirements of advanced ejection seat
steering control. The short "readytime", sufficient accuracy, apparently adequate
dynamic response, and compatible electrical input/electronic output interfaces

make this an excellent candidate for the MPES application.

Recommendations

It is recommended that further research be conducted to develop a three-axis
angular rate sensor based on fluidic or fluid dynamic principles. Several such

sensors should be fabricated to achieve the performance goals outlined in Ap-

ii
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l pendix C. These sensors should be tested in NADC Laboratories to validate their
suitability for MPES. The tests would include laboratory calibration, dynamic
performance, appropriate MIL-STD-810C environmental tests, and ejection seat

launches.
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INTRODUCTION

The need exists for a small, rugged 3-axis angular rate sensor which has a b
very short "readytime" and which has an electronic interface for advanced ejec- i
tion seat steering control systems. The Hamilton Standard design appears to

have a high probability of meeting the requirements of this system.

The "Superjet" electro-fluidic roll rate sensor is manufactured by Hamilton
Standard, Farmington, Connecticut, as Part Number 9304100-099. The package includes

a pump which directs a stream of helium between two resistive elements. The

change in cooling of these elements by the gas stream is sensed to indicate
angular rate as shown in Figure (1). The package also includes analog elec-
tronics for signal conversion; so all that is required is a *15 V.d.c. power
supply and a voltmeter to measure the output of the device (36 V.d.c.). The
only moving mechanical part in the sensor is the vibrating diaphragm pump. This
is a ceramic piezoelectric crystal, flexibly mounted around its periphery, which
has electrically excited faces perpendicular to the mounting plane. The "Super-
jet" is exceptionally tolerant to angular rate overranging because such over-
ranging does not produce an internal mechanical force on stops, gimbals, or spin

bearings as in conventional rate gyroscopes.

The steady speed and environmental tests were conducted by Martin Marietta

and the results have been reported (1)* and summarized in Table 1.

Therein is a recommendation that further investigations of ''g-

*Numbers in parentheses denote the corresponding citation in the Reference
section. 1
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TABLE 1 PERFORMANCE SUMMARY

Full Scale Rate At ¥2% Linearity
Scale Factor

Null Bias (Calculated)
Hysteresis

Threshold

Resolution

Readytime

Drift

Null Offset: (measured)
G-Sensitivity

High Temperature Tested
Ltow Temperature Tested
Sensitivity to Jerk
Acoustic Sensitivity
Vibration Sensitivity

500 *100 deg/sec

.0062 ¥ 002 deg/sec

12 deg/sec

$0.6 deg/sec

<0.1 deg/sec

<0.1 deg/sec

80 milliseconds maximum

+0.76 deg/sec/min

12 deg/sec

1.00 deg/sec/g/maximum

+165°F

-30°F

Necligible

Negligible !
¥2 deg/sec at approx. 2,000 Hz f
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SUPERJET ANGULAR RATE SENSOR SCHEMATIC
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sensitivity" or cross-axis effects be conducted. Furthermore, that test program
did not include dynamic performance evaluation. The dynamic performance of

candidate sensors is required for the computer simulation of seat dynamics currently

underway for the Maximum Performance Ejection System (MPES) at NADC. Consequent-
ly, it was decided to measure the cross—-axis effects and the dynamic performance
of these sensors in the Advanced Concepts Laboratory (6013). The three angular
rate sensors used during this evaluation were serial numbers 0100355, 0100373,
and 0100381, which will be referred to as serial numbers 355, 373, and 381

respectively. This reports presents the results of these tests and evaluations. |

TEST PLAN

The tests were organized by a chain block plan as described in chapter 13
of NBS Handbook 91(2). This is an incomplete factorial experimental design in

which each sensor is subjected to some of the tests, randomly selected and

paired. The pairing allows measurement replication in order to detect unexpected

variance in performance. The tests (treatments) conducted on the sample of 3

single axis angular rate sensors were: 1

1. Frequency response
2., Step response
3. Transverse Velocity Sensitivity

4, Centripetal Acceleration Sensitivity

These tests are described in detail in later sections. Here it suffices to
state that frequency and step response are standard techniques for measuring the

dynamic behavior of a system. Subsequent analysis of this data resulrs in a

— e d
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real time mathematical model of the system for use in computer simulation.

The cross-axis sensitivity measurements (tests 3 and 4 above) are designed
to detect misinformation. The sensor is mounted on the rate table so that there
is in fact no rotation of the sensitive axis. Any output under these test

conditions becomes part of the overall error of the device.

In test 3 the sensor is mounted with the jet flow parallel to the axis of
rotation and with the sensitive plane tangent to the cylinder of rotation as

shown in Figure 2.

-
- 1]
>

l [
/__' Sensitive Plane

Figure 2 Jet Aligmment for Lateral Velocity Sensitivity Test

Rotation

In test 4, the sensor is mounted with the jet flow parallel to the axis of
rotation, perpendicular to the rate table surface with the sensitive plane

oriented radially so that it is subjected to centripetal acceleration as shown

in Figure 3.
Jet Velocity

__7—'—-——-'
Rotation

Figure 3 Jet Aligmnment for Centripetal Acceleration Sensitivity Test

Sensitive Plane
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These tests may indicate a sensitivity to linear transverse velocity and
linear transverse acceleration as well. However, it is the manufacturer's
opinion that any observed effects probably result from secondary steady flow
patterns established inside the helium vessel. This question could be resolved
if necessary by using the ejection tower facility at NADC to conduct linear

acceleration tests.

The distribution of the aforementioned tests among the sensors is shown in

Table 2.

TABLE 2 Chain Block Test Plan

Test Number

Sensor S/N 355 373 381
1 1 1

2 2 2

3 3

4 4

The tests denoted in Table 2 are:
1. Frequency response
2. Step response

3. Transverse Velocity Sensitivity

4. Centripetal Acceleration Sensitivity
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DYNAMIC PERFORMANCE TESTS

Frequency Response Tests i

The frequency response tests were conducted in accordance with ANSI B93.14-

1971 (3), using the equipment arrangement shown in Figure 4.

This figure also indicates the data reduction procedures. The sensors were
mounted with the centerline of the jet at the center of the table and with the

jet flow radially outward.

The SM 2001 frequency response analyser consists of two main sections, a

generator and a correlator. The generator section provides the excitation

signal to the system-under-test and the correlator section measures the output
of the system-under-test and displays the result, as shown in Figure 5. The |
excitation signal is a voltage sinusoid, digitally synthesized and converted to a é
continuous signal (1024 points are generated for each sine wave period). The é
correlator section accepts the analog output from the system under test, con-
verts it to digital form, and multiplies it by in-phase and quadrature refer-
ences established relative to the generator excitation signal. These products
are integrated over a selected number of cycles to produce the Cartesian com-
ponents of the output signal with respect to the references. Further digital
processing is available for conversion to polar form (gain and phase angle) or
to log arithmic polar form. The phase angle is always referenced to the nearest

principal axis.

The Genisco 1100 series rate-of-turn table (turntable) responds to the
analyser generator signal. A built-in tachometer generates a voltage propor-

tional to table speed.
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SM 2001

r
i
'
Generator i Correlator

High Low Earth: High Low EartH

[+] (] ? | o o -
| |

System
Qutput

Excitation

Figure 5 Frequency Response Analyzer Operational Diagram

Data Reduction

Measurements were observed at randomly selected frequencies between 0.5 and
32.0 Hz. The process of extracting sensor gain response and phase lag from the

data of the aggregate system is described below.

Gain Response

1. Each measurement was normalized with respect to an average of several

readings taken at very low frequency (essentially steady speed).

2. Each of the gain ratios of the aggregate system (turntable and sensor)

was divided by the normalized turntable gain ratio at that frequency.

3. These quotients each were divided by the ratio: rate sensor output

scale factor to input scale factor of the rate table (both constant). The re-
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sulting gains are plotted in Figure 6.
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Figure 6 Gain Responses vs. Frequency of the Three Rate Sensors

Phase Lag (°)

1. The phase lag of the aggregate system shown in Figure 4 was observed at
each of the test frequencies. .
! 2. From these values the phase lag of the turntable alone was subtracted
at each test frequency.

3. The resulting angular difference is the phase response of the sensor.

The phase response of all three sensors is shown in Figure 7.

. ! . I | "
0 LA — RS ; N D
W3¢ i +
SRR RSN BESEESES
o0 ] ¥ t et hamaindin i
b b S “ —— — [
L] ' - —t— ; - L. .
- : T A I — A 355 :
3 It . iy i D) 2 e s . l - .. R
g Y] Son e S SE—— . - 9 —— —> 33—
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o " BB ' D2 - 381 . :
-] . —l — A A ¥0) - '
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£ e DA = 1
W0 PN A
- , — PSS !
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R - oPa- |
0 10 20 30 I

Frequency, Hz

Figure 7 Phase Response vs. Frequency of the Three Sensors
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It can be seen in Figure 6 that the gain is nearly constant. The average
gain of all three sensors over the frequency range is 1.0. It can be seen in
Figure 7 that the phase lag increases linearly with frequency. Such a phase
response is characteristic of a transport delay, and the delay time can be de-

termined from the slope of this curve by using equation 1.
t (sec) = Phase Lag (deg)
8 f(Hz)360(deg/rev)

The turntable gain and phase responses used in the data reduction pro-

cedures are shown in Figures 8 and 9.

Transport Delay Test

To verify that the major characteristic of this sensor is a transport
delay, this interval was measured directly. The sensor was mounted the

same way as in the frequency response tests above.

The test method is simply to cause a sudden change in table speed, observe
the change in the sensor output, and measure the time between the two events.
For this reason it is called a step response. In fact the sensor responds so
rapidly that it appears as a response to a ramp input on the oscilloscope.
Nonetheless the time difference between the beginning of the table speed ramp
and the sensor output is a valid measure of the transport delay. The sensor
output also appeared to be a linear ramp. This test was conducted in accordance
with ANSI B93.41-1971 (3) using published procedures and instruments (4). Both
increasing and decreasing speed ramps were used, and there was no detectable

difference in the observed transport delays between them.

10
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Table 3 summarizes the mean transport delay time data observed for each

sensor using both tests methods.

TABLE 3 Dynamic Performance Test Data

Sensor SN Freq. Resp. Direct Transport Variation at 95%
Delay(msec) Delay(msec) Confidence(msec)
355 4.23 4.28 $0.55 :
:
1
373 4.87 5.13 11.6
381 5.85 5.34 10.95

The complete set of dynamic performance data is presented in Appendix A.

The mathematic description of the average roll rate sensor performance
recommended for use in computer simulation of ejection seat dynamics is:

= - deg
wo(t) Wy (t .00495) s (2)

The LaPlace transform of which is:

wo(s) -, (s)e—.00495(s) (3)

CROSS-AXIS SENSITIVITY TESTS

These tests are designed to measure misinformation. In these tests the
sensor is rotated about an axis orthogonal to its sensitive axis. The ideal |

sensor would not produce an output under these conditions. Any observed output

then worsens the overall accuracy of the sensor. The reason for conducting

these tests derives from the intention to combine three of these sensors into a

12
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f—axis centivaration ror usce in the Maximum Performance Ejection System (MPLbb.

in this contiuration, these sensors will be subjected fo precisely these cond

Lions.

coentripetal Acceleration Sensitivity Test

fn this test the sensor is aligned as shown in Figure 3. Thisg miv be
visualived also frow Figure | wherein its right-hand side becomes the upper
surface of the sensor and the page is aligned along a radius of the table.
Figure 10 shows a pair of sensors installed on the angular rate table tor tid

Lest.

Figure 10 test Tustallation to Observe Centripetal
Acceleration Sensitivity

Fhis test also mav disclose unsatisfactory performance during the high fineon

decelerations of an cjection,

-— e =
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Testing and Data Reduction

Ubservations were made up to 2200 deg/sec at intervals of 100 deg/sec in
both clockwise (CW) and counterclockwise (CCW) rotation. The table speed and
Jdirection were randomly selected for each observation. Sensor outputs were
measured with a Fluke model 8600A digital voltmeter, first during rotation and
then at rest. The implied angular rate was computed by comparing the two

ontputs (equation 4).

(Rotating Qutput - Rest Qutput) mv b
(Scale Factor, mv . sec/deg) ‘.

lmplied Angular Rate (deg/sec) =

The scale factors were approximately 6.0 mv.sec/deg.

This calculation removes the effect of bias error and electronic drirt.
A selector switch permitted measuring the output of both sensors sequentiallw
without changing turntable speed.

Centripetal accelerations up to 25 "g" were obtained with the install.ii

shown in Figure 10 and with speeds up to 2200 deg/sec. This "g" lev.l overs

the range expected in the MPES application.

Centripetal Sensitivity

The test results tor SN373 are shown in Figure 11; Figure 12 presents (he
same for SN38l. There are two distinct curves of error as a function ot ortheogen

speed for each sensor: one for CW and another CCW rotation.

14
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Figure 11 Centripetal Acceleration Sensitivity of SN373
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Figure 12 Centripetal Acceleration Sensitivity of SN381
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Comparing the upper curves of the two sensors, it is noted that the one results
from CCW rotation while the other results from CW rotation. This might imply

that there is a "heads or tails" orientation probability of the fluidic sub-
assembly when it is installed in the angular rate sensor. Since different
sensitivities were observed depending on direction of rotation, nothing conclusive
can be said about "g" sensitivity. The same centripetal accelerations are ob-
tained at the same speed regardless of which way the table is turning. The

larger error curves of the two shown in Figures 11 & 12 are replotted as a
function of "g" level in Figure 13. These results lend some credence to the

manufacturer's assertion that such sensitivity results from circulating steady

T ‘ — - st 381
20— —— — o
r - T e B 373
o S et
']
0 ) - /]
S
¥ - et = A
MR et samnee \ — ;
-~ : — :
5 7 .l N ) : T
9 —F ; )
[ od - - - s
o ;*w-_*-_iq
0o . 5 10 15 20 25

Acceleration, g

Figure 13 Error from Centripetal Acceleration vs. "'g" Level
flow inside the helium vessel. The maximum centripetal sensitivity observed was
1.2% of orthogonal rate in the range of 100 éo 500 deg/sec, which is the range

of interest for the MPES.

Lateral Velocity Sensitivity Test

In this test the sensor is aligned as shown in Figure 2. This may be

16
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cisualiczed also trom Figure 1 wherein its right-hand side beooo : ;

<l onee o the sensor, the jet tlow is upward, and the pace T o0 ‘

——

too the radius of the table. Figure 14 shows too el

T

Stalboa on the angular rate table tor this test.  The tost o

igure 14 Test Installation to Observe Lateral Velooity oo
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bquation 4 was used again to reduce the data.
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given in Figure 16. As in the centripetal sensitivity data, there are two il
tinct curves-one for CW and one for CCW rotation. As before, the upper cutve
ot SN355 describes the data in CCW rotation while that of SN381 portrays the
CW direction. Even more interesting, the two sets of curves seem to be wmir:

images of each other. This observation further bolsters the hypothesis thea-

mav be a "heads on tails" manufacturing or assembly of these sensors. [t @
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Figure 15 Lateral Velocity Sensitivity of SN355
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Figure 16 Lateral Velocity Sensitivity of SN381
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lateral sensitivity observed in the speed range of 100 to 500 deg/sec was 0.57%

5

]

i

!

of orthogonal angular rate. S
The cross-axis sensitivity data are presented in Appendix B.

UNCERTAINTY ESTIMATES

Estimates of experimental uncertainties were formulated using the methods
of ISO 5168 (5). The elemental uncertainty estimates of each component in the
measuring system are presented in Table 4., The measurement uncertainties of

each of the results reported herein are:

1 |
Measured Gain U=[U2(2001) + (2.0902(1100-5)]* (4) §
=£2.7%

L ;

Phase Lag U=[U2(2001) + (2.090)2]° (5)
=£0.1° %2.7%

Transport Delay U = 20.2ms 3% (6) l

= *5.8% i

Cross-axis Sensitiv-

ity (7

i H

U=20.2mv
*5.5% at 100 deg/sec

Projected Accuracy of a Three-Axis Angular Rate Sensor

An estimate of the overall accuracy was calculated for three of these
sensors combined into a three-axis device operating in general three dimensional
rotation. This estimate uses the empirical results of the calibration and
cross-axis sensitivity tests substituted into equation 8.

U= B(null bias) + d[U éprimary) + (8)
U2(centripetal) + U (lateral)]2

1,
U=+2 deg/sec :3.11[3.22“/.2 +1.22°% + o.szz]‘ (9)
=+2 deg/sec *10.8.
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This is the overall accuracy that may be expected from 95% of a very
large sample of uncalibrated three~axis rate sensors. The factor, d, is a statis-
tical correction for the fact that this projection is based on a sample size of
only 3 units. This estimate is probably conservative because these three sensors
had been shot from cannon previously and had been subjected to numerous en-
vironmental tests which tend to degrade the accuracy relative to their 'new"

condition.

Sensor Specifications

A design and performance specification for the three-axis MPES angular
rate sensor was developed based on the data analysis of the test results and
on interface and performance requirements desired by the Life Support Engineer-
ing Division. This specification is given in Appendix C. It is subject to

revision as the MPES requirements become better defined by future testing.

CONCLUSIONS

Three Hamilton Standard electrofluidic single axis angular rate sensors
were tested to measure their steady speed and dynamic performance. This sensor
design is a strong candidate for use in ejection seat steering control primarily
because of its short "readytime", sufficient accuracy, apparently adequate

dynamic response, and compatible electrical input/electronic output interface.

Dynamic Performance

The major characteristic time response of these sensors is a transport
delay of 4.95 msec £1.0 msec, which is to say that a change in the seat angular

rate is not transmitted until 4.95 milliseconds later. The gain of the sensors
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is nearly unity.

The second Important time consideration bearing on the application of this
sensor to an ejection seat is its "readytime", the elapsed time between the
application of power to the sensor and the delivery of an adequate signal. The
"readytime'" data were reported (1) for each of the three sensors throughout the

expected range of roll rates. The mean 'readytime' was 45 *14 milliseconds.

Cross—-Axis Sensitivity

This measure of error in a three-axis configuration of these sensors is
*1.2% of the orthogonal angular rate in the centripetal orientation and +0.5%

in the lateral velocity orientation.

RBCOMMERDATIONS

It is recommended that further research be conducted to develop a three-
axis angular rate sensor based on fluidic or fluid dynamic principles. Several
such sensors should be fabricated to achieve the performance goals outlined in
Appendix C. These would be delivered to NADC for test and evaluation of
their suitability for use in the maximum performance ejection system. The
test program would include laboratory calibration, dynamic performance tests,

ejection seat tower tests, sled tests, and appropriate MIL-STD-810C environ-

mental tests.
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APPENDIX A
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APPENDIX C
Preliminary Design and Performance
Specification of an Electrofluidic

Angular Rate Sensor
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The following constitute the desired design criteria and performance
of the sensor:

1. Size and Mass

1.1 The unit shall be less than 0.85 Kg (30 oz.)

1.2 Dimensions. The shape of the sensor is not defined. The
sensor should fit within these maximum envelope constraints:
(looking down at the seat)

Height 11 cm
Width 11 em
Fore and aft Length 8.5 cm

The mounting holes shall be in the 10 x 10 cm side, so that
the sensor can be mounted in the seat as shown in Figure C-1.

2. Electrical Interface

.1 The voltage supply shall be either 5 vdc or 12 vdc.

.2 Power consumption shall be minimized.

.3 Voltage output shall be linear *z% of rate *2 deg/sec up
to %400 degrees/sec, at which rate the output signal
shall be between (2.5 to 5.0 volts).

NN

3. Performance

After delivery the three sensors will be tested at NADC to determine
whether or not the following criteria have been met:

3.1 Maximum Rate. The maximum angular rate expected in service is
t500 deg/sec.

3.2 Llinearity. The output signal shall be linear within %2% of rate and
+2 deg/sec between -400 and *400 deg/sec.

3.3 Bias. The sensor shall indicate less than ¥2.5 deg/sec on each

axis when zero actual rate is applied regardless of seat velocity and accelerations
up to 18 "g".

3.4 Cross-Axis Sensitivity shall be less than 1.5% of angular
rate. That is, the rate indicated on either axis perpendicular to the axis of
rotation shall be less than 1.5% of the rotating speed.

3.5 Frequency Response

a. The gain shall be constant *3:% in the range of 0 to 10 Hz.
b. The phase lag response shall be less than 1.8 deg/Hz.

3.6 Readytime. The sensor shall indicate the actual rate, & 5°,
within 100 milliseconds after switching in the power supply to it.
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4. Environmental Conditions

The production model will be subjected to the following tests, decribed in
MIL-STD-810C:

500.1 508.1 513.2
501.1 509.1 514.2
502.1 510.1 515.2
507.1 512.1 516.2

518.2

5. Built-in Test Equipment (BITE)

The sensors shall be provided with hardware test points and test procedures
to ascertain whether or not the sensor will operate satisfactorily - to provide an
"operational check". These test points conveniently can be wired to an external
connector on the outside of the seat to facilitate pre-test and post-test checks
without removing the sensor from the seat.

6. Sensor Definition

12 . ELECTRICALLY DRIVEN ANGULAR h
or V.d.c. FLUIDIC JET RATE -5 to +5 V.d.c.
5 RATE SENSOR OUTPUT

o— —o

Note: Research conducted by NADC has shown that only a sensor using fluid
dynamic principles to measure rotation rate can meet the start-up and opera-
tional requirements of this application.

Figure C-2 - Sensor Definition
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