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ACOUS? 'AL RE( NSTRL TION

Ideally, the sound produced inthetube  S) and the PRS should be identical. When the
respiratory sounds are played, the signal is distorted by the playback system including: the
speaker, amplifier and sutroundings. Figure 2 illustrates actual systemds owing the PRS an
the distorted RRS. It can be seen that the sound generated in the tub« ‘b 1 significantly
modified byt  3ystem components. Acoustical reconstruction techniques were used to predict
how the input to the amplifier shou e modified to accurately reproduce the original sounds. A
stable version of the inverse svatem model was used to reconstruct the signal. As shown in
Figure 3, the inverse model, ©  (z), was used to cancel the modifications made to the signai by
the playback system, H(z).
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Observed Thermal Hysteresis on 5-Wire Pressu,
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' Abstract

In the course of calibrating 5-wire pressure transducers a highe
Mean Square Error of a response surface model has been obser
Further investigation indicates that this error is driven by a syst
intercept of the first and last ambient temperature calibrations.
lin  regression on the calibration data provides a way of view
uncertainties that show up as patterns in residuals. It is these pa
lead to the assertion that the observed uncertainties are manifes
hysteresis.

Introduction )
Over the last decade Pratt & Whitney Instrumentation L

Beach Florida has been supporting engine test measurements w
pressure transducer. This pressure-measuring device is called a
transducer as introduced by Carlson [1]. The 5-wire pressure tr:
by the Kulite Semiconductor Products Inc. and differs from cor
providing two output voltages one proportional to pressure and
It derives its name '5-wire' because in addition to the classical 4
bridge there is a fifth lead, which provides the temperature outy
+ Excitation

+ Signat - Signal
Figure 1. 5-Wire Pressure Transducer Bridge Configuration

The calibration of the 5-wire pressure transducers is don
load to the transducer in 20% increments through a predetermin
pressure and temperature data gathered from the calibration are
mathematical model that is described by Carlson [1]. Regressio
quantify the coefficients for the general form of the equation th:
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Observed Thermal Hysteresis on 5-Wire Pressure Transducers

Carlos Archbold
Pratt & Whitney Military Engines
West Palm Beach, [ 33410

Abstract
In the course of calibrating 5-wire pressure transducers a higher than expected Root
Mean Square Error of a response surface model has been observed and documented.
Further investigation indicates that this error is driven by a systematic offset in the
intercept of the first and last ambient temperature calibrations. The use of a first order
linear regression on the calibration data provides a way of viewing systematic
uncertainties that show up as pattems in residuals. It is these pattemns in the residuals that
lead to the ass:  on that the observed uncertainties are manifestations of thermatl
hysteresis.

Introduction
Over the last decade Pratt & Whitney Instrumentation Laboratory in West Palm

Beach Florida has been supporting engine test measurements with a unique type of
pressure transducer. This pressure-measuring device is called a 5-wire pressure
transducer as introduced by Carlson [1]. The 5-wire pressure transducer is manufactured
by the Kulite Semiconductor Products Inc. and differs from conventional transducers by
providing two output voltages one proportional to pressure and the other to temperature.
It derives its name '5-wire' because in addition to the classical 4 leads of the Wheatstone

bridge there is a fifth lead, which provides the temperature output voltage.
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R% Spen Compensation
+

¥

+ Signal - Signal
Figure 1. 5-Wire Pressure Transducer Bridge Configuration

The calibration of the 5-wire pressure transducers is done by applying a full-scale
load to the transducer in 20% increments through a predetermined temperature cycle. The
pressure and temperature data gathered from the calibration are put through a
mathematical model that is described by Carlson [1]. Regression analysis is used to
quantify the coefficients for the general form of the equation that describes the theoretical
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behavior of these transducers. The Root Mean Square Error obtained from the regression

is multiplied by a t95 statistic. The result is called the 5-wire uncertainty. The acceptance

criterion of a calibration is determined by this value which should be no greater than
0.3% of full-scale output.

First and Last Ambient Temperature Anomaly

Typically, a calibration temperature cycle consists of eight set points starting at
ambient, 30, 150, 250, 350, 450, 550°F and then ambient again. Over the course of time it
was noticed that a number of 5-wire pressure transducers were not passing our
acceptance criteria of 0.3% 5-wire uncertainty. The common characteristic of these
nonconforming transducers was a marked difference between the first and last ambient
temperature calibration data. Most noticeably, differences in the "no load"” pressure
output voltage which, under the assumption that the transducer behaves linearly, shows
up as a non-repeatable intercept value, The calibration failures were sporadic and few in
terms of the total population of transducers. The failures were also indiscriminate, not
limited to a specific model or range of 5-wire transducers. As the aumber of
nonconforming transducers grew, there was a need to find a resolution to this problem.
What was driving difference in intercept values for the first and last ambient temperature-
data? Were there calibration procedural errors? Was it the calibration system hardware?

The 5-wire calibration process is fully automated, eliminating the possibility of
human procedural errors. Furthermore, there were sufficient legacy data to show
consistent performance of our calibration system hardware over time.

Thewtabhshed03%5-wuemcertmntymeptancecmenonuasu1cta
acc _ 1ce condition than the vendor specifications for this device. The manufact -
specifies maximum non-repeatability values at only one temperature. Pratt & Whitney's
5-wire uncertainty considers a broad temperature cycle in order to quantify non-
repeatability. The idea of raising Prait & Whitney's acceptance criterion uncertainty to
fall within the manufacturer’s specifications is certainly an option but it would have
significant consequences in the uncertainty of engine test parameters. Also raising the
acceptance criterion would not answer the observed discrepancy between the first and last
ambient temperature calibrations.

The transducers could not be retun ‘o the manufacturer since they met
manufacturer's specifications. Even thouch they had a high 5-wire uncertainty that
exceeded our acceptance criterion, the d  rence in intercept value consistently fell
within the full-scale output vendor specified tolerance for intercept thermal sensitivity..
This was the quandary; a slowly growing population of non-conforming transducers
whose established acceptance criterion did not meet Pratt & Whitney's standards, yet no
actual failures by the manufacturer's performance specifications had occurred. .

Hypothesis: Thermal Hysteresis
Out of all the plausible explanations of the first and last ambient temperature

anomaly, the most promising turned out to b¢  iermal Hyteresis.
Thermal Hyteresis is defined as non-repeatability of a parameter at reference temperature.
[4] In the case of 5-wire pressure transducers, this parameter was the intercept value at
ambient temperature. Thermal Hysteresis can vary with time and manifest itself as:[4}
e Cold Cycle Hysteresis- In this condition a measured parameter changes due to a

temperature excursion below the reference temperature.
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¢ Hot Cycle Hysteresis- A measured parameter changes due to a temperature excursion
above the reference temperature.

o Full Cycle Hysteresis- A measured parameter changes due to temperature excursions
above and below the reference temperature.

Theoretical Source of Thermal Hysteresis

Stability of a sensor is characterized by how repeatable its performance is over a
period of time. Thermal Hysteresis, if present in a measurement, can alter pressure sensor
stability. In general, the sources of sensor instability can be subdivided in two categories;
mechanical and electrical instabilities as noted by Bryzek[2]. Mechanical instabilities can
come from the actual manufacture and packaging of semiconductor devices where stress
is built up in the packed layers of a semiconductor sensing element. This stress can affect
the offset, pressure sensitivity and temperature coefficient of the sensor. Electrical
instabilities can be caused by the mobility of ions within the crystal lattice of the sensing
element. As the device is heated and subjected to pressure these jons move about
randomly, changing the resistance of the semiconductor, thereby changing the output
voltage [3]. Temperature and pressure facilitate the manifestation of these instabilities in
the form of Thermal Hyteresis. According to Lycoudes[3] these instabilities depending
on their severity are bake-reversible. The continuous applications of temperature and
pressure can reduced or remove instabilities in semiconductor sensors. Therefore, in
theory, if Thermal Hysteresis was the cause of the first and last ambient temperature
anomaly, it could be eliminated by a subjecting the nonconforming 5-wire transducers to
extended periods of temperature and pressure as suggested by Lycoudes[3].

The Experiment
To test the Thermal Hysteresis Hypothesis, a group of transducers was selected.
The selection was based on those with the highest reported 5-wire uncertainty by which
‘they had been rejected. The experiment consisted of exposing these transducers to a
series of consecutive calibrations throu 1 full cycle of temperature and full-scale
pressure to see if there was an improvement in the calculated 5-wire uncertainty.
However, looking at the 5-wire uncertainty would not be sufficient to attribute the
transducer failures to Thermal Hysteresis. A first order linear regression of the pressure
output data would give another perspective to the experiment. Ass  ng the transducer to
be linear throughout its entire range, regression analysis residuals give a glimpse of the
change in slope and intercept values for each calibration. As mentioned earfier it was
belicved that the differences in intercept va | between the first and last ambient
temperature data was driving the high 5-wire uncertainty for these transducers.

Results

Figures 2, 3 and 4 show the results of three of the 5-wire pressure transducers
used in the experiment. By means of a first order linear regression one straight line is fit
through the first and last ambient temperature calibration data. This straight line fitis a
useful diagnostic tool because the residuals, defined as Actual minus Predicted response,
if not zero, should be bounded about zero as mentioned by Carlson [1]. The residuals are
plotted as a function of the set pressure. If the transducers were truly ideal, the residual
plot for the first ambient calibration should overlap with the last ambient  perature
residuals effectively yielding zero error.
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First Order Regresion for First and Last Ambient Temperature for Three Seperate Callbrations on
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Conclusion

At the conclusion of this experiment the data gathered showed a reduction in the
5-wire uncertainty. Three consecutive calibration cycles brought these transducers within
Pratt & Whitney's uncertainty acceptance criteria of 0.3%.

Transducer XCEL-82  5-wire uncertainty before  5-wire uncertainty after

J41-2 0.93% 0.15%
J41-38 0.85% 0.17%
J41-38 0.78% 0.17%

Table 1. S-wire uncertainty vaiues before and after calibration temperature cycles.

The transducers all had reductions in the intercept difference for the first and last ambient
data. In all cases the movement of the intercept values was toward  sing the error "gap"
in the residual plots. In essence these transducers were improving their "repeatability”
and by definition removing Thermal Hysteresis. Can the data conclusively say that there
were mechanical or electrical instabilities in these transducers? No, further testing and
analyses could only confirm or deny this point. But what can be concluded from this
experiment is that the first and last ambient temperature anomaly was able to be réctified
by the application of a technique specifically tailored to address temperature related
instabilities manifested as Thermal Hysteresis.
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