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Abstract

An uncertainty analysis was performed on two very similar piezoresistive (PR) accelerometer-
type data acquisition (DAQ) systems typical of those in the “Shock Lab” in Building 860, Area I,
and the “Mechanical Shock Lab” or “Actuator,” Building 6570, in Tech Area III. Components
included in the analysis were Endevco Model 7270A PR-type accelerometers (most often used),
connecting cables, Dynamics Model 7600A and 8000 signal conditioner/arnplitiers, DSP
digitizers, and IBM compatible PC systems. The analysis was performed assuming the data have
been validated and issues, such as faulty transducers, cables, and other “major” potential
problems, have been resolved. This analysis can be easily modified for other PR type
transducers. Results fi-om the analysis show that, excluding systematic uncertainties caused by
accelerometer mounting methods, the uncertainty of the entire DAQ system used in typical

accelerometer measurements is about + 5 per cent (95 per cent confidence) or ~ 8 per cent (99
per cent confidence). Most of that uncertainty is because of the Endevco acceleromete~ little of
the uncertainty is because of the remainder of the DAQ system.
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Uncertainty Analysis of an Accelerometer DAQ System

1 ExecutiveSummary

An uncertainty analysis was performed on two very similar piezoresistive (PR) accelerometer-*
type data acquisition (DAQ) systems used in Center 9100. These measurement systems are
typical of those in experiments performed in Sandia’s Technical Area III (TAHI) Albuquerque

b Full-Scale Experimental Complex (AFSEC), Department 9134, and Solid Mechanics
Engineering Department 9126. Specifically DAQ systems used in the “Shock Lab” in Building
860, Area I, and the “Portable MIC” DAQ system used in the “Mechanical Shock Lab,”
Building 6570, in Tech Area III were analyzed. Components included in the analysis were
Endevco Model 7270A PR-type accelerometers (most often used), connecting cables, Dynamics
Model 7600A and 8000 signal conditionerkunplifiers, DSP digitizers, and PC systems. The
analysis was performed assuming the data have been validated and issues, such as faulty
transducers, cables, and other “major” potential problems have been resolved. This analysis can
be easily modified for other transducers.

“Portable MIC” DAQ System Building 860 Shock Lab Test Specimen

Results from the analysis show that, excluding systematic uncertainties caused by accelerometer
mounting methods, the uncertainty of the entire DAQ system used in typical accelerometer
measurements is about* 5 per cent (95 per cent confidence) or+ 8 per cent (99 per cent
cofildence). Most of that uncertainty is because of the Endevco accelerometer; little of the
uncertainty is because of the remainder of the DAQ system.

Systematic uncertainties caused by installation effects vary flom experiment to experiment. In
some installations in the Mechanical Shock lab (Building 6570), the test unit cannot be disturbed.
Therefore, an accelerometer is screwed into an aluminum block that is then glued onto the test
unit. The accelerometer measures its own acceleration, not the acceleration of the test unit. If
properly mounted, the difference between the two accelerations is small, but not always. For

d example, if a relatively large accelerometer is mounted on a relatively small test unit, one can
affect the response of the test unit causing an error. Consequently, the total measurement

●
uncertainty will be larger. It is, therefore, important to quanti~ the uncertainties caused by
installation effects or ensure they are negligible. Because uncertainties owing to installation
effects can vary, they are not addressed here and are not included in the uncertainties listed
above. For most “well designed” experiments, this type of uncertainty (systematic) is probably
negligible but should be checked (see Section 8 for more discussion).
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2 AcronymsandAbbreviations

AC

AFSEC

ANSI

ASME

CAL

‘CAP

cm

DAQ

DC

ESCC

IEEE

1s0

lsb

MIC

MIU

NIST

PE

PR

PTC

rnls

RSS

rti

rto

TAIII

TC

Vco

alternatingcurrent

AlbuquerqueFull-ScaleExperimentalComplex

AmericanNationalStandardsInstitute

The AmericanSocietyof MechanicalEngineers

calibration

CertificationAugmentationProgram

common moderejectionratio

dataacquisition

directcurrent

ExperimentalandSystemsCertificationCapabilities

InternationalElectricalandElectronicEngineers

InternationalStandardsOrganization

leastsignificantbit

mobile instrumentationcontainer

mobile interfaceunit

NationalInstituteof StandardsandTechnology

piezoelectric

piezoresistive

performancetestcode

root meansquare

root sumsquare

relativeto input

relativeto output

TechnicalAreaIII

thermocouple

vokage controloscillator
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3 Introduction

This uncertainty analysis is of a typical accelerometer and data acquisition system (DAQ system)
●

used in Sandia’s Technical Area 111Full-Scale Experimental Complex (AFSEC), Department
9134- i.e., the “portable MIC” used in Building 6570, the Mechanical Shock Lab - and the

● system used in Solid Mechanics Engineering Department 9126- i.e., the Shock Lab in Building
860. Equipment analyzed is typical of that used during 1999.

This information can be used when providing experimental data to customers, be they systems-
level personnel trying to understand the behavior of their system or an analyst trying to obtain
experimental data to compme with model predictions. One cannot hope to use experimental data
to compare with model predictions to a known uncertainty if the experimental data uncertainties
are not quantified.

This analysis is part of a larger study to arxdyze and document the uncertainties and errors
present in typical experiments performed using DAQ equipment (accelerometers, pressure gages,
strain gages, thermocouples, etc.) in Center 9100. A thermocouple uncertainty analysis was
completed in 1999 (Nakos, 1999).

This project began under the support of the Experimental and Systems Certification Capabilities
(ESCC) Program, continued under the Certification Augmentation Program (CAP), and is now
supported by AFSEC, that support is gratefidly acknowledged.

4 UncertaintyAnalysisMethods

There are a number of methods that can be used for the determination of measurement
uncertainty. A summary of the various uncertainty analysis methods is provided in Dieck, 1997.
The American Society of Mechanical Engineers (ASME’s) earlier performance test Code PTC
19.1-1985 (ASME, 1985) has been revised and was replaced by PTC 19.1-1998 (ASME, 1998).
In ASME, 1985 and ASME, 1998, uncertainties were separated into two types: “bias” or
“systematic” uncertainties (B) and “random” or “precision” uncertainties (S). Systematic
uncertainties are often, but not always, constant for the duration of the experiment. Random
errors are not constant and are characterized via the standard deviation of the random
measurements, thus, the abbreviation’ S.’ In ASME, 1985, the total uncertainty was expressed in
two ways, depending on the “coverage” desired. First, the “additive” method:

U~D = i[@) + (t&)], (1)

t where B is the bias or systematic uncertainty of the result, SXis the random uncertainty or
precision of the result, and tg5 is “Student’s t“ at 95 per cent for the appropriate degrees of
freedom (DOF). This method provides about 99 per cent “coverage.” “Coverage” here does not
mean “confidence” because a statistical term (SX)was combined with
(Dieck, 1997).

a non statistical term (B)
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The second choice
confidence level:

was the root-sum-square (RSS) method (ASME, 1985) and has a 95 per cent

U~ss = &[(B)2 + (tg&)2]1’2 (2)

A third method, adopted by the International Standards Organization (1S0, 1993) and the
National Standards Institute (ANSI, 1997), separates uncertainty types into Type A and Type B.
Type A sources are derived from statistical methods, whereas Type B sources are not. The
method of calculating total uncertainty in this model is as follows:

U1so = fK[(UA)z + (U~)2]1n > (3)

where UA and UB are the Type A and B uncertainties (both at 1a confidence levels); and K is a
“coverage factor” used to obtain a level of confidence. K normally varies between 2 (for 95 per
cent) and 3 (for 99 per cent).

Coleman and Steele, 1995 provide a comparison of the uncertainty methods available, and the
National Institute of Standards and Technology’s (NIST’S) method of estimating uncertainty is
provided in Taylor and Kuyatt, 1994.

The new ASME PTC 19.1-1998 (ASME, 1998) uncertainty methodology is defined as follows:

Ugs = + [(B)2 + (2* SX)2]1n (4)

and provides a 95 per cent cotildence level.

Because we are involved with “engineering sciences” in Engineering Sciences Center9100 the
ASME model recommended in Equation 4 is the most relevant and so will be used in this
analysis.

In Equation 4 above individual SXithat makeup SXare provided as one standard deviation value
and Bi as individual 20 values. In practical terms manufacturer’s specifications most often do
not specifi uncertainty types as systematic or random or with any kind of confidence level - e.g.,
95 per cent or 99 per cent. As a result, the practitioner has the problem of trying to determine
how to combine uncertainty values with incomplete information. If it is crucial to determine
more about the uncertainties listed, it is best to call the manufacturer. Most often the
uncertainties listed are maximum values, so it is reasonable to assume there are three standard
deviations. In these cases there is a need to adjust the listed uncertainties to a 10 value for

random uncertainties or 2~ value for systematic uncertainties, then use Equation 4 to find the
total uncertainty.

An alternative used in Taylor, 1988 arose because of the way manufacturers provide data on
“accuracies, “ “errors,” or “uncertainty” estimates. As noted above, most manufacturers do not
specifi uncertainty sources as systematic or random, nor do they provide confidence levels - i.e.,
-t-3sigma [-&99 per cent]or t 2 sigma [t 95 per cent] errors. Often “accuracies” or “errors” are

provided as a maximum value or a percentage of the reading or a percentage of fi.dl scale. As a
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result, a rigorous uncertainty analysis - i.e., knowing the error to * 95 per cent or ~ 99 per cent
conildence level - is often not possible.

b

According to Taylor, 1988 because the uncertainties provided by the manufacturers are often the
maximum values possible, there is no need to use an additional coverage factor, and the total
uncertainty may be expressed as:

u max= *[B+ R], (5)

where R is the RSS of the “random” or “precision” uncertainties. ‘R is used rather than’ S’ so
as not to imply that in this case, the random uncertainty is one standard deviation (it is often
three standard deviations). ‘B’ is the maximum total systematic uncertainty. Use of Taylor’s
Equation 5 provides an upper bound (conservative) value for the error and is not the same as
Equation 3.

In all of the methods described above, the total systematic uncertainty B and total random
uncertainty SXare found using the RSS method:

B = (B12 +B22 + Bg2 + . ..)ln (6)

Sx=(s12+S22+SS2+ ...)l~’ (7)

where Bl, B2, B3 and S 1, S2, S3 are the individual uncertainty sources.

It is sometimes difficult to determine which type of uncertainty source (systematic or random)
one is faced with. One way to determine if a source is systematic or random is to ask the
question: Can I eliminate or reduce this error? (Taylor, 1988) If the answer is yes, the
uncertainty is systematic; if the answer is no, the uncertainty type is random. Another way to tell
is if the uncertainty always skews the data in the same direction - i.e., + or –. If so, then it is
systematic. A third way is to ask if the uncertainty is constant for the duration of the experiment
or if it contributes to data scatter. If constant, it is a systematic uncertainty; if it contributes to
data scatter, it is random. A fourth way is to see if the uncertainty was statistically determined; if
so, it is random. Typical types of systematic uncertainties are sensitivity, nonlinearity, and gain.
Less commonly discussed systematic uncertainties are those that result from the sensor design -
i.e., TC type - and coupling with @e environment. Typical types of random errors are noise and
frequency response errors from the sensor and DAQ system. Taylor, 1988 provides valuable
information on how to effectively interpret the manufacturer’s specifications.

“Uncertainties” and “errors” are used to convey specific ideas. When making a measurement,
one never knows what the “true” value is. The “error” is the difference between the true value

i and the measured value. “Uncertainty” means that your measurement is uncertain; you can only
say that the true value is within some uncertain y interval. More precise deftitions of “error”

& and “uncertainty” are provided in ASME, 1998.

In summary, the method outlined in ASME PTC 19.1-1998and expressedin Equation 4 above
will be used in the analysisbelow to estimatethe uncertaintyfor a 95per cent confidence
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leveL For a 99per cent confidence level, the methodolo~provided in ASME, 1998,Appendix
B, the1S0 method, wil! be used and is shown in Equation 3 withK= 3.0.

5 LiteratureReview

An analysis similar to the one below, but less detailed, was performed on accelerometer
measurements for the Defense High-Level Waste Transportation Cask (Madsen et.al., 1987).
Results were not reported as 95 per cent or 99 per cent confidence. Uncertainties were presented
as in Table 1 which follows:

2) Data acquisition noise levels * 30/0

3) Data acquisition bridge conditioning excitation f 20/0
voltage – human error
4) Data acquisition, VCO, analog tape machine, * 10/0

I analog ta~e remoducer I I

I 5) Post processing, analog-to-digital conversion, I * 100/0 I
filtering, plotting data interpretation – human error
6) Estimated total uncertainty (RSS method) ~ 14.60/0or+ 150/0

It is evident from the above that the major portion of the uncertainty is from the transducer. The
data acquisition system adds a small amount as compared with the transducer and post process-
ing. There is also a substantial uncertainty because of “post processing, . . .. and human errors.”

Ammerman et.al., 1991 discussed an evaluation of accelerometers and strain gages. Although an
uncertainty analysis was not provided, the authors evaluated the results of multiple accelero-
meters measuring the same value. Some results are as follows:
1)

2)

3)

6

One cannot depend on the results of a single transducer – use multiple transducers where
possible.
There can be as much as a 10 per cent deviation between transducers (this is consistent with
the results in Table 1, (15 per cent uncertainty).
The choice of a transducer is important.

SystemDescription

Figure 1 shows a schematic of the entire DAQ system. It consists of the following components:

1)
2)
3)

Endevco Series 7270A-20K piezoresistive accelerometer
Connecting cable - e.g., Alpha cable 2468, or Mercury cable MW# 7122.
Dynamics Model 7600A or 8000 power supply and amplifier
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Q

+

4)
5)
6)

Dynamics filters (Bessel)
DSP Technology, Inc., TRAQ digitizing system
IBM compatible PC with data analysis software - e.g., postprocessing filters.

The three individual components of the Dynamics Model 8000 system (power supply, amplifier,
and filters) are treated separately because specifications for those components are discussed
separately in the Dynamics Manual.

Figure 1 also serves as the summary for the analysis.

7 Assumptions

Assumptions used in the uncertainty analysis areas follows:
1)
2)
3)

4)
5)
6)
7)

8

The input signal horn the test item is ‘tithin the range of 0-20,000 g.
The input signal from the test item is at the frequency 10 kHz.
The experiment’s duration is so short that there are no changes in temperature; therefore,
drift is negligible. The temperature is assumed to be +75”F.
The excitation is 1Ov.
Full-scale output is tlOv.
Cable lengths are 50 R or less.
Mounting method errorshmcertainties are negligible (see Section 8 for further itiormation on
this subject).

UncertaintyAnalysis

8.1 Endevco Series 7270A-20K piezoresistive accelerometer
Figures 2a and 2b provide specifications on the accelerometer. Model 7270AM6 (Figure 2b) is
the same as Model 7270A (Figure 2a) except that Model 7270AM6 has an added isolator
developed at Sandia (by Vesta Bateman).

8.1.1 Sensitivi~
Figure 1 under the accelerometer summarizes the individual error/uncertainty sources for the
Model 7270A. The first item of concern is the sensitivity. From Figure 2a for the Model

7270A-20K accelerometer, the sensitivity is specified as 10 f5 microvolts/g (minimum to
maximum sensitivity). This range is clearly too large (300Y0 variation) to use without further

calibration. Typical sensitivities fi-om Sandia’s calibration laboratory have accuracies of t 3 per
cent. This type of uncertainty is a systematic uncertainty (B) because it can be reduced with
better and better calibrations (up to a point).

8.1.2 Frequency response
This is listed as i 5 per cent maximum, ref 100 Hz. The note says “Frequency response should
deviate by less than A 5’% from DC to indicated frequency based on analysis. Measurement
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uncertainties above 10kHz prevents stating i 5% as a specification limit for all but the 7270-
2K.”

For the Model 7270A-20K (20,000-g range), the specification is ~ 5 per cent from dc up to 50
m

kHz. Based on the footnote, the i 5 per cent specification applies only for data frequencies up
to 10 kHz, not 50 kHz. This difference is likely owing to the difficulty of calibrating
accelerometers at high frequencies, as stated in the quote, and based on a personal conversation.

Therefore, for the Oto 20,000-g range accelerometer, the frequency response is only known to +
5 per cent for O-10kHz, not 50kHz. One should contact Endevco for the frequency response
specification above 10kHz. This error type is considered to be a random uncertainty (S).

8.L3 Mounted resonance frequency
The mounted resonance frequency for this accelerometer is typically 350 kHz, with a minimum
of 220 kHz. This causes no additional uncertainty because the fi-equency response specification
includes any amplitude error caused by darnping. For a small darnping ratio (e.g., 0.01-0.10),
the amplitude can be affected to values down to 0.1 times the resonant frequency (see Wright,
1995, Page 71, Figure 2.37) or in this case down to a minimum of 22 kHz. However, because we
are assuming a signal of 10 kHz, the amplitude would not be affected by the damping. In
addition, the damping ratio of this type of accelerometer maybe much larger than 0.01-0.1.

8.1.4 Non linearity & hysteresis
From Figure 2a this error is listed as “A 2% of reading, maximum, to full range, up to
acceleration corresponding to the recommended range. Measurement uncertainties prevent
stating this as a specification limit above 10,OOOg.” This source is also a systematic uncertainty

@)-

8.1.5 Transverse sensitivity
This is because the accelerometer is sensitive to inputs from the transverse direction, up to a
maximum of 5 per cent (i 5 per cent). This error type is considered to be a systematic
uncertainty (B) because it can potentially be reduced.

8.1.6 Zero measure and ou~ut (ma)
This is listed as * 100 mv maximum in Figure 2a. It is assumed that this is an offset or bias that
can be adjusted to zero before the test begins. This would be a systematic uncertainty if non-
zero.

8.L7 Zero sh~t owing to halfsine acceleration causing 200-mV output (or 150,000 g,
whichever is smaller)

This is stated as 0.5 mV max. At 20,000 g and a sensitivity of 10 microvolts/g, the output is 200
mv. Therefore, the zero shift owing to half sine acceleration is 0.25 per cent maximum 0.5/200).
It will be assumed that this uncertainty cannot be removed before testing begins. This error type
is a random uncertainty (S). .

1Personal conversation with Dan Gregory, August 17, 1998.
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8.1.8 Zero shij? owing to mountingtorque (Oto 8 lb$in., O-9nm)
This is stated as + 2 mV max. This is also called “base strain sensitivity” and refers to strain
introduced into an accelerometer by bolting down the accelerometer to the test item. This could
introduce abase strain sensitivity error t 2 mV max. At 20,000 g and a sensitivity of 10
microvolts/g, the output is 200 mv. Therefore, the base strain sensitivity is 1 per cent maximum
(2/200). It will be assumed that this uncertainty is zeroed out before testing begins. This
uncertainty type would be a systematic uncertainty (B).

8.1.9 Thermalzero shijf
This is listed as * 50 mv max and applies fi-om –30 to +150°F (-34 to +66°C) with a +75°F
(+24°C) reference. Because the experiment is petiormed at a constant temperature and we

assume the system is zeroed before beginning, this uncertainty is zero. This is a systematic
uncertainty.

8.1.10 Thermalsensitivity shft tj?om O‘F and +150 ‘F)
This refers to the fact that the sensitivity can vary or shift, depending on the temperature, based

on an initial temperature of +75°F. From Figure 2a this uncertainty is listed as+ 10 per cent
maximum. Because the initial temperature was assumed to be +75°F and the testis petiormed at
a constant temperature, this uncertainty source is zero in this case. This would be a systematic
uncertainty.

Summary for Endevco Series 7270A-20K accelerometer:

Systematic uncertainties:
1) Sensitivity: + 3’?+0

2) Non linearity and hysteresis: t 2%

3) Transverse sensitivity: t 5%

Random uncertainties:
1) Frequency response: k 5’%0

2) Zero shift owing to half sine acceleration: * 0.25%

As can be seen, there is a sizable uncertainty associated with the transducer. These are assumed
to be the maximum uncertainties - i.e., 99 per cent - not 95 per cent uncertainties.

8.2 Connecting cable - e.g., Alpha cable 2468 or Mercury cable MW# 7122.

There are several potential uncertainties related to cabling:
1) Excitation voltage reduction owing to lead wire resistance
2) Output signal attenuation through lead wires
3) Frequency response of typical cabling

8.2.1 Lead wire resistance:
If not accounted for, typical lead wire resistances can cause a reduction in the excitation voltage
at the bridge. For example, at the rocket rail in Area 111near the south end of the 10,000-foot
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sled track, there could be 200 ft of lead wire on each leg, or 400 ft total. With a resistance of 28
ohms/l 000 ft, typical of Alpha Cable 2468, 200 fl of lead wires amounts to about 5.6 ohms or
10.2 ohms total. At the Mechanical Shock Facility there could be 50 foot on each leg or 1.4 ~
ohms each. Typical input resistances of Endevco Model 7270A accelerometers is 550 ohms. So ●

with 2.8 ohms in series with the 550 ohms, the excitation could be reduced by about 0.5 per cent
(2.8/552.8). This would be a systematic uncertainty. .

The MIDAS system has a six-wire capability that allows automatic bridge voltage reading at the
bridge. The MIC system has no such capability, so we have to manually read the voltage at the
bridge. As a result, there is no uncertainty caused by the lead wires related to the excitation
voltage, other than reading the voltage (addressed below).

8.2.2 Output signal:
A typical input impedance value for the Model 7600A is 25 meg ohms shunted by 500
picofmads; and for the Model 8000, 50 meg ohms shunted by 500 picofarads. Because the input
impedance (25 or 50 meg ohms) is so large as compared with a 2.8-ohm lead wire resistance
(2.8/25,000,000 or 0.00001 per cent), the lead wire resistance has negligible effect on the output
signal. This would be a systematic uncertainty.

8.2.3 Cable ~equency response:
The fi-equency response of some typical lead cabling has been checked by Mike Arviso (Arviso,
1994). Mercury MW-7122 field cable was characterized, the cable that will be used in the
Mobile Interface Units (MIUS) in Tech Area III. A cable length of 50 to 1000 ft in 50 ft
increments was checked via a H-P 3585B Spectrum Analyzer from DC to a frequency that
reached beyond the -0.5 dB point. Results for short cabling are good: At 50 ft the –0.5-dB point
is at a frequency of 858 kHz, well beyond our normal signal frequencies. However, for long
cable lengths the frequency response is not as good: At 500 ft the -0.5 dB-point is at 85 kHz, an
order of magnitude lower. Results for cable lengths of 50-1,000 ft are provided in Appendix A
(Arviso, 1994). Because I am assuming the signal is at a maximum of 10 kHz and cable lengths
are 50 R or less, the resulting cable attenuation is assumed to be negligible. However, for
experiments with long cable lengths and high signal frequencies, cable frequency response
should be checked.

Summary for Connecting Cable:

Systematic uncertainties: negligible

Random uncertainties: negligible

8.3 Dynamics Model 7600A or 8000 power supply, amplifier, and filters
Refer to Figure 3 for specifications for the Dynamics Model 8000 power supply, amplifier, and
filters. Tech Area III operations - e.g., the Mechanical Shock capability using the “Portable
MIC” DAQ system - use Model 8000 systems (constant voltage, high-voltage output), whereas “
the Shock Lab in Building 860 uses the Model 7600A systems (constant voltage, standard
output). The MIUS use Model 8000 systems.
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8.3.1 Power supply - Model 8000

8.3.1.1 Resolution
9 This is shown on Figure 3. It will be assumed that we are using the “constant voltage, high

voltage option” power supply (second colurnn).2 The resolution is stated as O.120V. Assuming
the excitation is 10v, the resolution corresponds to an error of 1.2 per cent (O.120/1 O). This is
considered to be a random uncertainty (S).

Tim Miller (1998)2 had 24 Model 8000 power supplies checked, and all of them met or exceeded

the 1.2 per cent uncertainty, in fact, all were less than 0.6 per cent. I will use the *1.2 per cent
value to be conservative.

8.3.1.2 Line regulation
This is specified as 0.005 per cent or 300 microvolt, whichever is greater for* 10 per cent line
variations. At 10v, 0.005 per cent is 0.0005v or 500 rnicrovolts. Therefore, the 0.005 per cent

(+ 0.005 per cent) specification is largest. This is considered to be a random uncertainty (S).

8.3.1.3 Load regulation
This is specified as “300 rnicrovolts plus 100 microvolts/ohm of lead resistance to 5 ohm
independent of the excitation voltage. Sense current is 100 microarnps. The output does not
overvoltage with the sense leads disconnected. Local sense may be selected on the bridge
completion card.” We will use the 2.8-ohm lead resistance calculated above, so the load
regulation error is as follows:

300 microvolt + 100 microvolts/ohm x 2.8 ohms = 580 microvolt.

At 10-vdc input, the error is 0.006 per cent (~ 0.006 per cent). This can be considered a
systematic uncertainty.

8.3.1.4 Noise
Figure 3 states the noise is 300 microvolt peak-to-peak from 0.1 Hz to 20 kHz. Since our
assumption is that the signal is at 10kHz, the uncertainty is:

300 microvolts/1 0,000,000 microvolt excitation= 0.003 per cent (+ 0.003 per cent)

This is a random uncertainty.

8.3.1.5 Stability
Stability is stated as 0.01 per cent or 1 millivolt per 8 hours after 30-minute warm up. Because
this is a short duration experiment, this uncertainty source is negligible. This would be a
systematic uncertainty.

2Personalconversationwith Tim Miller,August 17, 1999.
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8.3.1.6 Temperature coefficient
This error is stated as 0.005 per cent /°C or 200 microvolts/°C, whichever is greater. This also
does not apply because of the short test duration, which occurs at constant temperature. This is a
systematic uncertainty. .-

8.4 Summary for Dynamics Model 8000 power supply:

Systematic uncertainties:

1) Load regulation: t 0.006 per cent

Random uncertainties:

1) Resolution: k 1.2 per cent

2) Line regulation: i 0.005 per cent

3) Noise:* 0.003 per cent

As can be seen, there are very small uncertainties associated with the power supply except for
the resolution (A1.2 per cent), which is surprisingly high compared with the Model 7600A
resolution (0.085 per cent, see below).

8.5 Power supply – Model 7600A

8.5.1 Resolution
This is shown on Figure 4. It will be assumed that we are using the “constant voltage, standard
voltage option” power supply (first column).3 The resolution is stated as “setability of 8.5 mV.”
Assuming the excitation is 10 v, the resolution corresponds to an error of 0.085 per cent. This is
a random uncertainty. Note that this specification is much better than that for the Model 8000
system, which had a resolution of 0.060V or 60 mV.

8.5.2 Line regulation
This is specified as 0.005 per cent or 150 microvolt, whichever is greater for* 10 per cent line
variations. At 10 v, 0.005 per cent is 0.0005v or 500 microvolt. Therefore, the 0.005 per cent

(i 0.005 per cent) specification is largest. This is a random uncertainty.

8.5.3 Load regulation
This is specified as”150 microvolt plus 100 microvolts/ohm of lead resistance to 5 ohm
independent of the excitation voltage. Sense current is 100 microamps. The output does not
overvoltage with the sense leads disconnected. Local sense may be selected on the bridge
completion card.” Assuming the lead resistance is 2.8 ohms, the load regulation error is as
follows:

150 microvolt + 100 microvolts/ohm x 2.8 ohms = 430 microvolt.

At 10 vdc input, the error is 0.004 per cent (* 0.004 per cent). This is a systematic uncertainty.

3Personal conversation with Fred Brown, August 18, 1999.
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8.5.4 Noise
Figure 4 states the noise is 150 microvolt peak-to-peak from 0.1 Hz to 20 kHz. Since our
assumption is that the signal is below 10kHz, the uncertainty is:

.

150 microvolts/10,000,000 microvolt excitation = 0.0015 per cent (iO.0015 per cent)
. This is a random uncertainty.

8.5.5 Stability
Stability is stated as 0.01 per cent or 500 microvolt per 8 hours afier 30 minute warm up.
Because this is a short duration experiment, this uncertainty source is negligible. This would be
a systematic uncertainty.

8.5.6 Temperature coejf?cient
This error is stated as 0.005 per cent /°C or 100 microvolts/°C, whichever is greater. This also
does not apply because of the short test duration, which occurs at constant temperature. This is a
systematic uncertainty.

Summary for Dynamics Model 7600A power supply:

Systematic uncertainties:
1) Load regulation: + 0.004 per cent

Random uncertainties:

1) Resolution: * 0.085 per cent
2) Line regulation: * 0.005 per cent

3) Noise:+ 0.0015 per cent

As can be seen, there is a very small uncertainty/error associated with the Model 7600 power
supply. It is interesting to note that for the Model 8000 power supply which uses the high
output, the resolution uncertainty is much greater (120 mv) than for the Model 7600A, which
uses the standard output (8.5 rev). If the total uncertainty had to be lowered, use of the Model
7600A would be a consideration.

8.6 Amplifier – Model 8000

8.6.1 AC Characteristics:
la) Frequency response, 100-IsHz bandwidth
This is shown on Figure 3. It will be assumed that we are using the 100-kHz bandwidth model.

The response is stated as “Al% fi-om DC to 10 kHz, tl dB from 10kHz to 50 kHz and –3dB
.

above 100 kHz for gains of 1000 or less.” Because we are in the 10 kHz or less regime, the error
is *1 percent. However, if we were in the 10-50 kHz range, the error is *ldB, not A1 per cent.

. +1 dB in error is +12.2 per cent, and –1 dB in error is about –1 0.9 per cent. Care should be taken
to operate the Dynamics amplifiers well within their range, or large uncertainties will result.
This is considered to be a random uncertainty.
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lb) Frequency response, 500-kHz bandwidth

The response is stated as “i 1 per cent from DC to 50 kHz, i-l dB from 50kHz to 200 kHz and –
3dB above 500 kHz for gains of 1000 or less, and –3dB above 20 kHz for gains of 1000 or

greater.” Because we are in the 10 kHz or less regime, the error is & 1 per cent. However, if we “
were above 20 kHz with high gains - i.e., >1000- the error would be as high as –3dB, or 29.3 per
cent. Again, care should be taken when operating the Dynamics amplifiers in applications with
high gains or high frequencies. This is considered to be a random uncertainty. This bandwidth
will not be used in this example; it was included for completeness.

8.6.2 Settling time
This is specified as “less than 25 microsec to 0.1 per cent of the final value” – the amplifier

responds to the peak (final) value in less than 25 psec. This is a random uncertainty. For a 10-
kHz sine wave signal, that goes horn peak-to-peak in half cycle, the time from peak-to-peak is
50 psec. So the uncertainty would be less than 0.1 per cent (I will use 0.1 per cent to be
conservative). It would be beneficial to check this specification for signals greater than about 20

kHz (25 psec rise time).

8.6.3 Overload recovery time
This is specified as “less than 50 microsec to 5% of full scale for any overload up to 10 times
fidl-scale input not exceeding+ 20 v DC or peak AC.” It will be assumed that there is no
overload, so this does not apply. This is a systematic uncertainty.

8.6.4 Slew rate
Figure 3 states the slew rate is “3.77v/microsec 20v peak-to-peak to 60kHz.” This means that
the amplifier cannot follow an input signal that changes faster than 3.77 v/microsec. For an
accelerometer of nominal sensitivity, 10 microvolts/g (1OVexcitation), the maximum output of
the accelerometer (input of amplifier) with a gain of 1 is about 0.2v. Assuming a gain of 100, the
maximum output is 20v. Therefore, using a maximum input of 20v peak-to-peak and a slew rate
of 3.77 v/microsec, the amplifier can follow a signal as fast as about 190 kHz. The other
specification - i.e., 20v p-p to 60 kHz - implies a slew rate of 1.2 vhnicrosec., about one third of
the other value (3.77). (I assume the slew rate drops fi-om 3.77 to 1.2 as the frequency and signal
size increase.) For large voltage changes between 60 and 190 kHz, there maybe some
unintended filtering, and for frequencies above 190 kHz, the amplifier acts as a filter. Since our
assumption is that the signal is below 10kHz, this slew rate specification causes no additional
uncertainty. This would be a random uncertainty.

8.6.5 Noise
Noise is stated “RTI” or “relative to input” for various bandwidths plus 200 microvolt “RTO”
or “relative to output.” Assuming we use the 10-kHz bandwidth, the noise is 5 microvolt rms
(root-mean-square) plus 200 microvolt “RTO’ or “relative to output.” Assuming we have a
maximum output of 0.2v without any gain and we want *1 OV output, then the gain should be 50
(10/0.2). Therefore, the noise is as follows:

5 x50+ 200= 450 microvolt rms. Peak noise is desired, so multiply by 1.414 so the noise level
is 635 micrcwolts. For 10-v fhll-scale output, this is 0.006 per cent. This is a random uncertainty.
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DC Characteristics:
8.6.6 Constant temperature drft
This error is stated as “32 microvolt RTI, t200 microvolt RTO plus *200 microvolts/volt of

.
output. Offset per 8 hours after a half-hour warmup.” This does not apply because of the short
test duration. This is a random uncertainty.

.

8.6.7 Temperature coefficient ofdrft
This is specified as *0.5 microvolts/°C RTI plus il 50 microvolts/v/°C of output offset. This also
does not apply because of the short test duration, which occurs at constant temperature. This is a
random uncertainty.

8.6.8 Gain accuracy
This is specified as *O. 1 per cent. This is a systematic uncertainty. Based on checks of 24 Model
8000 Dynamics amplifiers (Tim Miller, personal conversation, August 17, 1999), the gain
accuracy was less than + 0.1 per cent for low gains, but for high gains - e.g., 200, 500, 1000,
2000- the gain inaccuracies increased, the highest being 3.6 per cent. Care should be taken with

use of high gains. I will assume low gains are used, so the& 0.1 per cent value applies.

8.6.9 Gain stability
This is stated as ~0.005 per cent/200 hours and iO.005 per cent/°C. Because of the short
duration test at constant temperature, this does not apply. This is a random uncertainty.

8.6.10 Linearity
This is specified as fO.005 per cent at DC. This is a systematic uncertainty.

8.6.11 Zero a@stment
This is specified as follows: “Recessed front panel control provides * 100 microvolt RTI of
zero adjustment. RTO is set by output of zero controls.” This is considered as a systematic
uncertainty. Assume a gain of 50 and a Ii.dl-scale output of 10v:

+ 100”x 50 = 5000 pV = 0.05 per cent.

8.6.12 Common mode noise rejection
The common mode rejection ratio (CMRR) is specified for four gains (1000, 100, 10, 1). For an
assumed gain of 50 (see above: uncertainty #5, noise), the CMRR would be between 86 and 106
dB for a zero ohm line unbalance (assume small line unbalances for an accelerometer). On a
semi-log plot the CMRR is about 100 for a gain of 50.

CMRR = 20 log (eJei*gain), or eJei*gain = log-l (-100/20) x 1.0 x 10-5.

For a 10-v common mode voltage and
* output. This is a random uncertainty.

gain of 50: e. = 0.005v or 0.05 per cent based on a 10-v
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8.7 Summary for Dynamics Model 8000 Amplifier:

Systematic uncertainties:

1) Gain accuracy:* 0.1 per cent

2) Linearity: * 0.005 per cent

3) Zero adjustment: k 0.05 per cent

Random uncertainties:
1) Frequency response: ~ 1.0 per cent

2) Settling time:+ 0.1 per cent
3) Noise:* 0.006 percent

4) CMRR: * 0.05 per cent

As can be seen, the amplifier uncertainty/error is relatively small as compared with the
uncertainty of the accelerometer.

8.8 Amplifier – Model 7600A

AC Characteristics:
8.8.1 Frequency response, 100-kHz bandwidth
This is shown on Figure 4. The Model 7600A only has the 100-IsHz bandwidth option. The
response is stated as “*lo/o from DC to 10 kHz, fl dB from 10 to 50 kHz and –3dB above 100
kH.z.” Because we are in the 10 kHz or less regime, the error is + 1 per cent. This is a random
uncertainty.

8.8.2 Settling time
This is specified as “less than 25 microsec to O.1’%of the final value.” This is a random
uncertainty.

8.8.3 Overload recovery time
This is specified as “less than 50 microsec to 5% of full scale for any overload up to 10 times
full-scale input not exceeding A 20 v DC or peak AC.” It will be assumed that there is no
overload, so this does not appl y. This is a systematic uncertainty.

8.8.4 Slew rate
Figure 3 states the slew rate is “3.7v/microsec 20v peak-to-peak to 60kHz.” This is essentially
the same specification for the Model 8000 system, so I’ll assume the uncertainty is also
negligible because the signal is 10 kHz (see above). This is a random uncertainty.

8.8.5 Noise
Noise is stated “RTI” or “relative to input” for various bandwidths plus 200 rnicrovolts “RTO”
or “relative to output.” This is the same specification as the Model 8000 unit except there is no
entry for the 500-kHz bandwidth, so we will use the same uncertainty as above, 0.006 per cent.
This is a random uncertainty.
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DC Characteristics: I

8.8.6 Constant temperature zero drft
This error is stated as “+2 microvolt RTI, &200 microvolt RTO plus i200 microvolts/volt of
output. Offset per 8 hours after a half hour warmup.” This does not apply because of the short
test duration. This is a random uncertainty. I

8.8.7 Temperature coeflcient of drlj7
This is specified as ~0.5 microvolts/°C RTI plus +100 rnicrovolts/v/°C of output offset. This also
does not apply because of the short test duration. This is a random uncertainty.

8.8.8 Gain accuracy
This is specified as “*O. 1% in calibrate position of the CAL switch.” This is a systematic
uncertainty.

8.8.9 Gain stability
This is stated as +0.005 per cent /200 hours and iO.005 per cent /*C. Because of the short
duration test at constant temperature, this is negligible. This is a random uncertainty.

8.8.10 Linearity
This is specified as ~0.005 per cent of full scale at DC. This is a systematic uncertainty.

8.8.11 Zero a@stment
This is specified as follows: “*1OO microvolt RTI of zero adjustment. RTO is set by output of
zero controls.” This is a systematic uncertainty and the same as for the Model 8000 system;
therefore, the uncertainty is 0.05 per cent.

8.8.12 Common mode noise rejection
This specification is essentially the same as for the Model 8000 system, so has the same
uncertainty, 0.05 per cent. This is a random uncertainty.

Summary for Dynamics Model 7600A Amplifier:

Systematic uncertainties:
1) Gain accuracy: *O.1 per cent
2) Linearity: ~0.005 per cent

3) Zero adjustment: +0.05 per cent

Random uncertainties:

1) Frequency response: *1.0 per cent
2) Settling time: *O.1 per cent

3) Noise: +0.006 per cent
4) CIMRR &O.05 per cent

As can be seen, the amplifier uncertainty for the Model 7600A is relatively small as compared
with the uncertainty of the accelerometer, similar to the Model 8000.
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8.9 Dynamics filters – Portable MIC and MIU

Anti aliasing, 6-pole Bessel filters are used in the MIU systems and portable MIC. As can be
seen in Figure 3, there area number of filters that can be used with the Dynamics Model 8000

/l

system. Bessel and Butterworth filters are available with 2-6 poles and cutoff frequencies of 1-
Hz to 30-kHz. The most prevalent filters in AFSEC equipment are 5-,20-, and 50-kHz, 6-pole
Bessel Filters. As with any filter caution should be exercised when measuring frequencies close

.

to the –3dB point - e.g., when a 10-kHz filter is specified, the –3dB point is at 10-kHz, or about
30 per cent down from the flat portion of the response curve. Frequency response plots for
virtually all of the AFSEC Dynamics filters are available from Tim Miller, Department 9134.

Some filters - e.g., Butterworth - have some “ripple” or “ringing” in the “flat” amplitude portion
and if it exists, should be added as an additional uncertainty. However, it is assumed that for
Bessel filters in the flat amplitude response portion, there is negligible “ripple” - i.e., no
variations about the mean amplitude.

1 Summary for Dynamics Model 8000 l?ilter:

Systematic uncertainties: negligible

Random uncertainties: negligible

1 8.10 DSP Technologies “TRAQ Digitizer Model 2860

Figure 5 shows the specifications for the Model 2860 TlU4Q Digitizer module. Specifications
that contribute to the uncertainty of the digitizer are listed below.

8.10.1 Resolution
For the Model 2860 the resolution is quoted as 12 bits/channel. The resolution error is calculated
as follows:

I Resolution error = (Full-scale output)/2n, where n = # bits (=12).

Therefore, for this case Resolution error = 20/212= 0.0048v. For NO v output, this is about
0.00048 or 0.048 per cent. For only a 1 volt output, thk increases to 0.48 per cent. The
implication is that one should be careful to set the fill-scale output correctly, or the resolution
error will be higher than expected. This is a systematic uncertainty.

8.10.2 Bandwidth @-equency response)
For the Model 2860 the -0.5 dB point is at 500 kHz, and the –3 dB point is at about 1 MHz. The .
-0.5dB poirit corresponds to about –5.6 per cent error at 500 kHz. According to Stein, 1997 for
faithful reproduction of the amplitude to –1 dB or –1 Oper cent in a fust order system, one needs
to be at 0.5*f or an octave lower than ‘f’, where ‘~ is the frequency at the –3.OdB point.

.

Therefore, for –1 Oper cent amplitude error, one cannot be any higher than 0.5* lMHz, or
500kHz. Comparing this with the Model 2860 specification (-0.5 dB or –5.6 per cent@ 500
Is.Hz), it seems that the Model 2860 has a higher roll-off as compared with a first order system.
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The manufacturer did not have usefid information on the roll-off. However, the –3-dB frequency
is much higher than the Dynamics amplifier roll-off.

$.

For a first order system, one can estimate the error at 10-kHz signal frequency (Stein, 1997). At
10-kHz the error is less than -0.005 per cent. The digitizers have at least a first order roll-off.

. Because the frost order system uncertainty is so small, it will be assumed negligible. This would
be a random uncertainty.

8.10.3 Common Mode Rejection Ratio (CMRR)
The CMRR [dc – 100 Hz] specification is 72 dB. Because the Dynamics amplifier is upstream
of the digitizer, the CMRR of the Dynamics amplifier applies, as listed above. No additional
uncertainty (from CMRR) is included by the digitizer. This is a random uncertainty.

8.10.4 Gain Error
This is stated as ~ 0.1 per cent and is a systematic uncertainty.

8.10.5 Offset Error
This is stated as ~ 0.1 per cent of fill-scale and is a systematic uncertainty

8.10.6 Integral and D~~erentialNon linearity
Integral non linearity is stated as t 0.5 “LSB” (least significant bit). From above, + 1 LSB was

0.048 per cent for A 10V output. For +0.5 LSB, the uncertainty is 0.024 per cent. Differential
non linearity is stated as+ 1.0 LSB From above, +1 LSB was 0.048 per cent for ~ 10V output.

The IEEE, 1996 defines integral non linearity as the “maximum non-linearity (deviation) over
the specified operating range of a system, usually expressed as a percentage of the maximum of
the specified range.” Differential non linearity is defined by IEEE as “the percentage departure
of the slope of the plot of output versus input from the slope of the reference line.”

The most relevant uncertainty specification in this case is the integral non linearity because we
are interested in the output linearity (integral), rather than the non linearity, of the slope
(differential). Therefore, we will use the 0.024 per cent uncertainty value.

8.10.7 Channel-Channel Skew
This is the maximum difference in time that could occur when sampling channels. For example,
if ten channels were sampled at a specified time, the times could be different by a maximum of
the channel-channel skew, 100 nanosecond or 100x 10-9 sec. This specification would be used
to present the uncertainty in time.

.- Summary for DSP Model 2860 TRAQ Digitizer:
Systematic uncertainties:

. 1) Resolution: + 0.048 per cent
2) Gain error: + 0.1 per cent

3) Offset error: t 0.1 per cent

4) Integral non-linearity: *0.024 per cent

Page 25



Uncertainty Analysis of an Accelerometer DAQ System

Random uncertainties:
1) Bandwidth (frequency response): negligible at 10kHz signal.
2) CMRR: N/A.

8.11 IBM compatible PC and Data Post processing
A properly functioning PC does not add any additional uncertainty to the signal.

Once the data are in digital format, a large amount of data analysis can be performed on the data
- e.g., differentiatio~ integration, fast Fourier transform, filtering, etc. I will not attempt to cover
all those possibilities in this uncertainty analysis. When developing the “Data Viewer” for use
in AFSEC experiments, Tim Miller validated and documented (Miller, 1998) the following
functions:
a) ButterWorth filter
b) Chebyshev filter
c) Bessel filter
d) Decimation
e) Integration

For this analysis 1’11assume there are no additional uncertainties added to the data when post
processing takes place, but this should be checked for each case. For example, Madsen et.al.,
1987 assumed the uncertainties owing to “post-processing, analog-to-digital conversion,
filtering, plotting daa and interpretation – human error:’ to be t 10 per cent. This would
substantially increase the total uncertainty.

8.12 Uncertainty Summary for Entire System:

The method used to find the uncertainty of the entire system is to add the individual uncertainties
using the RSS method. First, I’11summarize all the systematic and random uncertainties:

a) Summary for Endevco Series ‘7270A-20K accelerometer:

Systematic uncertainties:

1) Sensitivity: + 3 per cent

2) Non-linearity& hysteresis: * 2 per cent

3) Transverse sensitivity: + 5 per cent

Random uncertainties:
1) Frequency response: A 5 per cent

2) Zero shift due to half sine acceleration: f 0.25 per cent

b) Summary for Connecting Cable:
Systematic uncertainties: negligible

Random uncertainties: negligible

,,

.

.>

.
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c) Summary for Dynamics Model 8000 power supply:

Systematic uncertainties:
,

1) Load regulation: t 0.006 per cent

+ Random uncertainties:

1) Resolution:* 1.2 per cent

2) Line regulation:& 0.005 per cent

3) Noise:+ 0.003 per cent

d) Summary for Dynamics Model 7600A power supply:

Systematic uncertainties:

1) Load regulation:* 0.004 per cent

Random uncertainties:

1) Resolution:* 0.085 per cent

2) Line regulation: 30.005 per cent
3) Noise: * 0.0015 per cent

e) Summary for Dynamics Model 8000 or Model 7600A Amplifiers:

Systematic uncertainties:
1) Gain accuracy: + 0.1 per cent
2) Linearity: + 0.005 per cent

3) Zero adjustment: * 0.05 per cent

Random uncertainties:
1) Frequency response: t 1.0 per cent

2) Settling time: t 0.1 per cent
3) Noise: t 0.006 per cent
4) CMIUV t 0.05 per cent

f) Summary for DSP Model 2860 TRAQ Digitizer:

Systematic uncertainties:
1) Resolution: * 0.048 per cent

2) Gain error: i 0.1 per cent
. 3) Offset error: ~ 0.1 per cent

4) Integral non-linearity: tO.024 per cent

4

Random uncertainties:
1) Bandwidth (frequency response): negligible
2) CMRR: N/A
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Uncertainty Analysis of an Accelerometer DAQ System

To estimate the overall uncertainty of the entire system, one combines the systematic and
random components using Equation 4. When using this method, it becomes clear that only the
large terms dominate. In addition, many of the accelerometers specifications have only one
significant digit, so it makes no sense to carry other uncertainty sources with much smaller

.

numbers - e.g., 0.005 per cent. Therefore, for the calculations below, only those uncertainty
sources with a single significant digit will be used. 4

As stated earlier, most of the uncertainties provided by manufacturers are maximum values - i.e.,

99 per cent confidence or 30. Therefore, to use Equation 4 for 95 per cent confidence (2G), the
systematic uncertainties should be reduced by multiplying by two thirds and the random values
by one third.

Total Uncertainty for 95 per cent Confidence

A) For the system including the Dynamics Model 8000 amplifier/signal conditioner:

B = [(3.0*0.67)2+ (2.0*0.67)2+ (5.0*0.67)2+ (0.1*0.67)2+ (0.1*0.67)2+ (0.1 *0.67)2]1D = 4.1%,

and

SX= [(5.0*0.33)2+ (0.25*0.33)2+ (1.2*0.33)2+ (1.0*0.33)2+ (0.1*0.33)2] 1’2= 1.8Y0,

therefore, using Equation 4:

U95 = t [(B)2 + (2’ S,)2]1’2= * [(4.1)2 + (2*1 .75)2 ]lfl = *5.4%

u95 = H.4°~ (Dynamics Model 8000 amplifier/signal conditioner)

B) For the system including the Dynamics Model 7600A amplifier/signal conditioner:

B = same as above = 4.lYo,

and

S.= [(5.0*0.33)2+ (0.25*0.33)2+ (1.0*0.33)2+ (0.1*0.33)2] 1’2= 1.7%;

therefore, using Equation 4:

UP5 = + [(B)2 + (2” S,)2]1’2= Y [(4.1)2 + (3.4)2 ]1’2= +5.3’%0

UP5= *5.3 per cent (Dynamics Model 7600A amplifier/signal conditioner)
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Uncertainty Analysis of an Accelerometer DAQ System

Total Uncertainty for 99 per cent Confidence

To obtain an estimate of the total uncertainty with 99 per cent cotildence, Equation 3 should be.
used (ASME, 1998). If Equation 3 is used, the Bi (UB) and SXi~A) used should be 10 values,
and K should be 3 for 99 per cent confidence.

*

A) For the system including the Dynamics Model 8000 amplifier/signal conditioner:

UA = [(3.0*0.33)2 + (2.0*0.33)2+ (5.0*0.33)2+ (0.1*0.33)2+ (0.1*0.33)2+ (0.1 *0.33)2]1’2 N 2.1%,

and

UB = S.= same as above N t 1.8Yo;

therefore, using Equation 3 with K as 3.0:

Ugg=~K~A2+U~2]lns=~3.0 [2.12+ 1.82 ]lnxf8.3%.

Therefore:

Ugg= *8.3 per cent (Dynamics Model 8000 amplifier/signal conditioner)

Note that this is less than the uncertainty value available from Table 1 (t 15 per cent) but that
value included human errornot included here.

B) For the system including the Dynamics Model 7600A amplifier/signal conditioner:

UA~~2.1%,

and

UB = S, = * 1.7’?/0;

therefore, using Equation 3 with K as 3.0:

U99 =* 3 [2.12+ 1.72]ln =*8.lVO.

. therefore:

. Uqgs *8.1 per cent (Dynamics Model 7600A amplifier/signal conditioner)
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Uncertainty Analysis of an Accelerometer DAQ System

8.13 MountingMethodConsiderations

Similar to considerations for thermocouples (Nakos, 1999), the method used to mount the
transducer onto the test unit can have a profound effect on the overall measurement uncertainty.
Walter, 1999, states that one crucial consideration of mounting accelerometers onto a test unit is
“impedance or mass loading.” The fact that the accelerometer is of finite (but small) mass
(Endevco Model 7270A accelerometers weigh 1.5 gm) will have an effect on the response of the
test unit. For example, “an 11-gram accelerometer would have a 10% effect at all fi-equencies on
the measured velocity of the structure if the structure responded as a pure 100 gm mass.” “Since
velocity and acceleration can be related through frequency . . . for pure masses this same 10 per
cent error would also quantify the error in the measured acceleration.” (Walter, 1999) In other
words, the 11-gm accelerometer would produce a 10 per cent error in acceleration on a 100-gm
mass.

The velocity response of the “system” (test unit) is modified by the accelerometer via the
following relation:

(8)V,*/V, = ZS/’(Zs+ Za),

where V~* is the modified system response; V~ is the unmodified system response; ZS is the
“mechanical impedance” of the system; and Z8 is the mechanical impedance of the accelerometer
(Walter, 1999). For pure masses Z, and Za are the masses of the accelerometer (Z,) and the test
unit (Z~). Not only can an accelerometer change the amplitude of the response but also its
frequency.

Bowers et al., 1991, also discuss the effect of accelerometer mounting methods on the response
of test units. Large differences can result because of mounting (stud, adhesive, magnetic, etc.);
loose sensors; measurement location; measurement by different people; and multiple measure-
ments by one person. There are numerous other references that discuss this issue and related
issues, but I will not discuss them further - e. g., Walter and Nelson, 1979. The important
conclusion is that care should be used regarding mounting, or the total uncertainty can be much
larger.

9 Conclusions

There is a * 5 per cent uncertainty (95 per cent cotildence leveI) or k 8 per cent uncertainty (99
per cent confidence level) associated with either of the accelerometer DAQ systems. Most of
the uncertainty comes from the transducer. The conclusion is that the DAQ system is a small
uncertain y contributor, and the most effort should be expended to reduce transducer uncertain-
ties. Also as shown in Section 8, if mounting techniques are not carefi-dly considered, the overall
system uncertainty can be much larger because the system to be measured will be affected so
much that the measurement has changed-sometimes by large amounts.

,

4

.

.

Page 30



.

.

Uncertainty Analysis of an Accelerometer DAQ System

10 References

Ammerman, D.J., M.M. Madsen, W.L. Uncapher, D.R. Stenberg, and D.R. Bronowski,
“Accelerometer and Strain Gage Evaluation,” Sandia National Laboratories report, SAND91-
0077, June 1991.

AIWWASME PTC 19.1-1985, “Part 1, Measurement Uncertainty, Instruments and Apparatus,”
Supplement to the ASME Performance Test Codes, reaffirmed 1990.

ANSI/NCSL Z540-2-1 997, “American National Standard for Expressing Uncertainty – U.S.
Guide to the Expression of Uncertainty in Measurement;’ October 9, 1997.

Arviso, Michael, “Characterization of Field Cabling,” Memorandum to distribution, May 20,
1994.

ASME PTC 19.1-1998, “Test Uncertainty, Instruments and Apparatus;’ Supplement to the
ASME Performance Test Codes, 1998.

Bowers, S.V., K.R. Piety, and R.W. Piety, “Real-World Mounting of Accelerometers for
Machinery Monitoring,” Sound and Vibration, February 1991, pp 14-23.

Coleman, Hugh W., and W. Glenn Steele, “Engineering Application of Experimental
Uncertainty analysis,” AIAA Journal, VO1.33, No. 10, pp. 1888-1896, October 1995.

Dieck, Ronald H., “Measurement Uncertainty Models,” ISA Transactions, Vol. 36, No. 1, pp29-
35,1997.

Guide to the Expression of Uncertainty in Measurement, 1993, Geneva, Switzerland:
International Standards Organization.

Madsen, M.M., W.L. Uncapher, D.R. Stenberg, and E.E. Baynes, “Testing the Half-Scale Model
of the Defense High Level Waste Transportation Cask,” Sandia National Laboratories report
SAND86-1 130, August 1987.

Miller, Timothy J., Jr., “Data Viewer Validation,” May 14, 1998.

Nakos, James T., “Uncertainty Analysis of a Thermocouple DAQ System,” working draft,
Sandia National Laboratories, April 1999.

Stein, Peter K., “Measurement Engineering: Volume I – Basic Principles,” Lf/MSE Publication
No. 65, April 1975.

Taylor, James A., Fundamentals of Measurement Error, NEFF Instrument Corporation, 1988.

Taylor, Barry N., and Chris E. Kuyatt, NIST Technical Note 1297, “Guidelines for Evaluating
and Expressing the Uncertainty of NIST Measurement Results,” 1994 edition.

Page 31



Uncertainty Analysis of an Accelerometer DAQ System

Walter, P.L., and H.D. Nelson, “Limitations and Corrections in Measuring Structural
Dynamics,” Experimental Mechanics, Vol. 19, No. 9, September 1979, pp 309-316.

Walter, P.L., “Accelerometer Selection for Experimental Modal Analysis,” Sound and
June 1999, pp 22-27.

Vibration,
I

Wright, Charles, P., Atmlied Measurement Erwineerhw, How to Desi~ Effective Mechanical
Measurement Svstems, Prentice Hall, 1995.

I

>

Page 32



Ld
w

+ 9 *
*

Figure 1. Uncertainty Anaiysis of Accelerometer Data Acquisition (DAQ) System
Erdevco Series 7270A- 20K Dynamics Model Dynamics Model

Piezoresistive Accelerometer and Cable
DSP TRAQ Digitizers

8009 or 7600A Power Supply 8000 or 7600A Amplifier and FUters L.
%

.,, ,,, .,
J-J ,:

accelerometer
hstematicUncertainties:
I. Sensitivity:* 3%

?, Nonlinearity&hysteresis: *2Y0

i Transverse sensitivity:*5%

?andom Uncertainties:

1, Frequency response: *5%

L Zero shifl (half-sine): H,25%

Connecting Cable
Wsternatic Uncertainties:
negligible

?andom Uncertainties:
negligible

Model8000Power Supply
Wematic Uncertainties:
1. Load regulation: fO.006%

?andom Uncertainties:

1. Resolution: M .2%

2. Line regulation: fO.005%

3. Noise: %0.003%

Model 7600A Power Supply
3vstematic Uncertainties
1. Load regulation: *0.004%

Random Uncertainties:
1. Resolution: *0.085%

2. Line regulation: 33.005%

3, Noise:+0.0015%

Model 8000 or 7600A Amplifier
Systematic Uncertainties:

1. Gain accuracy fO.1%

2, Linearity +0.005%
3, Zero adjustment +0.05%

Random Uncertainties:

1. Frequency response: ~1 .0%

2. Settling time: tO.1 %

3, Noise: ~0.006%

4, CMRR kO.05%

6.Pole Bessel Filters
Systematic Uncertainties:
negligible

Random Uncertainties:
negligible

Model 2860 DSP TRAQ
Digitizer
Systematic Uncertainties:

1. Resolution: *0,048%
2, Gain: +0,1%

3. Offset *0,1%
4. Integral non-linearity:
kO.024%

Random Uncertainties:
1. Bandwidth (frequency
response): negligible at 10
kHz
2, CMRR N/A.

IBM Compatible PC and Data Processing
(e.g., filters, etc.)

,,

PCandPost-processing
Systematic Uncertainties: negligible

Random Uncertainties: negligible

Uncertainty ofentiresystemfor Model
8000 amplifiers and powersupplies:

B = k [(3,0’0.67)2 + (2,V0,67)Z+ (5.0’0.67)2+
(0.1’0.67)2+ (0,1*0.67)Z+ (0.1’0,67)2]1/2 w
+4.1%, and

S = t [(5.0’0.33)2+ (0.25”0.33)2+
(1 .2’0.33)2+ (1.IYO.33)Z+ (0,1’0,33)2] 412.=~
1.8%,

Therefore, using Equation 4:

U95 = f [Bz + (2*SX)Z]11Z = * [4.12 + (3.6)2 ]flz
= & 5.4yo

U95= k 5,4%

Similarly,uncertaintyofentiresystemfor
Model7600Aamplifierslpowersupplies:
U95 w * 5,3%

Using Equation 3 get 99% uncertainty:

Ugg= & 8,3% (Model 8000)
UW -t 8,1% (Model 7600A)
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Piezoresistive Accelerometer /-$4A AH

Model 7270A
● 2000 to 200 000 g Full Scale

● High Resonance Frequency

● DC Response

● Rugged Undamped

DESCRIPTION
The ENDEVCO@ Model 7270A series of
piezoresistive accelerometers are rugged un-damped
units designed for shock measurements.

ENDEVCO micro-machines the sensing system
of the 7270A from a single piece of silicon. This
etched silicon chip includes the inertial mass and
strain gages arranged in an active four-arm Whets-
tone bridge circuit complete with a novel on-chip
zero balance network.

The low mass,extremely small size and unique con-
struction of the element blends an exceptionally
high resonance frequency with characteristics such as
low impedance, high overrange, and zero damping
for no phase shift.The high resonance frequency of
these sensors permits their survival in the presence of
these high frequency components in a shock pulse
that could shatter the seismic system of accelerome-
ters having lower resonance.

High resonance frequencies and zero damping also
allow the accelerometers to respond accurately to
fast rise time, short duration shock motion. With a
fi-equency response extending down to dc or steady
state accelerations, these transducers are ideal for
measurement of long duration transients.
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Figure 2A

ENDEVCO

MODEL
7270A

, , , ~T.o”TII----- ..4

SCHEMATIC

STANDARD TOLERANCE
INCHES (MILLIMETERS)

.XX = 4.03 (.X=4- ,8)
xxx = ./- .010 (.Xx. +/- .25)

Model 7270A-XXM4, with integral 1/4-28 mounting stud, is available on special order.

ENDEVCO Model 136 Three-channel System, Model 4430A or Model 68207 BCASTM Computer
Controlled System are recommended as signal conditioner and power supply.

SPECIFICATIONS
PERFORMANCE CHARACTERISTICS All values are typical at +75°F (+24”C) and 10 Vdc excitation unless otherwise specified. Calibration

data, traceable to the National Institute of Standards (NIST), is supplied.

Units 7270A-2K -6K -20K -80K -200K
RANGE [1] g pk &!ooo *000 20000 *6O 000 *200 000
SENSITIVITY pvlg 100 *5O 30 +20/-15 10*5 3 +2J-I .5 1 *0.5
FREQUENCY RESPONSE [2]

(+% mex, ref. 100 Hz) kHz Otolo o to 20 0 to 50 010100 Oto 150
MOUNTED RESONANCE FREQUENCY kHz TjIP 90 180 350 700 1200

(Min) (60) (120) (220) (400) (800)
NON-LINEARllY AND HYSTERESIS % Max <, up to acceleration corresponding to the recommended range.
(“A of reading, to full range) Measurement uncertainties prwent stating this as a specification limit

above 10000 g.
TRANSVERSE SENSITIVITY O/.Mex 5 5 5 5 5
ZERO MEASURAND OUTPUT mV Max *100 *100 *100 *loo *I 00

34 ENDEVCO
w
G



Figure 2A, Con’t.

ENDEVCO

MODEL
7270A

.

Piezoresistive Accelerometer

SPECIFICATIONS-continued
PERFORMANCE CHARACTERISTfCS

Units 7270A -6K -20K -60K -200K

ZERO SHIFT DUE TO HALF SINE
ACCELERATION CAUSING 200 mV OUTPUT

(or 150000 g, whichever is smaller) mV Max 0.5 0.5 0.5 0.5 0.5

ZERO SHIFT DUE TO MOUNTING TORQUE

(O TO 8 LBF-IN., O TO 0.9 NM) mV Max *2 *2 d S? *2

THERMAL ZERO SHIFT [4]

From -3o”Fto+150”F (-34°C to +66”C) mV Max *5O *5O *5O *5O *5O

THERMAL SENSITIVllV SHIH
From O“F and +150”F (-18°C and +66”C) “%Max *1 o +1 o *1 o *I o *1O

OVERRANGE LIMIT [2} 9 pk *lo 000 *18 000 +60 000 *180 000 Moo 000

WARM-UP TIME Minutes Mex

(Seconds) Typ) (l:) (12) (1:) (1:) (1:)

ELECTRICAL

EXCITATION 10.0 Vdc, 12 Vdc maximum

INPUT RESISTANCE 550 +QOOohms

OUTPUT RESISTANCE 550 HOO ohms

INSULATION RESISTANCE 100 megohms minimum at 100 Vdq between sensor, cable shield and case

PHYSICAL

CASE, MATERIAL Stainless Steel (17-4 PH CRES)

ELECTRICAL, CONNECTIONS integral cable, 4 conductor No. 36 AWG Teflon@ insulated leads, braided shield,
flourocerbon jacket

IDENTIFICATION Manufacturer’s logo, model number and serial number

MOUNTINGITORQUE [3] Holes for two 4-40 or M3 mounting screws/8& Ibf-in (0.9 Nm)

WEIGHT 1.5 grams (cable weighs 3.6 grams/meter)

ENVIRONMENTAL
ACCELERATION LIMITS [3] [4] s200 000 g half sine pulse or three times the recommended range, in any

direction, whichever is smaller. Pulse duration should be the areater of 20
microseconds or five periods of the resonance frequency

BASE STRAIN SENSITIVllY

(at 250 microstrein) Typically less than 0.5 mV

TEMPERATURE

Operating -3Q”F to +150”F (-34°C to +66”C)

Storage -65°F to +250”F (-54°C to +121”C)

HUMIDIN Unaffected. Unit is epoxy sealed

ALTITUDE Unaffected

CALIBRATION DATA SUPPLIED

SENSITIVlll’ [5] pV/g at recommended range or 5000 g, whichever is smaller. Time history at
respective g level

ACCESSORIES
EHW265 (2) SIZE -4 FLAT WASHERS

EH137 (2) 4-40 X 1/4 INCH ALLENOY STEEL, OR
EQUIVALENT, SOCKET HEAD CAP SCREWS

OPTIONAL ACCESSORIES
25034 4 CONDUCTOR SHIELDED CABLE
7970 TRIAXIAL MOUNTING BLOCK
EHX268 ACOUSTIC COUPLANT

between accelerometer and mounting surface, to prevent yielding
of the screw and loss of preload force due to shocks, particularly
those above 100000 g. Loss of meaningful data and possible
damage to the accelerometer can result from using an incorrect
value of mounting torque.
The use of low strength mounting material (such as aluminum) is
not recommended. However. if such is the case. eooxv should be

1.

2.

3.

NOTES
used between the transducer and mounting su;a;e. 1{ large

The unit will operate to the overrange limit, with slightly degrad-
transverse shocks are anticipated, the use of liquid threadlockng

ed linearity. Above the overrange limit, the sensor may fail. compounds is recommended to reduce loss of screw preload.

IMPORTANT Frequency content of shocks which exceed the
4. Pfiorto final catibmtion, each accelerometer isgivena shock in

7270A overrange limits often contain amplitudes above 100
its sensitive axis approximately equal to its overrange limit (refer-

kHz. Insufficient bandwidth in signal conditioning may give
ence ENDEVCO TP283)

lower indicated peak acceleration. 5. Calibrations arepetiormed on Model 2965CShock Cahbratoror

Frequency response deviates less than *5% from dc to indicat-
Model 2925 POP Shock Calibrator.

edfrequency based on analysis. Measurement uncertainties
above 10 kHz prevent stating *5% as a specification limit for all

NOTE: Tighter specifications available on special order.

but the 7270A-2K.
NOTE The sensor chip includes two masses, each with a sep-
arate resonance frequency. lfthese resonances are excited,
the transducer output will exhibit a “beat” frequency.
Use 8*2 Ibf-in (0.9 Nm) mounting torque, acoustic couplant
and high strength steel screws to ensure intimate contact

Continued product improvement necessitates that Endevco resewe the right to modify these ~ecifications without notice. Endevco maintains a program of constant
surveillance overall products toensure ahighlwel ofreKabiKy. Ttisprqmm inclties atientmn torehab!tiV Q@orsdufiW product *sign, thewp@fl ofsttingent
Ouality Cuntrol requirements, and compulsory corrective action procedures. These measures, together with consewativs speafications have made the narna Endavm
synonyrrmus with reliability.

ENDEVCOCORPORAT10N,307m RANCHOVl=O ROAD, SAN JUAN Capistrano, CA92675 USA (949) 493-St81 fax(949)66t-7231 0298
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Figure 2B

Piezoresistive Accelerometer ENDEVCO

Model 7270AM6
● Mechanical Filter

● 6000 to 60 000 g Full Scale

● DC Response

● Rugged

DESCRIPTION
The ENDEVCO@ Model 7270AM6 series of piezoresis-
tive accelerometers are rugged units with buik-in
mechanical filters desi=wed for shock measurements.
The mechanical filter assembly is desi=qed to mitigate
the high frequency content of a shock pulse in order to
protect the accelerometer sensor from high g, high fre-
quency inputs that would otherwise exceed the over-
range limits. The Model 7270A-XXM6 is available in
ranges of 6000 to 60 000s Full Scale.

Developed by Sandia National Laboratories, the
mechanical isolator consists of an aluminum housing
lined with two layers of elastomer titer that cushions
the Model 7270A Piezoresistive Accelerometer. With
the elastomer on both sides of the accelerometer, the
response is the same to both positive and negative accel-
erations. The mechanical titer used in the Model
7270A-XXM6 features a damped output with a hear
phase shift. The unit is usable over the fi-equency range
from DC to 10 kHz for the temperature range of-30 to
+150°F (-34 to +66”C).

The Endevco Model 136 Three-Channel Signal
Conditioner, Model 68207 BCAS Computer ControIIed
System or Model 4430A Bridge Si=gmlConditioner are
recommended as signal conditioner and power supply.

--@r
Actual size

3)

SCREW

SCREW

k{ \
.366

.25 (9.s0)

24 {9.30)

(6.35)
(6.10)

—--

E
RED (+ INPUT)

1!
t!

GRN (+ ou TPUT)
l::
I 1!

BLK (- INPuT)
WHT (- OUTPUT)—--
CABLE SHIELD

STANDARD TOLERANCE
INCHES (MILLIMETERS)

xx = *O! X=*3
xxx = *005 XX =*13

U.S. Patents 4,498,229,4,605,919 and 4,689,600

SPEC1FICATIONS
PERFORMANCE CHARACTERISTICS: All values are tvDical at +75°F (+24”C) and 10 Vdc excitation unless otherwise stated. Calibration data,

traceable to the National institute of Standards (NIST), ii ‘supplied. ‘

Units -6KM6 -20KM6 -60KM6
RANGE [11 g pk Aooo 20000 *6O 000

SENSITIVITY pvlg 30 +20/-15 10*5 3 +.2/- 1.5
FREQUENCY RESPONSE [21

(*lCI”l. max. ref. 100 Hz) -- kHz Oto10 Oto10 Otolo
NON-LINEARITY “lo Max &, up to accelen?dion corresponding to the recommended range.

(Yoof raating, to full range) Measurement uncertainties prevent stating this as a specification

limit above 10000 g.
TRANSVERSE SENSITIWTY % Typ 5 5 5
ZERO MEASURAND OUTPUT mV Max *100 *loo *loo

MODEL
7270AM6

>

~MEGGiTT 36 EN DEVCO
=
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ENDEVCO

MODEL
7270AM6

;

Piezoresistive

Figure 2B, Continued

Accelerometer

SPECIFICATIONS-continued
PERFORMANCE CHARACTERISTICS-continued

Units -6KM6 -20KM6 -60KM6

THERMAL ZERO SHIH

From -30”Fto+150”F (-34°C to +66”C) mV Max *5O *5O *5O

THERMAL SENSITIVITY SHIFT

From -30”F and+150”F (-34°C and +66”C) % Max *1 o *1 o *lo

OVERRANGE LIMIT g pk *18 000 *6O 000 *100 000

WARM-UP TIME Minutes Max

Seconds (Typ) (1:) (1:) (1:)

ELECTRICAL

EXCITATION 10.OVdc, 12 Vdc maximum

INPUT RESISTANCE 5501200 ohms

OUTPUT RESISTANCE 550 MOO ohms

INSULATION RESISTANCE 100 megohms minimum at 100 VdQ between sensor, cable shield and case

PHYSICAL

CASE, MATERIAL Stainless Steel (17-4 PH CRES)

ELECTRICAL, CONNECTIONS Integral cable, 4 conductor No. 36 AWG Teflon@ insulated leads, braided shield,

flourocarbon jacket

IDENTIFICATION Manufacturer’s logo, model number and serial number

MOUNTING~ORQUE [1] 75 Ibf-in (8.4 Nm)

WEIGHT 8.4 grams excluding cable (cable weighs 3.6 grame/meter)

ENVIRONMENTAL
ACCELERATION LIMITS *10000Og half sine pulse orthrea times the recommended range, in any

direction, whichwer is smaller. Pulse duration should be the greater of 20 microsec-

onds or five periods of the resonance frequency
TEMPERATURE

Operating -30”Fto+150”F (-34°C to +66”C)

Storage -65°F tO +250”F (-54°C to +1 21 ‘C)

HUMIDITY Unaffected. Unit is epoxy sealed

ALTITUDE Unaffected

CALIBRATION DATA SUPPLIED

SENSITIVITY [5] pV/gat 5000g

ACCESSORY
31290 WRENCH

OPTIONAL ACCESSORIES
25034 4 CONDUCTOR SHIELDED CABLE
32103 TRI-AXIAL MOUNTING BLOCK

NOTES
1. Removable Loctite should beapphed to10-32stud before installation.

Recommended mounting torque should be applied to bottom half of unit.

Continued product improvement necessitates that Endevco rese!ve the right to modify these specifications w“thout notice. Endevco maintains a program of ccmslsnt
suweillaXe over a!lpmducts toensure ahighlwel ofreliabifiV. ~Isprogmm includes afiention toretiatiiiV tictors dutingproduct design, thesuppofl ofsttingent
CMality COntrOl requirements, and compulsory corrective action procedures. These measures, together with conservative specifications have made the name Endevco
synonymous with reliability

ENDEVCO CORWRATION, W7WMNCHOVlEJ0 ROAD, SAN JUAN CAPIS~ANO, CA92675 USA (949) 493-SIEH fax(949) 661-7231 0298
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32!-8000.. General Information

Waugh Controls
Page 11 Figure 3

—

SIGNAL CONIXITIONER SPECIFICATIONS (OPTXONAL)
—

ExcitationPower Supply

Constant Voltage
Standard Output

Excitation 0.1 to 15V at
— 100 mA+ Short

circuit current
limited to 160mA.

—

Resolution: 0.060V

Line 0.005% or 150 UV.-
Regulation whichever is

greater for *1O%
line variations.

.

Load 150 Uv plus 100
Regulation uV\ohm of lead

resistance
to 5 ohm indepen-
dent of the excita-
tion voltage.
Sense current is
less than 100 uA.
The output does
not overvoltage
with the sense
leads disconnected.
Local sense may be
selected on the
brr:e completion

* output 0.01 ohm in series
@ Impedance\ with 20 UH
o

2
e
s

ConstantVoltage
(HighVol.Option)

0.1 to 30V at
75 ti. Short
circuit current
limitedto 160mA.

0.120V

0.005%or 300 UV
whichever is
greater for ~108
line variations.

300 Uv plu13100
uv/ohm of lead
resistancelimited
to 5 ohm indepen-
dent of the exci-
tationvoltage.
Sense current is
less than 100 uA.
The output does
not overvoltage
with the sense

.

Constant Current ,

1 mA to 100 mA.
Compliancevolt-
age is O.lV to
25V at O to
100 *.

4oo/uA

0.005% or 1.0 UA
whichever is
greater for
~10* line
variations.

Less than 0.005%
or 1.0 UA which-
ever is a

1
rester chance
n output
current for a 10
to 1 change in
compliance
voltage.

leads disconnected.
Local sense may be
selectedon the
bridge completion
card.

0.03 ohm in series 10 Mohm in
with 20 UH parallel with

300 pF.

:
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Figure 3
. .. . . . . . ,.

Continued?

-w ZM-8000
General Information

Wmgh Controls
Page 12

—

Noise

stability

Temperature
Coefficient

. .
--

150 uV p-p from 300 UV p-p from 1 uA p-p from
0.1 Hz to 20 ~Zo 0,1 Hz to 20 ~Zo o-l Hz to 20 ~Z

with a 350 ohm .
bridge.

0.01% or 500 UV 0.01% or 1 W 0.02% or 1.5 UA
per B hours after per 8 hours after per 8 hours
30 minute warm-up 30 minute warm-up after 30 minute

warm-up.

0.005%/C1 or 0.005%/C*or 0.005%/Csor
100 uv/c~ 200 Uv/*c 0.5 uw~c
whiche~er is whiche~eris whiche~er is
greater. greater. greater.

Selectionof constant voltage or constantcurrent excitationis by an
internal switch. The switch position is monitoredby the computer.
The excitationvoltage is controlledby an eight-bitDAC, which is set
by the computer.

ExcitationDisconnect A computercontrolledrelay dis-
connectsthe Plus excitation from

Configuration

Input wiring

Bridge Balance

Bridge Balance

Monitor-Local

Honitor-Remote

Indication

(Optional)

the bridge an~ connectsthe lus -
!bridge power to the mtinus br dge

power. A front panel red XED iS
illuminated when the excitation k
off.

1, 2, 3, or 4 active arm bridges.

Any input wiring configurationfrom
2 to 10 wires plus shield.

The bridge is balanced by a recessed
20K ohm potentiometeror optionally
throughthe computercontrolledRT1
offset.

A front panel mounted l.ED indicates
the polarity of the output. The LED
is red when the output is positive,
green when it negative and off when
the output is within 1 mV of zero.

Front panel mounted pin jacks allows
the excitationand amplifier input
to be measured.

Computercontrolledguarded relays
switch the amplifier input and
excitationto the monitor buss.
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... Waugh Controls

AC Characteristics

FrequencyResponse
100 ~Z Bandwdith

FrequencyResponse
500 kllzBandwidth

SettlingTime

OverloadRecovery Time

Slew Rate

Noise

DC Characteristics

Constant Temperature
Drift

:~~fura Coefficient

Gain

Gain Accuracy

Gain Stability

Linearity

Zero Adjustment

Figure 3
JX-8000 Continued
General Information
Page 9

~1% from DC to 10 IrHz

~ldB from 10 kHz to 50
-3dB above 100 kHz for

+1% from DC to 50 kHz
~ldB from 50kHz to 200
‘3dB above 500 kHz for

.

MHz
gains of 1000 or less

kHz
gains less than 1000

-3dB above 20 kXz for g&ins of 1000 or
greater

Less than 25 us to 0.1% of final value.

Less than 50 us to 5% of full scale for any
overloadup to 10 times full-scaleinput not
exceedingplus or minus 20VDC or peak AC.

3.77 v/us 20V p-p to 60 ~Z

RTI Bandwidth
10 Uv rms
5 Uv rms
3 Uv rms
2 Uv rms
4 Uv p-p
1 Uv p-p
plus 200

22 UV RTX,
put.
offset per

30.5 uv/lc
offset.

500 mz
100 mz
50 kHz
10 mz

100 Hz
10 Hz

UV RTO

~200 UV RTO PIUS ~200 uV/V Of oUt-

8 hours after 1/2 hour warm up.

RTI phls ~150 UV/V/QC Of OUtpUt

Computer selectedgain steps of 1, 2, 5, 10,
20, 50, 100, 200, 500, 1X, 2X, 5K and 10K.
Gains below one and a binary gain sequence
are availableas options.

to.1%

~0.oo5% /200 hours
~o*oo58 /fc

~0.005% at de

Recessed front panel control provides
~100 UV RTI of zero adjustment. RTO is
set by output zero controls. Automatic in-
put zero adjustmentis availableas an
option.
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Figure 3... . .. .. - .... ..—. .. . . .. . .- . . .
Continued

-w

. lM-8000
General Information

Waugh Controls
Page 10

.

.

CommonMode
Line Unbalance

● Colnmon-ModeRejection Gain o ohm 350 ohm
Ratio (dc to 60 Hz)

-.
1000 126 dB 120 dB
100 106 dB 100 dB

10 86 dB 80 dB
1 66 dB 66 dB

CMRR decreasesat a rate of 6 dB/octave above
60 Hz limitedto 60 dB at a gain of 1000 up
to 100 MHz.

Common-ModeLevel ~50 Vcicup to 60 Hz decreasesat a rate
of 6 dB/octaveabove 1 kHz. limited to
lV p-p.”

.

Common-ModeOverscale ~75v

CoInmon-Mode-Input 2000
Impedance

Conmon-Mode Level ~300
(Optional) 6 dB\octave-above 1 kHz, limited to lV p-p.

dc or peak ac without damage.

Mohm shuntedby 1.5 pF.

V dc UP to 60 Hz decreases at a rate of

.

v

..
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IM-8000GeneralInformation Figure 3,

) continued
Page 16..m w-

- ‘nk

DynamicsFilters

TA3ZZ 1-3 ACCESSORIES

- Installs into llodel 8000

EO1O -=X -X-X
[11
II
II
II
I

“1 ~
1
I
i

003
o~o

030
100
300
0lx
03X
10K
3OK

Holds Up to 8 MOdd 8000

7931-X-X
II 1
I 2
I
I 1

2

linear phase or Bessel
B~tte5dorth response

2
3
4
6

=

115
230

pole-low-pass filter
pole low-pass filter
pole low pass filter
pole low pass filter

1 Hz cutoff (-3 d3)
31=IZ”
10 Hz
30 Hz
100 Ez
300 Hz
lK HZ
3K ~Z
IOK Hz
30K HZ
Custonl range

Vac Power 47-63 EL
Vac Power 47-63

RS-232C Interface
IEEE 488 Interface

L-
A- Z

In every system one Model 7931 cabinet must be a master.

Hating Connectors
o Part number 086801-
\=
w
\a
=

1

.

response

Ez to 50 K<z.

.

.
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Figure 4: Model 7600~

-w .
Waugh Controls.

IN-7600A ‘-

GENERAL lNFORWATIUN

Table 1-3 Leading Particulars
)

IIE!! CHARACTERISTICS

Enclosure .O.OO..O.OOOOOSOOOOOOO Pluqs into lCJ-channel cabinet~
MOdel ?914R/NQ or Sinqle-Channel
cabinets Model 79149/NRc

Dimensions

biidth . . . . . . . . . ..~ . . . . . . . . . . 1.75 in. (4.45 cm}
Height .s.~...Q . . . . . . . . . . . . . B-75 in. (22.25 cm)
Decth •.....-........~.~~~.. 18 in. (45o72 Cm)

$auer Reauiren!ents

AC Input .*.w-.-***O.....O.. (-1] 10C to 125 Vrms~ 47 to 63 Hz
(-Z) 200 to 250 Vrms~ 4? to 63 Hz

Power Consumption ● 000.9000. 15W maximum
Fuse ....~....~........., . . . Interoal in Amplifier

Environment

Terpefature Qang@
Cperating •0.~9~.~a..~.... +32 to +122 ●F (c to +50 ●C)
Storage ● *.eo**09***e***ee -4 tc +167 ●F.[-20 to +70 ‘C)

Humidity ..o..,.a.a...-..... Up to 90% relative humidity without
condensation-

AM4QOl?l-05/04/84
H76001

.-

DI~~ERENTIAL @c A~PLIFIER
SIGIU~L CONDITIONING SYSTEM
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Figure 4: Model 7600A -

-w Continued

Waugh Controls
I!4-7600A -

GEhERAL INFCIRMATION

11

Table 1-2 (Continued)

SIGWAL CONO1TIONER

Excitation Power .Su@y.-—-.-..-.---- —-

Excitation

Resolution

Line
Regulation

Load
Regu’ ation

Constant Voltage
Standard Output

9.1 to 15V at
10~ mA~ Constant
current or con-
stant voltage
selected by
jumperson briage
completion card.
Short circuit
current limited
to 160 mAo

Recessed front
panel control
has stability of
0.5 mV.

O.C)OS% or 150 UV
whichever is
greater for plus
or minus 10% line
variations,

1s0 Uv Plus 100
uV/ohm of lead
resistance limited
to 5 ohm indepen-
dent of the excita-
tion voltage.
Sense current is
less than 100 us.
The outDut does
not overvoltage
with the sense
leads disconnected.
Local sense may be
selected on the
completioncard.

Constant Voltage Constant Current
(High Volt.Option)

O*1 to 30V at
75 wA. Constant
current or con-
stant voltage
selected by
jumpers on bridge
completion card.
Short circuit
current limited
to 16C mAo

1 mA to 10@-mA*
Compliance volt-
age is OOIV to
15v0 At ~ to
75 mA and 00IV .to
13V at 75 to
lGO mA. Constant
current or con-
stant voltage
selected oy
jumpers on
bridqe comple-
tion card.

. ..

.-.

Recessed front Recessed front
panel control panel control
has setabilit~of has stability -
1’7mv. of 60 uA.

000052 or 300 UV ~00()~% or 100 UA
whichever is whichever is’
Sraater for plus greater for plus
or minus ld% line or minus 10%
variations line variations

300 Uv plus 100 Less than 00t2~5X
uV/ohm of lead or 100 UA which-
resistance Iiwited ever is a
to 5 ohm inc!e~en- qreater ch?knge
dent of the exci- in output -
tation voltage. current for a 10
Sense currant is to L change in
less than 103 uA. compliance
The output does voltage.
not overv~ltage
bith the sense
leads disconnected.
Local sense may be .
selected on the
completion card.

*

AU4001?l-05/04/84 OIFF=REW’lAL DC AWLIFIER
H76001 SIGNAL CONDITIONING SYSTEH
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Noise‘—
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Temperature-.
Coefficient
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Figure 4: Model 7600A
Continued

Controls - - .
XM-76CQA “

GENERAL INFORMATION

0.01 ohm in series
with 20 UH

150 UV p-p from
001 ~Z to 20 kHz.

O.OIX or 500 UV
cer 3 hours after
36 minute warm-up

0.0C5%/’C or
190 uv/*c
whichever is
greater9

0.01 ohm in series 10 ?40hm in
with 20 UH parallel with

300 pF.

300 UV o-p from 1 UA p-p from
0.1 HZ to 20 kHz. Go~ HZ to 20 kHz

with a 350 ahm
bridge.

0.01% or 1 W O.GA% or 1.5 UA
per 8 hours after per 8 hours
30 minute warm-up after 30 minute

warm-up

000C5~/QC or C.095%/gC or
zoo uv/”c 005 uA/@c
whichever is whichever is
qreater. greater~

DIFFERENTIAL DC AMPLIFIER
SIGNAL CONDITIONING SYSTEM

.
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Figure 4: Model 7600A -
Continued

—_-wWaugh Controls .
IN-760QA

GENERAL INFORMATION

—

—

—

.

—

.-

. .

..

Table 1-2 Performance Characteristics

PARANETER CHARACTERISTICS

1. OXFFERENTXAL DC AMPLIFIEQ

A. Input

19 Input Imoedance ● . . . . . 25 Peqoh’r shunted by 500 PF

Z* Source Impedance . . . . . Specifications ret with up to a
seurce impedance of 1 kohm-
(10 kohm operation permitted.)

3a Clverscale Input ...~. :30 vdc~ or peak ac without damage.

Am Input Bias Current ● ., <200 nA at 25 CC
<0.S nA/QC

F!. Tape Output (Standard)

10 Output Capability ..OO :1OV at 5 mA~ limited to ~15V at
25 !rA- Short-circuitproteceed.

.....
20 Cap’acit~,veLoading ... Uo to 0-1 u~~ no i:fIStabi~itY

31s Output Xmpedance ● ..o. 1.0 ohff in series with 20 UHO

40 Dut?ut Level ● 0..o.o.. Adjustable fron! OV to :1OV

50 Output Zero Ccntrol
a) Adjustment 2ange . . s40 ntV
b) Resolution . . . . . . . . ~005 WV

CD Galvo Output (Optional)

1~ Output Capability -..O ~lOV at 100 mA
limitedto Z15V at 150 n!A

2* Current limiting ..Q.. Adjustableffo~ ~20 WA or :120 WIA

3S Output Impedance . ..*. 0.5 obm in series with 5 UHQ

4. Output Level ..o~...c. Adjustable frc~ OV to ~lOV

5. Output Zero Control
a) Adjustment Range ● . -10 Vdc to +10 Vdc
b) Resolution . . . . . . . . Al rrv a OV~ and

:20 mv a :lQV Qutput

A#W09171-05/04/84
M76001

OXFGERENTIAL DC AMPLIFIER
SIGNAL CONDITIONING SYSTEK

.

.
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Figure 4: Model 7600A-
Continued

-wWaugh Controls
IN-76i)OA

GENERAL INFORMATION .

Table 1-2 (Continued)
i

00 Outputs (General)

10 Polarity ..O.O....*OO.

20 Isolation ● O.OOOo.OoOb

.

.’

Same for Tape and

Cne output may be

—.

Galvo outputs —

shorted with
<0.025% effect upon the other .-

LE12 indicates the tape output zero
status:
(a) Red if output is positive .-
(b) Green if output is neuative
{c) Cff if outFut is within l.CmV -

of zeroO ..

(Does not include effects of the
Galvo Cutput Zero Control)

(All ac specifications are
independent of gain steps
or variable gain settings)

10 frequency Response . . . $1% (CICto 10 k~z)
21 d~ (10 kHz tc 50 kHz)
-3 dE (above 100 kHz)

20 SettlingTime ...~..~.<25 us to 0.1% of final value

3. C!verload Recovery
Time . . . . . . . . . . . . . . . . <50 us to 5% of full scale

for any overload up to 10 times
full-scale input not exeeedingj
:20 Vde or peak ac

4. Sletiinq Qate . . . . . . . . . 3.7V/ust 20V p-p output to 60 kHz

—..———-—--—----.-——
5. Noise •.~.c.o.o.o.o.o. : RTI * l?anciwith a

———$—-__-___-_d
8
9 500 uV rms 0.1 HZ to 190 kHz:
# 3.CI UV rtrs , 0.1 ~Z ZO 50 kHz::
9
0
@ 2.9 uV rms : 0.1 HZ to 10 k~z:
9* 4.0 Uv p-p : 001 rz to 100 Hz:
# 1.C!Uv p-p : 0.1 Hz to 10 HZ:
~QJ&ps ~ _ RTO——— L

AM400171-05/04/84
P7600L

DIFFERENTIAL DC A~PLIFIER
SIGNAL CONDITIONING SYSTEM
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Figure 4: Model 7~00.

“-w Continued

Waugh Controls
IH-7600A

GENERAL XNFORPATICN
.

Amplifier

Table 1-2 (Continued)

10 Zero Orift—
(Constant Temp.) ..00 22 UV RT~~ ~ZOO UV RTO

:200 uV/V (cutput offset)/8 hours
after 1/2 hour warmup

—

20 Temperature Coefficient
of Orift . . ..O~.00.00. @e5 uV/*C ~TI, sIOO uV/~C RT~

2160 uV/V/~C of output offset—

4. Gain Accuracy •.~..... ~001% in calibrate position of the
CAL switch

5. Zero Range ,..,e....., ~100 UV RTI of zero adjustment
RTU set by output controls—

G- Commcn-~ode” .——--—
10 Rejection Ratio 0900000~

—-———--—-—-
<CLIRCE IMPEJANCE., 8

——=-==—-.--------—.---*
..=. .: ~Galn G Ohm ~350 ~hm..t+--——-- ----=.--.b

bo 1003 , 126 dB : 120 dB f

2. Cperatinq Level . ..OOO

,.

40 Input Imoedance . . . . . .
...

t
o 100 : 106 “dE : 100 dB :
t# 10 : 86 dB : 80 C!3 :

1:—.-— j_66dB’ 66 d3 b—- . . ..L-—-.—-&

For com!rcn-mode frequencies from dc
to 50 HZQ CMRR decreases at a rate
of 6 d2/Cctave above 60 Hz.
Limited to 60 d~ at a gain of 3000s “
for frequencies up to 10G MHz. ‘

~50 Vc!c frow dc to 60 Hz.
Oecreeses at a rate of 6 d3/octave
abave 1 kHz.
Limited to lV p-p UP to 100 NHzQ-’

+75 Vdc or peak ac without damage.

2000 Pohm shunted by 1.5 pF.

.

A$44c)0171-OS/04/84
?J7SO01

DIFFERENTIAL cc AMPLIFIER
SIGNAL CONDITIONING SYSTE?4

—
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Figure 5
DSP Digitizer
Model 2860

__________..
...-.

SPECIFIC&TIONS

---------------------- ------------------------- ---------------

RESOLUTION 12 14 12 12 12 Eits
------------- ------- --------------------- -------------------- --

-------------,

(0.55E)
(3=)
(tic-+ooEz)

(5C)

100
100K
200K

72

50X
100M

80

------ ------ -------------------- -

~~~~a-~j, ~11~-~~

spe~ific~tio~s 10 - 55 C=IC;17S-----
Stcrz$e -5 - G5 Cnlc+??s-----

---------------------- ------- ______ ______ ------ ------- ------- --
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Appendix A: Cable Frequen~Response

date

to:

fronx

subject

Sandia NationalLaboratories
Albuquerque, New Mexico 871f?5

May 20,1994

Distribution

-2&&?A
M. AMSO, 6642

Characterization of Field Cabling

The characterization of the attenuation on the Mercury MW-7122 field
cabling has been completed. Cable len=@hwas started at 1000 feet and then
deaemented by 50 feet until a final length of 50 feet was reached. A Hewlett
Packard 3585B Spectrum #malyzer was used to insert a sieaal of varying
frequency from DC to a frequency beyond the -0.5 dB point which ranged from
37.4 kiIohertz at 1000 feet to 858.7 kilohertz at 50 feet The cable is a 3 pair
individually twisted shidded cable tha$ is color coded per Wesiern Regional
S&aingage Assoaation SpecMcations. The weight of this cable k 0.045
pounds/foot. EncIosed are the field cable response plots. If you have any
questions or comments, please caHme at 5-9157.

copy to:
6642 J-G. Bobbe
6642 D. L- Bolton
6642 D. C. Harding
6642 W. McMurtry
6642 J. D. Pierce
6642 W. L. Uncapher
6643 D. R. !%enberg
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lvIIIlfIS Field Cable Rest~onse PlcIt 05/’10/94 0!3: 57:51 IvIDT

Cable Tg~e: 14W-7122 Cable Length: 50 Cablp Manufacturer: IvIERCURY

-3 +o clEl : 3 ● 70533 I’IHZ -0.5 cJB: (358.667 !<}-IZ
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lvIIllfiS Field Cable Response Plot 05/10/!34 0’3:50:36 1’IDT

Cable Tgpe: NW-7122 Cable Length: 100 Cable Manufacturer: MERCURY

-3.0 cIB: 1.484 MHz -0,5 dD: 408 I<Hz
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I’IIIIQS Field Cable Response Plot 05/9/!34 15:20:05 Ivll)-r

Cable Tgpe: tvIW–7122 Cable Length: 200 Cable Manufacturer: IvILRCURY

-3.0 C]~: 528+316 l<}-IZ -0.5 dB: 172.421 i<l-lZ

0.0 92.5 1135+”0 277.5 370,0 462+5 555,0 647,5 740.0
Frecluencg (1<1-lz)
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blIDhS Fi,elcl Cable Response P1oL 05/’9/”34 15:24:43 l’lD”r

Cable TgpEI: MM-7122 Cable Length: 250 Cable I’manufacturer: MERCURY

-3.0 cIB : 390.902 1<1-lz -0+5 CID: 149+882 I<liz
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lvIIDhS Field Cable Response Plot 05/9/94 15:28:57 IvIDT

Cable Tgpe: MW-7122 Cable Length: 30CI Cable tvlanufacturer: IvIERCURY

-3.0 cI13: 332.985 1<1-lz -0.5 CID: 12’3.662 I<t”lz
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141DR!5 Field Cable Response Plot 05/’3/94 15:35:07 IvIDT

Cable Tgpe: NW-7122 Cable Length: 400 Cable Ivlanufacturer: IvIERCURY
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lvIIDfiS Field CakJle Response Plc)t 05/9/94 15:40 :oEl l’lDl-

Cable Tgpe: IvIW-7122 Cable Length: 450 Cable Manufacturer: MERCURY

–3.0 cIB: 223.3 KHz -0.5 dB~ 94. I35 KHz
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IvIIDOS Field Cable Response Plot 0!5/9/94 15:43:02 IvIDT

Cable “rgpe: IvIW-7122 Cable Length: 500 Cable Manufacturer: MERCURY
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MID9S Field Cable Response Plot 05/9/94 15:45:29 MDT

Cable Tgpe: lvtW-7122 Cable Length: 550 Cable Manufacturer: MERCURY
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IvIIIIAS Field Cable Response F’lo-L 05/9/94 15:48:07 MDT

Cable Tgpe: 14W-7122 Cable Length: 600 Cable hlanufacturer: MERCURY
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IvIIDRS Field Cable Respcuwe Plot 05/10/94 09:00:48 lvlDT

Cable Tgpe: MM-7122 Cable Length: 650 Cable Ivlanufacturer: MERCURY

t

-3.0 cID: 160.336 I<Hz -0.5 cJB: 75+7226 }<HZ

0 30 60 ’30 120 150 180 210 240 270 300

Frequencg ( 1<1-lz)



m
$-

I
.. .

lvIIDfiS Field

Cable Tgpe: IvIW-7122

.’
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