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Purpose of this Tutorial

This tutorial will introduce the methodology used to
perform a measurement uncertainty analysis. The
considerations needed for each step will be
llustrated in an example analysis.

Uncertainty Analyzer 3.0 is a software tool used in
this process. This tutorial will show how this tool Is
utilized in the process, but it is not meant to be
comprehensive training on how to use the software.
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Integrated Sciences Group (ISG)
authored the RCC Telemetry
Group’s IRIG-122-07 Uncertainty
Analysis Principles and Methods
document.

This document provides
Information about the
mathematical concepts and
methods used to estimate
measurement uncertainty.

Uncertainty Analyzer 3.0 executes
the mathematics described in this
document.



Uncertainty Analyzer 3.0

Uncertainty Analyzer 3.0 was developed by Integrated
Sciences Group in Bakersfield, CA.

The software is a tool for conducting and reporting
uncertainty analyses for direct and multivariate
measurements and measurement systems.

The software performs all of the mathematics and statistics

In the background. However, it does not provide any of the

technical expertise of the measurement system — that is left
to the user of the software.
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Result of an Uncertainty Analysis

The result of an uncertainty analysis defines the boundaries of
the measurement error (ex. £0.31 G’s). One misconception is
that an uncertainty analysis tells you the error in a
measurement.

X = Xiye T X

meas true error

If that were the case, simply subtracting the error from the
measurement, would yield the true value.

However, the measurement error (X,,,,,) IS a random variable

which is bounded and we have a certain confidence that it falls

within that bound. Unfortunately for those analyzing data, the
true value (X,,.) of a measurement is never known.

5/20/08



Graphically Showing x Xiryer @NM X

meas’ error

We do not know what the true value (shown in red) is, but
we do know with some level of confidence that it falls
within a certain error bound (shown in gray).

= — X
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The Normal Distribution

The confidence level is set on boundaries of multiple standard deviations
from the mean. For the Normal Distribution, the confidence levels are
based on the area under the curve, which has the shape shown below.

GAUSIAN or NORMAL Probability
Density Function (PDF)

f(x)

TOTAL AREA UNDER
THE CURVE is 1 or 100%

l 2, 2
, —(x—u)" /20"
2o -
68%|OF THE DATA FALLS WITH
/4 95%|OF THE DATA FALLS WITHIN +2c >
< 99.7% OF THE DATA FALLS WITHIN +3c X
I I
p-3c p-2o p-o m u+o u+2c p+3c
5/20/08 MEAN OR
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How to Interpret the Reported Uncertainty

If the expected value (true value) of a measurement is 10, and the 1o
number (which is one standard deviation) is calculated to be 0.1 G, then the
uncertainty is usually reported to be +2c or £0.2 G. This can be interpreted

as the measured value having a 95% likelihood of being within £0.2 G’s of
the true value. Or in other words, if the true value is 10 G’s, the measured

output has a 95% confidence of being in the range of 9.8 to 10.2 G’s.

2N

Usually it is safe to
assume that reported
uncertainties are 95%
confidence, 2c values.
However, be sure to
state that assumption.

95%|OF THE DATA FALLS WITH|N +2c N
99.7% OF THE DATA FALLS WITHIN £3c
< X
|

9.7 9.8 9.9 10.0 10.1 10.2 10.3

68%| OF THE DATA FALLS WITH|N *c

l L

A

5/20/08 The uncertainty bounds the errors of a measurement.
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Assuming a 95% Confidence

Transducer manufacturers rarely indicate what
the confidence intervals are for their
specifications

It Is safe to assume that specifications are 2c
values because If the values were 1o numbers,
only 68% of their transducers would pass the
specification of being within £l1c.

If ever in doubt, contact the manufacturer, but if
you must make an assumption, state that
assumption in your uncertainty analysis report.

10
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Uncertainty Analysis Procedure

The executive summary of IRIG-122-07 describes the

uncertainty analysis procedure as the following steps:

Define the Measurement Process

|dentify the Error Sources and Distributions
Estimate Uncertainties

Combine Uncertainties

Report the Analysis Results

Step 2 is the most difficult step of the analysis procedure. This
will be illustrated in the example analysis.

11
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Example Uncertainty Analysis

Go through the Uncertainty Analysis Procedure
for an accelerometer measurement.

Create transfer function and define sources of
error In the measurement.

Introduce Uncertainty Analyzer 3.0 as an
application tool to handle the mathematical

equations describec

Pareto diagrams wil
sources of error and
reduced.

In IRIG-122-07.

be used to identify large
determine If they can be

Reporting the final analysis.
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Acceleration Measurement

The acceleration measurement example will utilize an
Endevco 7290A-30 accelerometer with a TTC SCD-
108S signal conditioning card. To simplify this
analysis, there will not be an end-to-end voltage
substitution calibration performed on the system.

The measurement requirements are as follows:

Normal Acceleration
EU Range: £30 G’s
*Frequency Range: 0 to 300 Hz

5/20/08 13



Assumptions

An uncertainty analysis should not just contain a list
of numbers, it should also contain text describing
how those resulting numbers were obtained.

Because there are a lot of assumptions made in an
uncertainty analysis, it is important that those
assumptions be documented. Those reading the
analysis must underst?nd where the results came
rom.

We will now start by running
Uncertainty Analyzer 3.0

5/20/08
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1) Define the Measurement Process
The Block Diagram

Uncertainty Analyzer 3.0 allows you to create
the block diagram in the System GUI. This is
the first step that must be done before any
analysis takes place.

Excitation

Counts N Data G's
5C0-1088 D erocoscor DO Output

5/20/08 16



1) Define the Measurement Process
The Block Diagram

eGive each module a name

Indicate the inputs and outputs of each module
*Note the engineering units at each input/output

Excitation

Counts N Data G's
5C0-1088 D erocoscor DO Output

5/20/08 17
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Determine the Transfer Functions

Next, write down the transfer functions for each of the modules
In the diagram. Don’t worry about any contributing errors at
this point. They will be added later.

Excitation

Yiolts

Wialts
SEnsor

G's

O

Input
5/20/08

N sco-10ss

Caounts

Volts = (Gin)(Sens) + Vos

N

Diata

Frocessar

\

Counts = (C1_)(Volts) + CO4

(5's
@ Qutput

G’'s = (C1)(Counts) + CO
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2) Ildentify the Error Sources and Distributions
Analyze Each of the Modules

Each module will be studied to determine what
contributing errors exist within its transfer
function. These equations will then be entered
iInto Uncertainty Analyzer.

5/20/08
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Choosing a Distribution for the Defined Errors

Normal distributions are relevant to most real
world measurements. In some cases, as In
guantization error, there is an equal likelihood that
the measurement is above or below a
guantization level, Therefore, a uniform
distribution will be used.

NORMAL UNIFORM

5/20/08
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Entering the Information
In Uncertainty Analyzer 3.0

As each transfer function is defined for each module, the
equations will be entered into Uncertainty Analyzer.

The information can be entered in the System GUI screen
(where the block diagram was created) or the System
Model screen (introduced later).

The variables within the equations are called parameters.

The specification sheets will identify the errors which exist
for the defined parameters in the transfer function.

5/20/08 23



7290A Accelerometer

Excitation

Volts = GIin X Sens + Vos + Exdcr

Each of the parameters of the transfer function has an

G's associated error that must be accounted for. The errors are
guantified in the specification sheet for the 7290A
accelerometer. Sometimes, spec sheets can be
ambiguous, that is where documenting assumptions is very
important.

Input

Unless noted, all errors are assumed to have a 95% bound and be distributed normally.
5/20/08 24
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Volts = GIn x Sens + VVos + Exdcr

Volts: the voltage output from the accelerometer (V)
Gin: the input acceleration sensed by the transducer (G’s)

Sens: the voltage sensitivity of the accelerometer to the input
(VIG)

Vos: the output of the accelerometer at a 0 G input (V)

Exdcr: includes any other error sources that did not fit into the
above quantities (V)

5/20/08
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Quantifying Sources of Error

There are two ways to quantify errors contributing to the
system:

Type A Estimates — which are estimates of error that are
derived from samples of data. This could be from taking
repeat measurements with the transducer. The statistical
results of the data will quantify the errors used in the
analysis. This method however is very time consuming.

Type B Estimates — are drawn from our experience of the
measurement and from the specification sheets (the
manufacturers experience). This Is how most error sources
are quantified in an uncertainty analysis.

5/20/08
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Accelerometer Specifications

The best place to identify errors is to consult the specification sheet. For this
example, the accelerometer was calibrated in the transducer laboratory.
Therefore, some of these specifications and errors (shown in red text) will be
replaced by the results of that calibration. If a calibration was not performed, then
these quantities in the specification would be used.

Range

Full Scale Output (FSO)
Operating Temp Range
Sensitivity @100Hz
Sensitivity with Excitation
Offset with Excitation
Frequency Response
Mounted Resonance Freq
Non-Linearity & Hysteresis
Transverse Sensitivity
Zero Measurand Output
Dampening Ratio
Dampening Ratio Change
Thermal Zero Shift

Thermal Sensitivity Shift

Thermal Transient Error
Threshold (resolution)
Base Strain Sensitivity
Magnetic Susceptibility
Residual Noise

5/20/08

+30 Gpk

4 volts

-55°C to 121°C

66 +4 mV/G

+0.1%/V Typ

-0.5mV/V Typ

+5%

5500 Hz

+0.20% FSO Typ, £0.5% FSO Max
2% Max

+50 mV Max

0.7

+0.08%/°C (-55°C to 121°C)
+1.0% FSO Max (0-50°C)
1+2.0% FSO Max (-25-75°C)
+2.0% Max (0-50°C)

+3.0% Max (-25-75°C)
<0.001 G/°C

0.008 G’s

0.01G’s

<0.1G’s

100uVrms Typ, 500uVrms Max (0.5 to 100 Hz)

500uVrms Typ, ImVrms Max (0.5 to 10 KHz) o8
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Transducer Lab Calibration

The results from the transducer laboratory calibration were the following:

G’s
-30
-24
-18
-12
-6
-1
0

1

6
12
18
24
30

Volts
-1.945
-1.541
-1.143
-0.747
-0.349
-0.019
0.047
0.113
0.442
0.838
1.233
1.629
2.030

LSBF Equations:

G’s
30
24
18
12

Volts
2.030
1.629
1.233
0.838
0.442
0.113
0.047
-0.019
-0.350
-0.747
-1.143
-1.541
-1.945

G’s = 15.12179 x Volts -0.6819215
Volts = 0.0661297*G + 0.045095



Transducer Lab Calibration

The sensitivity frequency response was the following:

Freq (Hz)
0
10
15
20
30
50
100
159
200
300

Average Sensitivity:

Sensitivity (mV/G)
66.1297 (From LSBF EQ)
66.0943

66.0630

66.0770

66.0967

66.0720

66.1356

66.0044

65.7564

65.9873

66.0416 mV/G

Sensitivity Std Dev: 0.1109 mV/G
Zero Measured Output: 45.681 mV

5/20/08
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Each parameter of the transfer function will be evaluated for
error sources listed in the accelerometer’s specification.

Identify errors contributing to the sensed G level

T |dentify errors contributing to sensitivity

Volts = GIn x Sens + VVos + Exdcr

|dentify errors contributing to the offset voltage A

Other identified errors which do not fit in the other elements

5/20/08
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Volts = Gin x Sens + VVos + Exdcr

Gin is the input acceleration sensed by the transducer plus all of the associated
errors. Read through the specification sheet and determine which errors will
contribute to the sensing of the acceleration. It is a safe assumption that the
listed errors are 2c (two standard deviation), 95% confidence values.

Range

Full Scale Output (FSO)
Operating Temp Range
Sensitivity @100Hz
Sensitivity with Excitation
Offset with Excitation
Frequency Response
Mounted Resonance Freq
Non-Linearity & Hysteresis
Transverse Sensitivity
Zero Measurand Output
Dampening Ratio
Dampening Ratio Change
Thermal Zero Shift

Thermal Sensitivity Shift

Thermal Transient Error
Threshold (resolution)
Base Strain Sensitivity
Magnetic Susceptibility
Residual Noise

5/20/08

+30 Gpk

4 volts

-55°C to 121°C

66 +4 mV/G

+0.1%/V Typ

-0.5mV/V Typ

+5%

5500 Hz

+0.20% FSO Typ, £0.5% FSO Max
2% Max

+50 mV Max

0.7

+0.08%/°C (-55°C to 121°C)
+1.0% FSO Max (0-50°C)
1+2.0% FSO Max (-25-75°C)
+2.0% Max (0-50°C)

+3.0% Max (-25-75°C)
<0.001 G/°C

0.008 G’s

0.01G’s

<0.1G’s

100uVrms Typ, 500uVrms Max (0.5 to 100 Hz)

500uVrms Typ, ImVrms Max (0.5 to 10 KHz) 32



Gin = G + Gtherm x Trange + Gtrans + Gres + Gbase + Gms

5/20/08

Include the associated errors in the Gin equation and assign each a
parameter name. We will now define each of the parameters
(including the units will help in determining the equation and avoid
any mistakes):

G: input to the accelerometer — the “true” value (G’s)

Gtherm: thermal transient error (G/°C)

Trange: temperature range delta from calibrated temperature (°C)
Gtrans: transverse sensitivity (G)

Gres: resolution (G's)

Gbase: base strain sensitivity (G’s)

Gms: magnetic susceptibility (G’s)

33
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Gin = G + Gtherm x Trange + Gtrans + Gres + Gbase + Gms

Now each of the terms in the Gin equation must be quantified by
determining its nominal value and uncertainty bound. If the bound is
something other than 95% and the distribution not normal, it will be
noted here. These may be assumptions that are not apparent in the
specification sheet.

Starting with the first parameter:

G: input to the accelerometer (G’s) — for this analysis, we will make calculations
on a input acceleration of 12 G. If you pick one of the calibrated points, it helps
in troubleshooting any mistakes you may have in your analysis.

Because this is the input to the measurement system, this information is entered
under the “Define System Input”

5/20/08 36
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Gin = G + Gtherm x Trange + Gtrans + Gres + Gbase + Gms

The next parameter varies with temperature, so we will have to define the
temperature range of the environment where the measurement will be made.

Gtherm: thermal transient error (G/°C)

Nominally it should be at 0 G /°C and has a 2c value of 0.001 G/°C.

Trange: temperature range delta from calibrated temperature (°C)

From the transducer lab calibration report, the calibration was performed at a
temperature of 22.84°C (73°F). The expected temperature range the transducer

will be from -55°C to 121°C. The largest temperature range delta from the
calibrated temperature will be 121 - 22.84 = 98.16°C.

This information will be entered in a different screen called the Error Source
Uncertainty Worksheet accessed in the System Model window.
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The Gtherm Uncertainty Worksheet opens.

% Gtherm Uncertainty Worksheet
Ok Cancel File Edit  Statistics Scratchpad  Get Parameter Run Motes  Help

O DFEHBER «» DR XPpgopmz b EBE

Error Source Description

Reference “Walues

MName Walue
Measurement Area »| Nominal 0
Maminal Units j Ref 1 0
Uneartainty Units | Refz 0
a FRef= Sample Mean u]
Type A Uncertainty Type B Uncertainty Capy Error Source Impart Analysis Results
ﬁ‘ * Measured Walues Creviations from Mominal Sample Analysis Results
L2 feasurement i‘ Mean value -
hean Dewviation ]
1 Sample Size 0
< Standard Uncertainty 0
2 Confidence Level (%) 95.00
: Coverage Factar 0.o00
B Expanded Uncarainty u]
7 hean Correctian 0
E Std Uncerainty of the kean ] ﬁ
= r Use Mean Walue Uncedainty
11 il

Combined Uncertainty 0.0 ﬁ ﬁ Deg Freedom ﬁ
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Gtherm: thermal transient error (G/°C)

Nominally it should be at 0 G /°C and has a 2c value of 0.001 G/°C.

Enter the name of the parameter, the measurement area, the nominal and
uncertainty units, and the nominal value.

& Gtherm Uncertainty Worksheet

QK Cancel File Edit Scratchpad  Get Parameter Run Mokes  Help

9@ D EeEHBER -« § D B X Pgot@ @

Error Source Description

Thermal tranzient error

Reference Yalues

Mame Walue
Measurement Area Acceleration Temp Sensitivity | Nominal Gtherm 0 gfdeg C
Hominal Units gfdeg C hd Ref 1 0 gfdeg C
Uncertainty Units  g/deg C ha Fefz 0 gfdeg C
ﬂ Ref3 Sample Mean 0 gideg C

5/20/08
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Gtherm: thermal transient error (G/°C)

Nominally it should be at 0 G /°C and has a 2c value of 0.001 G/°C.

Because we are working off the specification sheet of the accelerometer, we
will be doing a “Type B” uncertainty. Enter the assumed 2c value for the
fixed limit and select the normal distribution and corresponding confidence
level of 95%.

Type A Uncertainty I Type B Uncertainty

+ Errar Containment Limits (Expanded Uncertainty)

Fixed Limit jUnits
‘ Q.00 ofidey C
+ * % pPpm of Hominal
+ L] ppm of Ref 1
+ * % pPRM of Ref 2
+ * % pPRM of Ref 3
t Limits
0.001 gfdeg C
Combined Uncertainty 0.00051 gfdeg C

Copy Errar Source Impart Analysis Results

Spec Combination

* Linear RSS

Standard Uncertainty

Confidence
Distribution Lewel
Mormal j a5 00 g,

Degrees of Freedom V'

Standard Uncerainty
0.00051 grdeg C

Ceg Freedom

3y,
Cowerage
Factor
1.950
P ﬁ

5/20/08
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Type A Uncertainty Type B Uncertainty

+ Errar Containment Limits (Expanded Uncertainty)
Fixed Limit Units

Q.00 dfddeg C
+ * % pPpm of Hominal
+ L] ppm of Ref 1
+ LS ppm of Bef 2
+ * % pPRM of Ref 3
t Limits

0.001 gfdeg C

Combined Uncedainty 0.00051

Copy Errar Source

Spec Combination

* Linear RSS

Standard Uncertainty

Confidence Cowerage
Distribution Lewel Factor
Mormal j o500 % 1.980

Degrees of Freedom V'

Standard Unze
0.00051 grdeg C

OB -

Ceg Freedom

Impart Analysis Results

)

Coverage
Factar

1.960

4

Note that the coverage factor (in number of standard
deviations) is not 2. This is the exact number of ¢’s for a
95.0% Confidence Level.

~ Click OK or the smiley to return to the System Model screen.

5/20/08 =)
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Similarly, for the temperature range, Trange:

Trange: temperature range delta from calibrated temperature (°C)

From the transducer lab calibration report, the calibration was performed at
22.84°C. The expected temperature range the transducer will see is from -55°C to

121°C. The largest temperature range delta from the calibrated temperature will
be 121 - 22.84 = 98.16°C.

We are assuming the worst case in temperature deviation from the calibrated temperature.

% Trange Uncertainty Worksheet E|

Ok Cancel File Edit Skatistics  Scratchpad  Get Parameter Run Mokes  Help
O | D HBER ¥ DhH X m I b E

Error Source Description Temperature range from calibration

Reference Walues

Mame Walue
hMeasurement Area Temperature Intenrsal w | Hominal Trange 02,15 deg C
Mominal Units  deq C | Refd 0 deg C
Uncertainty Units deg C j Ref2 0 deg C
ﬂ Fef = Sample Mean 92 .16 deg C
[
5/20/08
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Here is where a stated assumption would occur. | am going to assume the
temperature being read in the calibration lab has no uncertainty. So no information
will be entered for the “Type B Uncertainty”.

Type A Uncerainty Type B Uncertainty Copy Error Source Import Analysis Results
x Error Containment Limits (Expanded Uncertainty Spec Combination
Fixed Limit  Units * Linear RSS 7]
deg © Standard Uncertainty
+ oo ppm of Hominal Caonfidence Coverage
Distributian Leweal Factor
+ . W ppm of Ref 1
MHarmal j 85.00 % 1 960
+ * % pPpm of Ref 2
Degrees of Freadom
+ * % pPpm of Ref 2
Standard Uncertainty
+ Limits
0.0 degC
0 degC

Combined Uncertainty 0.0 degC jl ﬁ Deg Freedam ﬁ

4

. Click OK or the smiley to return to the System Model screen.
52008 =



Gin = G + Gtherm x Trange + Gtrans + Gres + Gbase + Gms

This parameter will be entered in differently from the previous entries because it
Is dependent upon the maximum magnitude of the accelerations in the other two
axes.

Gtrans: transverse sensitivity (G)

This is how much of the lateral and longitudinal acceleration is sensed by the
accelerometer and contributes to the normal acceleration. The specifications
state that it is 2% of the other axes. The maximum lateral or longitudinal
acceleration for this test is expected to be 10 G’s.

The G levels in the other axes (if not included in your list of parameters) will
have to be defined by the flight test engineer. They are writing the test plans
and should know these quantities.

5/20/08
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The specifications state that it is 2% of the other axes. The maximum
lateral or longitudinal acceleration for this test is expected to be 10 G’s.

To enter the maximum G level of the other axes, use the reference (Ref 1).
This will be the expected maximum lateral or longitudinal acceleration of 10 G.

% Girans Uncertainty Worksheet le

QK Cancel File Edit Scratchpad Get Parameter Run Mokes  Help

90| 0D HRBER » & DB XPgePEm| b E

Errar Source Description

Transverse 5ensitivity

Reference Yalues

MName Walue
Measurement Area  Acceleration w | Naominal trans 0g
Hominal Units g hd I Ref1  maximum lat’long acceleration 10 g I
Uncertainty Units 2 hd RefZ 0g
“ Ref 3 Sample Mean 0 q
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The specifications state that it is 2% of the other axes. The maximum
lateral or longitudinal acceleration for this test is expected to be 10 G’s.

Under the Type B Uncertainty, we enter that the error is 2% of Ref 1, which is

our maximum lateral or longitudinal acceleration. A normal distribution is
assumed with a confidence level of 95%.

Type A Uncartainty Type B Uncertsinty Copy Errar Saurce Impart Analysis Results
x Error Containment Limits (Expanded Uncedainty) Spec Combination
Fixed Limit Units * Linear RSS L 7]
4 Standard Uncerainty
B * % ppMm of Nominal Confidence Cowerage
Distribution Lewvel Factor
+ 2 * % pPpMm of Ref 1
Narmal - 95.00 % 1.960
+ * % ppm of Ref 2
Degrees of Freedom £
s * % ppm of Ref3
Standard Uncerdainty
x Limits
0402 g
0249

5/20/08
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Gin = G + Gtherm x Trange + Gtrans + Gres + Gbase + Gms
Gres: resolution (G’s)

The resolution of the accelerometer is reported to be 0.008G. The error would be
half of that resolution. Resolution is usually assumed to be a uniform distribution

(an equal probability of being above or below the threshold).

15(0.008G) = 0.004 G

Type A Uncerainty Type B Uncertainty Copy Errar Source Import Analysis Results
+ Ermor Containment Limits (Expanded Uncertainty’ Spec Combination
Fized Limit Iloits * Linear RSS ﬁ
0.004 g I Standard Uncertainty
i ' o ppm of Hominal Confidence Coverage
Distributian Lewvel Factar
+ o Ppm of Ref 1 .
Unifarm j o5 o 16
i * % ppm of Ref 2
Dagraes of Freedom 1 =
i * % ppm of Ref 3
Standard Uncerainty
x Limits
0.00243 g
0.004 g
5/20/08 Combined Uncertainty 0.00243 g j (7Y Tyee B _ [2)




Coverage Factor for the Uniform Distribution

Type A Uncertainty Type B Uncertainty Copy Error Source Import Analysis Results
+ Error Containment Limits (Expanded Uncertainty Spec Combination
Fixed Limit  Units * Linear RSS L /)
0.004 g Standard Uncertainty
+ * 0% ppm of Nominal Confidence Coverage
Distribution Level Factar
+ W Ppm of Ref 1 .
Uniform j 05 o, 16
> * % ppm of Ref 2
Degrees of Freedam e=
+ * % ppm of Ref 3
Standard Unce
x Limits
0.002432 g
0.004 g
Cowverage : :
- g With a 95% Confidence Level, the coverage factor
d CIar

1.6

5/20/08

for a Uniform Distribution is 1.6, not 1.96c which
Is for a Normal Distribution.
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Gin = G + Gtherm x Trange + Gtrans + Gres + Gbase + Gms

The remaining two parameters will be similarly entered in the Uncertainty
Worksheet.

Gbase: base strain sensitivity (G’s)
Assumed to be 0 nominally, and varies by 0.01 G.
Gms: magnetic susceptibility (G’s)

Is nominally O and is maximally 0.1 G

5/20/08
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Volts = GIn x Sens + Vos + Exdcr

Sens is the voltage sensitivity of the accelerometer to the input. Again, read
through the specification sheet and determine which errors will contribute to the
sensing of the acceleration.

5/20/08

Range

Full Scale Output (FSO)
Operating Temp Range
Sensitivity @100Hz
Sensitivity with Excitation
Offset with Excitation
Frequency Response
Mounted Resonance Freq
Non-Linearity & Hysteresis
Transverse Sensitivity
Zero Measurand Output
Dampening Ratio
Dampening Ratio Change
Thermal Zero Shift

Thermal Sensitivity Shift

Thermal Transient Error
Threshold (resolution)
Base Strain Sensitivity
Magnetic Susceptibility
Residual Noise

+30 Gpk

4 volts

-55°C to 121°C

66 +4 mV/G

+0.1%/V Typ

-0.5mV/V Typ

+5%

5500 Hz

+0.20% FSO Typ, £0.5% FSO Max
2% Max

+50 mV Max

0.7

+0.08%/°C (-55°C to 121°C)
+1.0% FSO Max (0-50°C)
1+2.0% FSO Max (-25-75°C)
+2.0% Max (0-50°C)

+3.0% Max (-25-75°C)
<0.001 G/°C

0.008 G’s

0.01G’s

<0.1G’s

100uVrms Typ, 500uVrms Max (0.5 to 100 Hz)

500uVrms Typ, ImVrms Max (0.5 to 10 KHz) 56



Sens = Snhom + Sexc x Vexc + Stherm

Now each of the terms in the Sens equation must be defined and
entered into the Output Equation list in the System GUI.

Snom: the nominal sensitivity from the laboratory calibration (V/G’s)
Sexc: sensitivity error due to the excitation voltage (%/V)
Vexc: the excitation applied to the accelerometer (V)

Stherm: thermal sensitivity shift (V/G)

Otpest Equstion Coefficient Eqn Farameters Systemn Analysis Besults

ﬂ Add Farameters from Output Equation "'" j E}. Iﬂ ﬁ,l

Yolts = Gin * Sens +Yos + Exder

Gin = 5 + Gtherm * Trange + Gtrans + Gres + Gbase + Gms

sens = Snom + Sexc T VWexc + Stherm
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Going back to the System Model screen, the parameters for the new equation
can be added to the Module Parameters list by clicking the “Add Parameters
from Output Equation”.

Follow the same procedure as before to enter in the errors in the Uncertainty
Worksheet for each parameter.

Note any assumptions being made as the worksheet is filled in.

Module Parameters # ¥ Add Parameters from Output Equstion
Parameter Standard % ompanent ﬂ
Edit Description . . * Error Limit= Coefficient Lncertainty
Mame Incertainty Caonfidence
() L
Baze Strain Ghase 0.0051 o 25.00 0.0100 0.0650 0.000337
Magnetic Susceptiblility Gms 0.051 g 950 0100 0.0EED 0.00337
Mominal Sensitivity Snom 0.0001132 ¥y 25.00 00002215 120 0.00135580
Woltage Excitation Sensitivity Sexc 0000033695 %W MWy 95.00 0.00006E6042 7oz 0000267035
“Yoltage excitation Wexc 0DMa3w 95.00 0.0300 0.a000
Thetmal Sensitivity Stherm 0.001 01056 iy 25.00 000135125 12.0 0.01213032
-
Q. Module Input Yariable it 0.000 g - - 0.066 0.000 %
Inzett Maodule Delete Maodule Acldl Madule Total Module Uncertainty 0.0434 %
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Sens = Snom + Sexc x Vexc + Stherm

Snom: the nominal sensitivity from the laboratory calibration (V/G’s)

The nominal sensitivity is obtained from the transducer laboratory
calibration report. Over the 0 to 300 Hz frequency range, the average
sensitivity was 66.0416 mV/G with a standard deviation of 0.1109
mV/G. Be sure to change the units from mV/G to V/G so the units
match.

The nominal sensitivity is 0.0660416 V/G. To obtain the 95% bound,

the standard deviation is multiplied by 2 (which would be 2c).
2(0.0001109 V/G) = 0.0002218 VIG

5/20/08
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Sens = Snhom + Sexc x Vexc + Stherm

Sexc: sensitivity error due to the excitation voltage ((V/G)/V)

Nominally Sexc will be 0. The spec says this varies by 0.1% of Snom per
volt of excitation. We know the nominal sensitivity, Snom from the
transducer laboratory calibration.

Vex: the excitation applied to the accelerometer (V)
The excitation voltage used will have a nominal value of 10V. From the TTC

specification of the SCD-108S, the voltage can vary by 0.3%.

The sensitivity error due to the excitation is defined as a percentage of the
nominal sensitivity per every volt of excitation. Therefore, this quantity is
multiplied by the excitation voltage, which also has an error associated with it.

The entries for Sexc and Vexc in the Uncertainty Worksheet will look like this:
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The units chosen for the Voltage Excitation Sensitivity will be V/V/g, or written
another way (V/g)/V, because it is an acceleration sensitivity per volt. When

multiplied by the excitation voltage, you will get a sensitivity error in V/g. This
matches the units we used to define sensitivity.

Because Sexc is defined as a percentage of the nominal sensitivity, we will utilize
Ref 1 for the nominal sensitivity value.

# Sexc Uncertainty Worksheet [‘S_<|
QK Cancel File Edit Scratchpad  Gek Parameter Run Moktes  Help

O M D EHBER DR X PPl | b EH

Errar Source Description

Reference Walues

Mame Walue
bdeasurement Area  “Woltage Fain Accel. Sensitivity w- | Hominal Sexo 0 Wwnsig
Mominal Units WMoy - I Ref 1 Snom 0.06G0H G Winvig I
Uncertainty Units  %Wig hd RefZ 0
ﬂ Ref3 Sample Mean 0 Wnsig
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laboratory calibration.

Sexc: sensitivity error due to the excitation voltage ((V/G)/V)

Nominally Sexc will be 0. The spec says this varies by 0.1% of Snom per volt of
excitation. We know the nominal sensitivity, Snom from the transducer

Twpe A Uncertainty Type B Uncert=inty

+ Errar Containment Limits (Expanded Uncertainty

Fixed Limit Units

M iy
i * o ppm of Maminal
I + oA o ppm of Ref 1 I
+ * 0 ppm of Ref 2
+ L ppMm of Ref 3
t Limits

0.0000868042 Wiig

Combined Uncertai nt!ll' 0000033595 "l.lru'r'l.lru'lg

Copy Errar Saurce Import Analysis Results

Spec Combination

* Linear RSS

Standard Uncertainty

Confidence
Distribution Level

MHormal j 05 00 o

Degrees of Freedem YV

Standard Uncertdainty
00000232595 Wig

Leg Freedom

,
Cowerage
Favtar
1.960
&= ﬁ
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Vex: the excitation applied to the accelerometer (V)

specification of the SCD-108S, the voltage can vary by 0.3%.

The excitation voltage used will have a nominal value of 10V. From the TTC

# Yexc Uncertainty Worksheet

2k Cancel File Edit Scratchpad  Get Parameter Run Mokes  Help

Error Source Description

Reference YWalues

Mame
Measuremeant Area ‘oltage w | Maminal Wass
Hominal Units j Ref 1
Uncetainty Units ﬂ Ref2
7] Ref 3 Sample Mean

5/20/08
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%]

Walue

100

0o

o
1000
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Vex: the excitation applied to the accelerometer (V)

The excitation voltage used will have a nominal value of 10V. From the TTC
specification of the SCD-108S, the voltage can vary by 0.3%.

Type A Uncertainty Type B Uncertainty
+ Errar Containment Limits (Expanded Uncertainty)
Fized Limit Units
W
I i 0.3 ' oo ppm of Nominal I
+ % pPpMm of Ref 1
+ . oy ppm of Ref 2
+ oo ppm of Ref 3
x Limits
0.0z
Combined Uncertainty 00153 W

Copy Errar Source

Spec Combination

* Linear RS5

Standard Uncerainty

Import Analysis Results

Confidence
Distribution Lewel

Haormal j a5 00

]

Degrees of Freedom 1Y

Standard Uncertainty
0.0153 W

jl & Type B Deg Freedam

)

Coverage
Factar

1.960

5/20/08
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5/20/08

Sens = Snhom + Sexc x Vexc + Stherm

Stherm: thermal sensitivity shift (V/G)

For the temperature range of -25 to 75°C, the error is 3% of the
nominal sensitivity.
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Volts = GIn x Sens + VVos + Exdcr

Vos is the output of the accelerometer at a O G input. Looking through the
specifications, errors which contribute to the offset voltage will be considered.

5/20/08

Range

Full Scale Output (FSO)
Operating Temp Range
Sensitivity @100Hz
Sensitivity with Excitation
Offset with Excitation
Frequency Response
Mounted Resonance Freq
Non-Linearity & Hysteresis
Transverse Sensitivity
Zero Measurand Output
Dampening Ratio
Dampening Ratio Change
Thermal Zero Shift

Thermal Sensitivity Shift

Thermal Transient Error
Threshold (resolution)
Base Strain Sensitivity
Magnetic Susceptibility
Residual Noise

+30 Gpk

4 volts

-55°C to 121°C

66 +4 mV/G

+0.1%/V Typ

-0.5mV/V Typ

+5%

5500 Hz

+0.20% FSO Typ, +0.5% FSO Max
2% Max

+50 mV Max

0.7

+0.08%/°C (-55°C to 121°C)
+1.0% FSO Max (0-50°C)
+2.0% FSO Max (-25-75°C)
+2.0% Max (0-50°C)

+3.0% Max (-25-75°C)
<0.001 G/°C

0.008 G’s

0.01G’s

<0.1G’s

100uVrms Typ, 500uVrms Max (0.5 to 100 Hz)

500uVrms Typ, ImVrms Max (0.5 to 10 KHz) 66



Vos = Voscal +VVosexc x Vexc + Vostherm

Now each of the terms in the Vos equation must be defined:

Voscal: the voltage offset obtained from the transducer lab
calibration at 0 G’s (V)

Vosexc: voltage offset error due to the excitation voltage (mV/V)
Vexc: the excitation applied to the accelerometer (V)

Vostherm: thermal voltage offset shift (V)

Outpest Equation Caoefficient Eqn Farameters System #Analysis Results

ﬂ Add Parameters from Output Equatian ‘f _t] @ @ Q}
.Y

YWolts = Gin ™ Sens + %os + Exder

(5ih = 5 + Gtherm * Trange + Gtrans + Gres + Ghase + Gms

sens = =nom + Sexc T YWexc + Stherm

5/20/]

YWos = Yoscal + Wosexc T Vexc +Yostherm

67



Vos = Voscal +Vosexc x Vexc + Vostherm

Voscal: the voltage offset obtained from the transducer lab calibration at 0 G’s

(V)

From the calibration, the zero measured output was measured to b 45.681 mV
at0 G's.

Vosexc: voltage offset error due to the excitation voltage (mV/V)

This should nominally be 0 V, and according to the spec sheet is typically 0.5
mV/V

Vexc: the excitation applied to the accelerometer (V)

As in the previous equation for sensitivity, the excitation voltage used will have a
nominal value of 10V. From the TTC specification of the SCD-108S, the voltage
can vary by 0.3%.

5/20/08
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Vos = Voscal +VVosexc x Vexc + Vostherm

Vostherm: thermal voltage offset shift (V)

This should be nominally O V and varies 2% of the full scale output for

the specified temperature range of -25°C to 75°C. The full scale output from
the transducer lab calibration ranged from -1.945 to 2.030 V, resulting in a full
scale output of 3.975 V.
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Volts = GIn x Sens + VVos + Exdcr

Exdcr is any other error that would contribute to the output voltage. Looking
through the specifications, errors which contribute to the output voltage will be

considered.
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Range

Full Scale Output (FSO)
Operating Temp Range
Sensitivity @100Hz
Sensitivity with Excitation
Offset with Excitation
Frequency Response
Mounted Resonance Freq
Non-Linearity & Hysteresis
Transverse Sensitivity
Zero Measurand Output
Dampening Ratio
Dampening Ratio Change
Thermal Zero Shift

Thermal Sensitivity Shift

Thermal Transient Error
Threshold (resolution)
Base Strain Sensitivity
Magnetic Susceptibility
Residual Noise

+30 Gpk

4 volts

-55°C to 121°C

66 +4 mV/G

+0.1%/V Typ

-0.5mV/V Typ

+5%

5500 Hz

+0.20% FSO Typ, £0.5% FSO Max
2% Max

+50 mV Max

0.7

+0.08%/°C (-55°C to 121°C)
+1.0% FSO Max (0-50°C)
+2.0% FSO Max (-25-75°C)
+2.0% Max (0-50°C)

+3.0% Max (-25-75°C)
<0.001 G/°C

0.008 G’s

0.01G’s

<0.1G’s

100uVrms Typ, 500uVrms Max (0.5 to 100 Hz)

500uVrms Typ, ImVrms Max (0.5 to 10 KHz) 70



Exdcr = Nres + Enlinhyst

Nres: the residual noise voltage (V)

Enlinhyst: errors due to non-linearity and hysteresis (V)

Cutpat Equation Coefficient Eqn Farametears System Analysiz Results
ﬂ Add FParameters from Output Equation + _t] @. n ﬂ ﬁ,l
(5in = 5 + Gtherm * Trange + Gtrans + Gres + Ghase + Gms -

oens = Snom + Sexc T VWexc + Stherm

Yoo = Voscal +Yosexc * Yexc + Yostherm

Exdcr = Mres + Enlinhys
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Exdcr = Nres + Enlinhyst

Nres: the residual noise voltage (V)

This quantity is nominally O V and varies by 0.5 mVrms. This quantity will have
to be converted over to Vp, and entered into Uncertainty Analyzer as V.

(0.05 mVrms)(1.414) = 0.7071 mVp = 0.7071 mV max = 0.0007071 V
Enlinhyst: errors due to non-linearity and hysteresis (V)

Nominally O V, this error is 0.2% of the Full Scale Output, which was defined
earlier to be 3.975V

5/20/08
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We are not concerned with the resonance frequency because the channel will be

Volts = GIn x Sens + VVos + Exdcr

filtered and the dampening ratio will be ignored.

5/20/08

Range +30 Gpk
Full Scale Output (FSO) 4 volts
Operating Temp Range -55°C to 121°C
Sensitivity @100Hz 66 4 mV/G
Sensitivity with Excitation +0.1%/V Typ
Offset with Excitation -0.5mV/V Typ
Frequency Response +5%
Mounted Resonance Freq 5500 Hz
Non-Linearity & Hysteresis £0.20% FSO Typ, £0.5% FSO Max
Transverse Sensitivity 2% Max
Zero Measurand Output 50 mV Max
Dampening Ratio 0.7
Dampening Ratio Change +0.08%/°C (-55°C to 121°C)
Thermal Zero Shift +1.0% FSO Max (0-50°C)
+2.0% FSO Max (-25-75°C)
Thermal Sensitivity Shift +2.0% Max (0-50°C)
+3.0% Max (-25-75°C)
Thermal Transient Error <0.001 G/°C
Threshold (resolution) 0.008 G’s
Base Strain Sensitivity 0.01 G’s
Magnetic Susceptibility <0.1G’s
Residual Noise 100uVrms Typ, 500uVrms Max (0.5 to 100 Hz)

500uVrms Typ, ImVrms Max (0.5 to 10 KHz)
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3) Estimate the Uncertainties

Under the System tab in the System GUI, the output of the accelerometer is
displayed for a given input. In this example, we chose 12 G’s to be the input.
From the transducer laboratory calibration, the voltage output is 0.838 V and our
result matches, indicating we did not make any errors in our equations.

5/20/08

Cutput Equation Coefficient Eqn Farameters fSustem | “ Analysiz Results
4]
hodule Mame= Input Cutput ncertainty "‘l =N

Aicelerometer 12 g 0838 00435 W
SCh-102% 0aas W 0.0 Counts 4.2 Counts = JE
Frocessar 0.0 Counts 0.0g 0.665 g ©

- -_—

Y

ﬂ Transducer Lﬁg:;

ﬂ Counts Data G's

T;h| scD-108s ——— oo 4DO Output

o Power

!i| Supply Supply

El

E Reference Ref

ﬂ Standard Std

&

j:t rsducer Trans

Systern / Model Definition

SYSTEM NAME Acceleration Measure
Module Number 1
Module Hame Accelerometer
Output Meas Area DC Waltage
QOutput Units W
Uncertainty Units W

Define the System Input

Madule ID Data

] Ll

Dutput Equation Coefficient Eqn
Module Name

Accelerometer

SCh-10285

Processor

System Analysis Results
Output Uncertainty —
[ER=c:- RN 0.0434
0.000 Counts 0 Counts
0.0g (1]
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The Accelerometer Reported Uncertainty

Output Equation Coefficient Eqn Farametears Sw=tem # Analysis Results
]
hlodule Hame Input Output Uncertainty *l
Accelerometear 12 g 0.838 W 00436 W
SCD-1025 0238 0.0 Counts 4.8 Counts
Frocessar 0.0 Counts 0.0g 06685 g

The reported uncertainty of 0.0436 V is the one sigma number (one standard deviation).
The 95% bound would be £ two sigma, which would be +0.0872 V. What this means is that
if the accelerometer is in a 12 G (true value) normal acceleration environment, there will be

a 95% confidence level that the output would be 0.838 + 0.0872 V.

T

68%|OF THE DATA

\

FALLS WITHIN toc

Bl

95%

OF THE DATA

FALLS WITHIN +2c

Probability of a
voltage output range
fora 12 G input to
the accelerometer

A

99.79

e

OF THE DATA FALLS WITH

IN +3c

N

_/“

— Volts

0.7072 0.7944

5/20/08 0.7508

0.8380

0.8816

0.9252 0.9688 75



We have just completed steps 1, 2 and 3 of the Uncertainty
Analysis Procedure for the accelerometer.

1) Define the Measurement Process
2) ldentify the Error Sources and Distribution
3) Estimate Uncertainties for Each Module

As you can see, the majority of the work was determining the
equations and identifying the errors along with noting any
assumptions made along the way. Then, the errors were
entered into the Uncertainty worksheet for each
parameter.

Now we will repeat this process for the signal conditioner
(SCD-108S) and the data processor.

5/20/08
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SCD-108S Signal Conditioner

The SCD-108S signal conditioner provides gain,
offset, and filtering to the input voltage. The
conditioned signal is then converted it to a 12-bit
digital word, and sent to the overnead MCI-105 to
be inserted into the PCM stream.

5/20/08
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& System GUI - [RCCTG. unc]
€ Fil= Edit Tools View Add Module

Analysis Guide

Skartup Screen Mokes

Bl 2B B 0FE@ @B a8 E

(5 1t [ & |8 [0 ]a8 |2 |4 |2 |3 [ ] | | =

Orag an Object to the

Dizagram

Trans-
Transducer
ducer
Fower Power
Supply Supply
Reference Ref
Standard Std
Transducer Trans
Output
Sirnulator

Sy=stem £ Model Definition

5% STEM NAME
hadule Mumber
Module Mame
Output Mess Area
Output Units

Uncertainty Units

2
SCD-1085
A
Counts

Counts

Oo o0/ TIE 5

:‘ Excitation
Senzor

Input

Analysis Description Main Screen Subject Parameter Template

Fun GoTo Help

Measuring Farameter Template

B(EE

System Model Systerm GUI

o DR X | Bl v BE @

B 7| U] A = e o @@ 8

L7

By clicking on the SCD-108S symbol,
you can enter the information for the

signal conditioner

SYSTEM MNAME

rodule Number

Counts Diata G's
Processor DC) Output
Swysterm ! Model Definition Module [ [ata

Acceleration Measurement

2 << 2nd module in the series connection

Module Harme SCh-1085
Output Meas Area AID |
Module ID Data Output Equation |:|LI'|I|:ILI'|Z Unit= Counts j
Acceleration Measurement ﬂ Add Fararg UI‘lDEI‘tEiI‘l‘t],I’ Units Counts - ﬂ | |
~]
=
~]
Define the Syztem lnput =l

INFUT WAR. NAME

WVaolts



SCD-108S Signal Conditioner

TTC’s Specifications for the SCD-108S

Excitation Error: 0.3% (used in the accelerometer analysis)
Gain Error: 0.4%

Offset Error: For Primary Gain Offset Error
1 +10mV
10 +10mV
100 +15mV
1000 +60mV

This data is assumed to be a channel-to-channel error of the gain and offset.
For example, randomly picking a card and channel with a gain of 1, we would
expect a 95% chance of the gain falling between 0.96 and 1.04.

If we were performing an on-aircraft substitution calibration, we would use the
information from the calibration to determine the actual gain and offset of the
channel.

5/20/08
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SCD-108S Signal Conditioner

Wiolts

L

M crpo10gs

Counts

“7

Counts = (Clscd)(VoltsCond) + COscd

C1lscd: the C1 coefficient for the 12-bit analog-to-digital converter (Counts/V)

VoltsCond: the input voltage to the analog-to-digital converter (V)

COscd: the CO coefficient for the 12-bit analog-to-digital converter (Counts)

5/20/08
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& System GUI - [RCCTG. unc]

& Fil= Edit Tools View AddModule Insert Module Delete Module  Startup Screen Mokes Run GoTo o Help -8 X
Analysis Guide Aunalysis Dezcription Tl 3 rgile =R i System GUI
3l O @ B O &F &

J Entering the Transfer Function | ® & 7 @

M Orag =an Object to the Diagram D ﬂ 12 ﬂ J E E E
i g ~
y 5 Excitation
engEor .
= Now the transfer function can be entered
“ for the SCD-108S module.
m Tranzducer
ﬂ Counts ik
Diata E
Ta —@ Output
| Power Power Processor
!i| Supply Supply
=]
E Output Equation Coefficient Eqn Farametars
Reference Ref
ﬂ Standard Std ﬂ Add Parameters from Output Equation +
=
2 " Counts = Clscd *YoltsCond + Clscd
Hpu
H Tgﬂ;ﬂﬂfer Trans
Sirnulator Sim.
o
w
.- =81 |k >
Sy=stem £ Model Definition Maodule |I Cata I Output Equation I Coeffiflent Eqn Farameters Swystem Analysis Results
SYSTEM NAME Acceleration Measurement F|| AddFarameters from Ofput Equation 3+ J F= n m Q/]
Module Humber 2 Counts = Clscd *VoltsCond + Clscd
Module Mame SCh-1035
Output Mess Area AT ﬂ
Output Units Counts ﬂ
Uncertainty Units Counts ﬂ
Define the Syztem lnput =l

INFUT WAR. NAME WVaolts



Counts = Cl1scd x VoltsCond + COscd

Clscd: the C1 coefficient for the 12-bit analog-to-digital converter (Counts/V)
COscd: the CO coefficient for the 12-bit analog-to-digital converter (Counts)

The input range into the ADC on the SCD card is =5 volts.

5V = 4048 counts
-5V = 48 counts

Therefore, the ADC equation converting volts to counts is
Counts = Cl1sdc x volts + COscd
Counts = 400 x volts + 2048

Clscd =400 and COscd = 2048

These coefficients will be considered to be constants and not have any error.

The error in quantization will be included in the VoltsCond analysis.
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Counts = Clscd x VoltsCond + COscd

VoltsCond: the conditioned input voltage to the analog-to-digital converter (V)
The conditioned voltage will be defined by the following equation:
VoltsCond = Volts x Gain + Offset + QE
Volts: the voltage output from the accelerometer (V)

Gain: the programmed gain on the SCD-108S (V/V)
Offset: the programmed offset on the SCD-108S (V)

QE: the quantization error in the ADC (V)

Outpt Equation Coefficient Eqn Farameters System Analysis Results

F/| | AddFParameters from Output Equation T j F= @ #J
Counts = Clscd " YoltsCond + Clscd

I YaltsCond = valts * Gain + Offset + QE |

INFUT WAR. NAME Walts
5/20/08
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& System Model - [RCCTG. unc]

File Edit Wiew Tools Starkup Screen Run Motes GoTo  Help
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. 1 =1 i | - o \
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SCD-1083 I SCD Offzet Coefficient Clzcd '
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VoltsCond = Volts x Gain + Offset + QE

Volts: the voltage output from the accelerometer (V)
Gain: the programmed gain on the SCD-108S (V/V)

The programmed gain for this channel is 2.3911 V/V. The specification states that
there is a gain error of 0.4% of the nominal gain.

Offset: the programmed offset on the SCD-108S (V)

The programmed offset was selected to be 0 V. For the primary gain selection of
1, the offset error is stated to be £10mV, or 0.010 V

All of these parameters are entered like the previous ones.
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QE: the quantization error in the ADC (V)

VoltsCond = Volts x Gain + Offset + QE

The quantization error is defined to be one half of the volts per count sensitivity

QE = z¥2(volts/count)

QE = +%(1/400)

QE = +14(0.0025) = +0.00125 V/

Quantization errors are assumed to have a uniform distribution

5/20/08

Type A Uncertainty

Twvpe B Uncerdainty

+ Errar Containment Limits (Expanded Uncertainty’

Fixed Limit Units

0.00425 W
+ . oL ppm of Hominal
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+ LS ppm of Ref
+ * % pPRpMm of Ref 3
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000125 W

Copy Error Source Import Analysis Besults

Spec Combination

¢ Linear RSS #

Standard Uncertainty

Confidence Cowarage
Distribution Level Factar
Unifarm j a5 % 1 B
Degrees of Freadom e

Standard Uncetdainty
000076 W
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The SCD-108S Reported Uncertainty

Clutput Equation Coefficient Eqn Farametears Swysterm # Analysiz Results
A
fodule Hame Input Output Uncertainty —
r 12 1 1 =55 1 <35 L
SCD-1025 0.538 W 28497 Counts 41.8 Counts
Frocessaor 284997 Counts

The reported uncertainty of 41.8 counts is the one sigma number (one standard deviation).
The 95% bound would be + two sigma, which would be £83.6 counts. This can be
interpreted as: for an input voltage of 0.838 V, there will be a 95% confidence level that the
output would be 2849.7 + 83.6 counts.

N

Probability of a count output
range for a 0.838 volt input
to the accelerometer

68%|OF THE DATA FALLS WITH|N o

Bl

95%|OF THE DATA FALLS WITHIN +2¢ \\
/ 99.7% OF THE DATA FALLS WITHIN +3c
— — Counts
5/20/08 2724.3 2766.1 2807.9 2849.7 28915 2933.3 2975.1 87
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The Data Processor

Counts

Data
Frocessar

3"

@ Cutput

The data processor portion Is the process in
which the counts get converted back to
engineering units by the ground station.

The order of going from G’s to counts Is then
reversed, so we must come up with the
equation to output the acceleration in G’s.

5/20/08
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& System GUI - [RCCTG. unc]
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The Data Processor EU Conversion

From Transducer Laboratory Calibration :
EU = C1 x Volts + CO + Res

Res is the residual error in the laboratory calibration (G)

C1=15.12179 and C0O =-0.6819215
Rearranging the equation, Volts = (EU — CO - Res) / C1

From the SCD-108S transfer function:
Counts = Clscd(Volts x Gain + Offset) + COscd
Counts = Clscd([(EU — CO — Res) / C1] x Gain + Offset) + COscd

Solving this equation for EU, you get
EU = (C1/Gain) x [(Counts — COscd)/Clscd — Offset] + CO + Res

5/20/08
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EU = (C1/Gain) x [(Counts — COscd)/C1scd — Offset] + CO + Res

CO: CO coefficient from the transducer lab calibration (G)
C1: C1 coefficient from the transducer lab calibration (G/V)
Res: Residual error from the transducer lab calibration (G)

Counts: the input to the processor module (Counts)

C1lscd: the calculated C1 coefficient from the signal conditioner
(Counts/V)

COscd: the calculated CO coefficient from the signal conditioner (Counts)

Gain: the programmed gain in the signal conditioner (V/V)
Offset: the programmed offset in the signal conditioner (V)

Ctpest Equstion Coefficiant Eqn Farametears Swystemn Analysis Results

F|| Add Parameters from Output Equation = j == Iﬂ w

ELI={C1/{ Gain) * {(Counts - COscd) / C1scd - Offset) + C0 + Hes I

5/20/08 INFUT WAR. NAME Counts | 91




EU = (C1/Gain) x [(Counts — COscd)/C1lscd — Offset] + CO + Res

CO: CO coefficient from the transducer lab calibration (G)
C1: C1 coefficient from the transducer lab calibration (G/V)

The transducer lab provided a LSBF equation relating G’s to volts
G’s =15.12179 x Volts — 0.6819215

C0 =-0.681925 and C1 =15.12179

These are constants with no variations

Res: Residual error from the transducer lab calibration (G)

From the transducer laboratory calibration, the average residual error would be
0, with a standard deviation of 0.0662. The 95% bound would be twice that or
+0.1324.

Counts: the input to the processor module (Counts)

“Counts” is the output of the data system, so the uncertainties will be determined
by the output of that module.
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EU = (C1/Gain) x [(Counts — COscd)/C1scd — Offset] + CO + Res

Clscd: the calculated C1 coefficient from the signal conditioner (Counts/V)
COscd: the calculated CO coefficient from the signal conditioner (Counts)

These are constant values that we defined earlier.
Clscd = 400 Counts/V and COscd = 2048 Counts

Gain: the programmed gain in the signal conditioner (V/V)

The programmed gain for this channel is 2.3911 V/V. The specification
stated that there was a gain error of 0.4% of the nominal gain.

Offset: the programmed offset in the signal conditioner (V)

The programmed offset was selected to be 0 V. For the primary gain
selection of 1, the offset error was stated to be £10mV, or £0.010 V
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The Processor Reported Uncertainty

Output Equation Coefficient Eqn Farametars Swy=tem # Analysiz Results
]
Module Hame Input Output Uncertainty -
Accelerometer 12 g 0838 0.04365 W
NI 2298 L Lounts 41

Frocessar 2,849, F Counts 12.0 g

The reported uncertainty of 0.665 G’s is the one sigma number (one standard
deviation). The 95% bound would be * two sigma, which would be £1.33 G’s.
What this means is that if the processor receives a count value of 2849.7 Counts,
there will be a 95% confidence level that the output would be 12 £ 1.33 G’s.

N

Probability of the EU output
range for a 2849.7 count
input to the processor

68%|OF THE DATA FALLS WITH|N o

Bl

95%|OF THE DATA FALLS WITH|N +25
99.7% OF THE DATA FALLS WITHIN +3c
___ - G's

5/20/08 10.005 10.670 11.335 12 12.665 13.330 13.995
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Steps 1 through 3 of the uncertainty analysis
procedure are now complete for each module.
We now have the uncertainty that each module
contributes to the measurement system.

We will now proceed to step 4 of the procedure,
combining uncertainties.
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A

5/20/08

) Combine Uncertainties (of All Modules)

To compute the overall uncertainty of the system, select the Analysis Results
tab in the System GUI Screen. Click on “Update” button to incorporate any
changes you might have made.

The results will not match the output of the data processor shown in the
previous slide. The previous slide indicated the uncertainties for each
individual module. The Analysis Results is giving you the uncertainty for the
entire measurement system.

The overall system uncertainty takes into account the errors from one module
feeding into the following module.

Cutput Equation Coefficient Eqn Farameters Swystem I Analysis Results I

System Input 12 g Confidence Lewal (%) 95.00 %
Input Uncertainty d Coverage Factor 1.9600
Systemn Output 120 g Degrees of Freadom Infinite
Output Uncertainty 09422 g Talerance Limits 0E7 g
¥ Update

\'I!
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Swystemn Input 12 g Confidence Lewvel (%) 25.00 %

Input Uncertainty q Cowarage Factar 1.9600
Systemn Output 12.0 g Degrees of Freedom Infinite
Output Uncerainty 099422 g Tolerance Limits 0287 g

The output uncertainty of the system is 0.4422 G’s and the 2 sigma 95% bound
would be 12 + 0.87 G's.

SN

Probability of the reported
EU output range fora 12 G
sensed input to the

68%|OF THE DATA FALLS WITHIN +c accelerometer.

Bl

95%|OF THE DATA FALLS WITH|N +2¢
99.7% OF THE DATA FALLS WITHIN +3c
_/“

i 2 G’s
5/20/08 10.6734 11.1156 11.55578 12 12.4422 12.8844 13.3266 97

A




5) Report the Analysis Results
Finding the Main Contributors of Error

% System Model - [RCCTG. unc] Eg|

File Edit “iew Tools Startup Screen Run Motes GoTo  Help

Analysis Guide Analysis Deseription Main Screen Subject Farameter Template Meazuring Farameter Template System Model System U

D BEBERE| - ¥ DA X B | p B g B e B B o @)
gllezconerer] (3 2 W D l0l ©
+%os + Exder Ajl

Procedure System £ Module Definition Module D Data F| Module Output Equg
Yolts = Gin ™ Sy

SYSTEM HAME toceleration Measurement]

Module Hame: Accelerometer j Gin = therm * Trange + Gtrans + Gres + Ghase + Gms

Module Humber 1 =
ul Fens = Snom + Snom ™ Sexc ™ Vexc + Stherm
Output Meas. Area DC Yoltage

“os = Voscal +Wosexc * Vexc +Vostherm

Ourtput Units
Uncertainty Units Exdcr = Mres + Enlinhys 2
Module Parameters ¥ Add Parameters from Output Equstion
- % Companernt i‘
Ediit Descript L " * Error Limits Coefficient Uncertainty
F'EII"E!tI:I DIEII;H'EIITI ainty Confidence )
21 Thermal transient en 21 gfdeg C 95,00 0.0010 545 0.003531
L1 Temperature rancge {Gm—_mmmmm — 95.00
L1 Transverse Sensitivity Girans 0102 g 9500 0.2000 00660 0.00674
Update the Mates L1 Resolution Gres 0.00243 g 9497 0.0047595 0.0660 0.0001606
1 Base Strain Ghasze 0.0051 g 95.00 0.0100 0.0660 0.000337
lect Report L Magnetic Susceptibliity Gms 0051 g 95.0 0100 0.0560 0.00337
I hnminal Sensitivite Sninm N4 32 Wi 95N nnnna21a 121N nnmasan
w Module Input Yariable G 0.000 g - - 0065 0,000 %

Prirt the

Uncertainty Analyzer can display Pareto diagrams which show the
relative magnitudes of error within a module so the main contributors
of errors can be identified. Go to the System Model screen and click

on the Pareto Diagram icon.

_ — -

5/20/08

98



When displaying the Pareto Diagrams, the main
contributors of the error in a module really stand out.

%]

% Module 1 Uncertainty Pareto Chart

QK Copy  Print Run  Miew Diagram  Help
e
Rank Error Component Type Wieight %
1
1 Vaostherm B 53.940 2
2 Thermal Sensitivi B 16,1231 3 i
20T 5 't'hr'tg.r B 8052 : Main
ransverse Sensitivi . .
=]
4 Mon-linearity and Hysteresis B 53094 = ContrIbUtor
5 Magnetic Susceptiblility B 4421 ; of error
&  Thermal transient ermor B 43958 g
7 oltage offset from excitation B 5.302 :'3
2  Hominal Sensitivity B 1.206 12
9  Residual Moise B 0.420
O 10 X3 3a 0 =0 €d
10 Base Strain B 04498 -
Show Parameter Mames * Show Parameter Dezcriptions

Comparing the Pareto diagrams of the three modules in our
measurement system, the source of the main contributor of error can
be very easily identified.
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% Module 1 Uncertainty Pareto Chart

OF  Copy Print Run  View Diagram  Help

Rank Error Component
1 Waostherm B 52.840
2 Themmnal Sensitivity B 16131
2 Transwerse Sensitivity B 8.952
4 MNon-linearity and Hysteresis B 5.294
5  Magnetic Susceptiblility B 4421
[} Thermal transient ermrar B 4308
7 Wollage offset from excitation B 3.282
2  MNominal Sensitivity B 1.805
9 Residual Moise B 0.420
10  Base Strain B 0445

Show Parameter Names * iShow Parameter Descriptions

% Module 2 Uncertainty Pareto Chart

oK Copy Print Run  Wiew Diagram Help

FY
Type Wtaight (%

Fs
Type Wreight (%)

3

W = N e W Ra

0 0 @ 3T @ 50 &
ad

R ank Error Component
1 Module 2 Input 91.263
2 SCD Offzet 4424
3 Ampifier Gain B 3.585
4 Quantization Error 0.Ge2
<]
5]
7
=]
=]

—
(m]

o @ =0 1o

Show Parameter Names * Show Parameter Crescriptions

4% Module 3 Uncertainty Pareto Chart
QK  Copy Print Run  Wiew Diagram Help

R ank Eror Component

1 Module 3 Input

2 Residual Errar

3 Signal Conditioner Offset

4 Signal Conditioning Zain

5

5]

7

2

=]

-
]

Showe Parameter Names

-
Type Wiaight (%)

22.080
B 2621
4118
3201

W & @ m

Show Parametar Descriptions

Module 1: Accelerometer

Voltage offset due to thermal effects
(53.94%)

Module 2: Signal Conditioner

Input (module 1 output) (91.25%)

Module 3: Data Processor

Input (module 2 output) (83.95%)
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Finding the Main Contributors of Error

From the Pareto diagrams, the main contributor of the error in the accelerometer
really stood out. Now that the error is identified, what can be done to improve
this measurement?

% Module 1 Uncertainty Pareto Chart

Ok Copy Print Run  Miew Diagram  Help
-
Rank Error Component Type Wreight (%)
1 Wostherm B 532.940 ;
2 Thermal Sensitivity B 16.131 3
2 Transverse Sensitivity B 2062 ;
4 MNon-linearity and Hystaresis B 5,204 &
5  Magnetic Susceptiblility B 4,421 ;
G Thermal transient errar B 4,298 g
7 Waoltage offzet fram excitation B 3.302 :'3
2  Hominal Sensitivity B 1.806 12
8  Reszidual Hoise B 0420
10 Base Strain B 0.445 L "5 ==
Show Parameter Mames . E%hnw I:'-:':;a:l:rameter Descripti-::i:l:'i%

The accelerometer’s main contributor (53.9%) of error is the offset due to thermal
effects. Coming in second is the thermal sensitivity at 16.13%. To help improve the
uncertainty of the overall measurement, either the temperature range we assumed is

too wide, or this accelerometer may not be the right one for this measurement
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Purpose of the Uncertainty Analysis

In flight test, an uncertainty analysis is done in order to see
If an accuracy request can be met. Hopefully the person
doing the requesting is knowledgeable in what is being
requested.

The results of the uncertainty analysis determines if the
components used do in fact meet the requirements.

The advantage of using the Uncertainty Analyzer software
IS that you can change some of the assumptions and see
how it effects the outcome, or you can easily replace the

accelerometer module with another model or manufacturer.
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Modifying the Uncertainty Analysis

With the use of Uncertainty Analyzer it is very easy to adjust your
assumptions. Because Vostherm was the main contributor to our error, we
might question if the temperature range chosen was correct.

Vostherm: thermal voltage offset shift (V)

This should be nominally O V and varies 2% of the full scale output for the specified
temperature range of -25°C to 75°C. The full scale output from the transducer lab
calibration ranged from -1.945 to 2.030 V, resulting in a full scale output of 3.975 V.

Say for example, it is later noted that the accelerometer is mounted in the cabin of
the aircraft.

Using the 1% FSO error in the accelerometer specs for the temperature
range of 0°C to 50°C would be more realistic for the accelerometer located
In the cabin. This change would be made within the Vostherm error source
uncertainty worksheet.

5/20/08 103



Modifying the Uncertainty Analysis

The next highest contributing error, is Stherm, the thermal sensitivity shift.
Because this was also dependent on the assumed temperature range, it will
be updated also.

Stherm: thermal sensitivity shift (V/G)

For the temperature range of -25 to 75°C, the error is 3% of the nominal sensitivity.

Using the error of 2% of the nominal sensitivity for the temperature range of
0°C to 50°C would be more realistic for the accelerometer located in the
cabin. This change is made within the Stherm error source uncertainty
worksheet.
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Observing the Results of the Temperature Range Change
In the Accelerometer

4 Module 1 Uncertainty Pareto Chart First Analysis E|

QK Copy Print Rum Wiew Diagram Help
]
Eank Error Component Type Weight (%
1 Wostherm B 52,840 ;
2 Thermal Sensitivity B 16.131 i
3 Tranzsverse Sensitivity B 9052 s
4 Mon-linearity and Hysteresis B 5,204 =
5 Magnetic Susceptiblility B 4481 ;
=] Thermal transient arror B 4,308 g
7 altage offset fram excitation B 3502 1'3
g MHominal Sensitivity B 1.806 12
9  Residual Naoize B 0.4a0 0 0 m W @ = @
10  Base Strain B 04492 -
Show Parameter Names * Show Parametar Descriptions

% Module 1 Uncertainty Pareto Chart Second AnaIySIS rs_(|
Ok Copy  Print Run Wiew Diagram  Help
-
R ank Error Component Type eight (%)
1 Waostherm B 30,866 :
2 Thermal Sensitivity B 15 296 3
23 Transwerse Sensitivity B 13246 ;
4 Mon-linearity and Hysteresis B Farzs [
5  Magnetic Susceptiblility B 5523 [
G  Thermal transient error B 5501 g
7 Woltage offset fram excitation B 5.014 ﬁ
2 Nominal Sensitivity B 2.6ag 12
9 Reszidual Moise B 0.7o9
10  Base Strain B 0662 -
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Observing the Results of the Temperature Range
Change On the System

First Analysis
Systemn Input 12 g Confidence Level (%)  95.00 %
Input Uncertainty i Cowerage Factor 1.9600
System Output 12.0 g Degrees of Freedom Infinite
Dutput Uncertainty 04422 g Tolerance Limits 0.87 g

Second Analysis

Swystem Input 12 g Confidence Lewvel (%) 25.00 %
Input Uncertainty aJ Coverage Factor 1.8600

Swystemn Output 12.0 g Degrees of Freedom Infinite
Output Uncertainty 0142132 g Tolerance Limits 0.25 g

Being able to reduce the Vostherm error in half, and the Stherm by a third,
resulted in reducing the overall system 2c tolerance limits from 0.87 to 0.28 G’'s.

If the accelerometer was to be mounted in a more extreme temperature range,

5/20/0t§1en another accelerometer would have to be used to get better results.
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Combine Uncertainties of All Modules

System Input
Input Uncertainty
System COutput
Cutput Uncertainty

12 g

q

120 g
019213

!

Confidence Lewel (%)
Cowverage Factor
Degrees of Freedom

Talerance Limits

Q5.00 %
1.9500
Infinite

0.22 g

Redoing the tolerance limits of the measurement, the output uncertainty of the
system is 0.1421 G’s and the 2 sigma 95% bound would be 12 + 0.28 G’s.

/

\

Probability of the reported
EU output range fora 12 G
sensed input to the
68%|OF THE DATA FALLS WITH|N o accelerometer.
/4 95%|OF THE DATA FALLS WITHI|N +2c \\
99.7% OF THE DATA FALLS WITHIN +3c
— 2 G’s
11.5736 11.7157 11.8579 12 12.1421 12.2843 12.4264
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Reporting Uncertainty to the Customer

When reporting your uncertainty to the person requesting the analysis,
be sure to explain what your results mean.

If the customer will be comparing your results to another analysis, be
sure to have them understand that:

1) Your reported uncertainty is nc (n standard deviations) and that a
certain percent of the data collected will fall within that range of the
true value — but that true value is never known.

2) If the customer will be comparing your results to another analysis,
have them note the confidence intervals and the assumptions of
both analyses.

3) This may have to be done in a face-to-face meeting to have them
fully understand the information you are providing to them.
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Uncertainty Analyses

- By following the procedure covered in this presentation, just
about any measurement can be analyzed.

*The difficult part is defining the errors present in the system,
determining how they relate to the other errors, and making
the assumptions about the environment that the measurement
IS exposed to.

e The Uncertainty Analyzer software easily identifies the large
errors in the Pareto diagram.
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Uncertainty Analyses

o If the results of the analysis do not meet the measurement
uncertainty requirement, the main contributing errors can be
analyzed to see if bad assumptions were made or the
equipment cannot meet the measurement requirements.

« Changing the assumptions can easily be made within the
software to see their impact on the overall uncertainty.

e Replacing an entire module can be done without too much
difficulty.
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Are there any gquestions ?
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