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PREFACE

The work described herein was sponsored by the Office of Research and
Development at the National Highway Traffic Safety Administration (NHTSA)
under Project Plan Agreement HS-76. Mr. Mark Haffner, the NHTSA project

manager, provided crucial guidance and support throughout this activity.

The report describes the development of a methodology for the calibrationm,
test and use of a six-degree-of-freedom acceleration measurement system
intended to measure the linear and angular head accelerations of
anthropomorphic dummies, human volunteers, cadavers and primates during crash
test conditions. Three devices, using arrays of linear accelerometers, were
examined in detaill. They were; (1) a six-accelerometer coplanar array, (2) a
nine-accelerometer coplanar array, and (3) a nine-accelerometer non-coplanar
array. In support of the development of the calibration procedure: (1) error
models were developed, (2) computer simulations were performed to examine the
stability of each of the above arrays, (3) a methodology was developed for the
determination of the system error coefficients, (4) an algorithm for field
data correction was defined, (5) parametric sensitivity analyses were
performed to determine the variables that contribute most to system error, and
(6) recommendations for optimizing data collection and reduction are made.
This report documents the findings of these activities .te date. Laboratory

verifications of these techniques will be undertaken during 1988-1989.

Appendix A was prepared by H. Weinstock, M. Coltman and H, Lee at the
Transportation Systems Center and contains the development of the
six-degree-of-freedom accelerometer system equations and cbmparisons of three
different arrays. Appendix B was prepared by A. Boghani, K. Carlson, M. Cohen
and R. Spencer at Arthur D. Little, Inc. and contains the development of
system equation software and a methodology for laboratory calibration of a

six-degree-of-freedom device.
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1. INTRODUCTICN

The accurate measurement of head acceleration is required by the NHTSA in
order to establish reasonable head injury criteria for use in motor vehicle
safety assessments. If the linear and angular head accelerations which cause
cerebral concussion were known, 1t would be of great benefit in the
development of improved protective headgear for motorcyclists, design of
advanced crash test dummies, and safer autometive interiors. These data
would greatly enhance the biomechanics data base, and be of great value to
policy makers and the engineering community and would contribute
significantly to the Departmental goal of reducing the frequency and severity
of head injuries in motor wvehicle accidents. 1In order to gather this data,
accurate and reliable instrumentation is required for the measurement of the
desired accelerations. In addition, a reliable means of calibrating this
instrumentation must be established. The effort reported here describes the
development of a methodology for measuring the linear and angular head
acceleration of anthropomorphic dummies and the calibration and test of the

instrumentation used for these measurements.
1.1 BACKGROUND

In recent years, considerable evidence (1 2 3) has been gathered that
angular, as well as linear acceleration is a significant' factor in head
injury sustained in automotive crashes. Efforts to measure these parameters

have utilized several different methodologies with varying success.

A commercially available angular accelerometer (ENDEVCO Model 7302A) was
initially attractive because it measured angular acceleration directly,
eliminating the algebraic manipulation and errors associated with other
methods employing arrays of linear accelerometers. Subsequent tests
however, identified problems with reliability when the device was subjected
to a high translational acceleration field. The model was ultimately

discontinued in favor of a larger model (7302B) which had more application in

the manufacturing community.



Another device developed for use in studies of human response to impact:

2 The device

events used technology derived from fiber optic gyroscopes.
consisted of a fiber optic coil with countercirculating light beams created
by a laser. When the c611 was rotated, there was a phase shift between the
two beams causing a measurable intensity change in the interference pattern
on a detector surface. Acoustic and thermal noise problems proved too great

to produce a reliable device.

The most reliable and widely used methodology has been several configurations
of linear accelercmeter arrays used to measure the head acceleratien of
primates, cadavers, human volunteers and anthropomorphic dummies. The three
principal configurations that have been used to date are, (1) the
nine-accelerometer coplanar6 (3-3-3 configuration), (2) the
nine-accelerometer non-coplanar7 (3-2-2-2 configuration) and (3) the

six-accelerometer mnon-coplanar (8 9)

(3-2-1 configuration). It has been
shown in other studies’/ and confirmed here (see Appendiva) that the 3-3-3
configuration and the 3-2-1 configuration are mathematically unstable wunder

certain circumstances and their use should be limited.
1.2 . SUMMARY

The purpose of the work reported here was to develop a methodology for
calibration of, and data acquisition with, a sixsdegree-ofrfreedom
acceleration measurement device. To accomplish this, an examination of the
most commenly used linear accelerometer arrays was conducted. Details of
this portion of the work carn be found in Appendix A, "Cemparisen of
Translational Accelerometer Configurations for Measg;ing Angular
Accelerations of a Rigid Body". A nine-accelerometer array in the 3-2-2-2
configuration was determined to be the most reliable array.. Sources of error
were Identified and equations of motion were developed te describe system
behavior. The egquations .of motion consist of six equations for three measured
angular.accelerationé,and three measured linear accelerations when the actual

angular and linear inputs .are known,

Software was «developed to implement the system equations In the work

described above. The first phase of software development is discussed in




Appendix B, "Simulation and Calibration of Nine-Accelerometer Package (NAP)
for Anthropomorphic Dummies™. This software was refined to be more user
friendly and listings for the revised program (designated NAPLABG) are given
in Appendix C. In addition, software for the correction of data taken in the
field was developed and this is discussed in Section 4 and listed in Appendix
D. Model verification and an examination of system parametric sensitivities
were conducted using this software. Throughout most o¢f the work presented
here, the acceleration pulses wused as input to the model were made
intentionally unrealistic (large magnitude with long duration) to present a
worst case situation for the various algorithms used. This allowed an easier
assessment of parameter sensitivities and model stabilicy. However,
estimaées of residual error associated with input pulses of more reasonable
magnitude and duration can easily be made (see Figures 45, 46, 60, and 61 and
Sections 6.11 and 6.12). Parametric sensitivity studies assuming perfect
transducers in one case and perfect geometry in another case were conducted.
It was determined that the software algorithms for the system equations and
data correction were valid representations of the 3-2-2-2 configuration eof
the NAP. It was also found that data sample rate was one of the most
important parameters with regard to system accuracy. The cholce of location
of the coordinate system was also important in the reduction of residual
errors {errors remaining after data correction). Listings for all the

software discussed are contained in the appendices.

A methodology for <the laboratory calibration of a six-degree-of-freedom
acceleration measurement device was developed and the results are presented
in Appendix B. The methodology consists of wvibrating the accelerometer
system in modes that will allow for the determination of the coefficients of
the system equations. These coefficients are then used to create the
necessary coefficients of <the data correction algorithms (NAPFLDEUL or
NAPFLDRK). The data correction algorithms are used to correct the field data

gathered with the accelerometer system in question.



2. MEASUREMENT SYSTEM DEFINITION
2.1 SYSTEM GEQMETRY

A comparison of three different configurations of linear accelerometers used
for measuring linear and angular head acceleration is given in Appendix A.
The three ‘configurations considered were the nine-acéelerometer coplanar
(3-3-3 configuration), the nine-accelerometer non-coplanar (3-2-2-2
configuration), and the six-accelerometer non-coplanar (3-2-1 configuration).
The results of this comparison show that the most stable and reliable of the

configurations tested was the 3-2-2-2 ¢onfiguration.
2 2.2 3-2-2-2 CONFIGURATION

The geométry of the 3-2:2-2 configuration is shown in Figure 1. This
configuration, developed mainly at Wayne State University7 has the advantage
of providing signals directly proportional to the angular accelerations with
no need to estimaté angular velocities. The geometry of this configuration
allows the algebraic elimination of velocity squared terms and velocity cross
product terms from the equations of motion. This, in turn, eliminates the
requirement for numerical integration of the data which may lead to
instability in certain casés. The equations for the output of this system are
also shown in Figure 1. These equations presume perfect transducers (no

manufacturing defects, etc.) and perfect transducer alignment in the array.

The ideal geometry for the 3-2-2-2 configuration would allow mounting of the
three centrally locatéd accelerometers such that their seismic centers are at
the same point in space (the origin). In theory, this can be achieved with a
special transducer dESignlO incerporating forked cantilever beams as
illustrated in Figure 2 but this configuration is not available as a reliable,
off-the-shelf item. The ideal geometry is useful, however, when simulated
with a computer model to examine the effects of transducer generated errors

without introduting geometric errors.

Deviations from the ideal case of perfect geometry and perfect transducers

result in errots that must be accounted for. System equations (hereafter
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referred to as the "laboratory system equations") were developed to A&ccount
for these errors (see Appendix A and Section 3.1). The model represented by
these equations is used to characterize the system and allow the calculation
of system coefficients using known inputs. Software has been developed for
this purpose. In addition to the model, a test methodology for the purpose of
determining the values of the system coefficients represented in the
laboratory system equations has been developed. Both the software model and
test methodology are contained in Appendix B. In addition to the laboratory
system equations, a set of inverse equations, hereafter referred to as the
"field system equations" were developed (Section 4). These equations allow
for the correction of data taken in the field., After the system coefficients
are determined in the laboratory, their values may be used in parametric
studies with the laboratory system or converted to the coefficients associated

with the field data correction algorithm of the field system equations.
2.3 SOURCES OF ERROR

The sources of the system errors are reflected in the coefficients of the
equations of motion. The actual source of error represented by any particular
coefficient is dependent entirely upon the methodology used to gather the
acceleration information (i.e., an array of linear accelerometers,
differentiated velocity transducers, etc.). The report reproduced in Appendix
A derives the system coefflcient values for a 3-2-2-2 configuration as well as
a 3-3-3 configuration. That is, each coefficient is defined in terms of
system geometry errors, individual transducers errors, etc. When the system
is calibrated in the laboratory, under various vibrational modes, the actual
source of the error is of littrle consequence as the calibration determines the
values of the coefficients regardless of the actual source of the errors. As
long as the errors are represented by the system coefficients, they are
compensatable errors. That 1is, as long as the coefficients remain constant
across the test conditions, then the errors encounterea will be compensa-
table. If the coefficients are not constant, i1f they vary with frequency for
ekample, then the issue is much more complex and error compensation becomes
very difficult. The extent to which this type of problem exists will beccme

apparent as experience grows with the calibration methodology.



3. THE LABORATORY MODEL
3.1 LABORATORY SYSTEM EQUATIONS

The laboratory model consists of six equations for three measured angular
accelerations and three measured linear accelerations when the actual angular
and linear accelerations are known, These equations are shown in Figure 3.
The resulting measured values are in error due to accelerometer misalignments,
sensitivity mismatches and mispositioning as reflected in the system
coefficients. The original algorithm developed for these equations was
refined to be more user friendly with regard to choice of input files, double
precision option and numerous other variables. The designation for the revised

program is NAPLABG and a listing of the program is found in Appendix C.
3.2 COMPUTER MODREL

The computer model of the laboratory system equations is a useful tool for
examining parametric sensitivities. The first thing the computer program for
the laboratory model does is prompt the user for the name of the error term
file to be used (see Appendix E). The error term file is a matrix of error
terms describing accelercometer characteristics such as bias, cross-axis
sensitivity, scale factor and accelerometer location errors. The program then
gives the wuser the option of entering analytical (half-sine pulse) or
experimental input data. If the choice is analytical, it then prompts the
user for the magnitude and duration of the half-sine pulse as well as the
integration time step and the desired name of the output file. System
coefficients are then calculated based upon the error term matrix chosen.
Angular velocity is calculated with a fourth order Runge-Kutta numerical
integration subroutine. If the integration time step 1s chosen such that the
intervals are not multiples of the sampling rate, an extrapolation subroutine
is used to estimate values between sample points. The fesulting output 1s an
array of data containing the acrtual linear and angular accelerations,
estimated angular velocities, and estimated linear and angular accelerations.
The estimated linear and angular accelerations contain errors due to
accelerometer and system geometry errors and must be processed with the field

data correction algorithm to remeove these errors.
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3.3 DETERMINATION OF SYSTEM COEFFICIENTS
(SYSTEM CALIBRATION)

The values of the system coefficients can be determined in the laboratory by
vibrating the system in the modes prescribed in Appendix B. This calibration
approach 1is different from previous work11 performed at the Central Inertial
Guidance Test Facility at Holloman Air Force Base in that it calibrates the
package as a system and does not calibrate individual accelerometers, In
fact, the method with which the system under test derives the three angular
and three linear accelerations is not critical in the calibration methodology.
In the case of a nine-accelerometer array, the system coefficients can be
shown to be derived from individual accelerometer error terms as well as
accelerometer location errors. However, if a system wutilizes another
methodology to measure the six accelerations in question, the system equations
still contain the same coefficients but in this case the coefficients are
generated by a different set of characteristics. The calibration methodology,
however, is wvalid in either case, as it evaluates the system coefficients

without regard to the system characteristies that generate these coefficients.



4. THE FIELD MODEL
4.1 FIELD SYSTEM EQUATIONS

Data gathered in the field for linear and angular head acceleration contains
errors due to accelerometer misalignment, cross-axis sensitivities and bias.
These errors may be removed from the data using the findings of the laboratory
system calibration. A data correction algorithm was developed for use with
data gathered with a 3-2-2-2 NAP that has been calibrated in the manner
sdggested in Appendix B to evaluate the system coefficients. This is referred
to as the field model and the software to implement the equations representing
this model corrects the actual data taken in the field. The system
coefficients for the field model are derived from the system coefficients
determined for the laboratory model, The field system equations are
essentially the inverse of the laboratory system equations and are illustrated
in matrizx form with the laborateory equations in Figure 4. The field equations
are shown in Figure 5. A matrix inversion subroutine used to develop the

field system equations is given in Appendix F.
4.2 COMPUTER MODEL

The simultaneous solutions of the field equations is accomplished using simple
Euler integration techniques, or by linking to a Runge-Kutta subroutine in the
IMSL* library. The two programs developed for this purpose are designated
NAPFLDEUL and NAPFLDPRK and listings can be found in Appendix D.

"Using the coefficients derived in the laboratory, the software for the field
model performs the required matrix products and invertions to solve the field

equations. The user is first prompted for a system coefficient file name.

*IMSL, Inc., Housten, Texas - Supplier of scientific and mathematical FORTRAN
subroutines.
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A system coefficient file may be generated from an error term matrix for the
specific situation under consideration (See Appendix G, Computer Program for.
Creating Laboratory System Matrices from Error Term Matrices) or may be
determined from a laboratory calibration. The user is then prompted for the
type of input file (analytic, experimental data file, or output from the
laboratory model); the name of the data input file, the number of samples in
the data, the integration time sﬁep desired, and the name desired for the
resulting output file. The output file produced will then contain data cn all
pertinent parameters, such as actual and measured accelerations and velocities
and must be further processed to examine any specific parameter graphically.
The program CONV contained in Appendix H converts output data from either the
laboratory system software or the field system software into a file for the
gpecific parameter desired. Sample time and parameter values are written to
the new file. The new file may then be used as input to appropriate graphics

software in order to produce acceleration and velocity time histories.
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5. MODEL VERIFICATION

Model verification was performed by putting known input signals into the
laboratery model which would produce erroneous data at the output in
accordance with the system coefficients. This erroneous signal was then used
as input to the field model which corrects the errors and returns the original

signals.
5.1 ERROR TERM MATRICES

Error term matrices {see Section 3.2 Computer Mcdel) were calculated from a
standard ENDEVCO mount illustrated in Figure 6. This mount was designed to be
used with model 2264 accelerometers but these accelerometers have been
replaced by a newer model 7264 and the mount is no longer being manufactured.
It 1is repreéentative, however, of a 3-2-2-2 mounting configuration using
typical miniature plezoresistive accelerometers and 1is used as a baseline
model for the parametric sensitivity studies. Variations in the calculation
of error matrices are due to the choice of location of the coordinate system
and the uncertainty (tolerance)} associated with the location of the transducer
seismic center. The error matrices currently on file for use are illustraced
in Appendix E. The error term matrices are used to generate laboratory system
coefficient matrices for use in parametric sensitivity analysis or algorithm
validation. The laboratory system matrices are generated with the;program

CREATMAT shown in Appendix G.
5.2 VERIFICATION PROCEDURE
A typical model verification procedure is conducted as follows:

1. Run NAPLABG

a. Choose an appropriate error term file.
b. Choose an appropriate input file.
c. Choose an integration time step.

14
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NAPLABG allows you to choose a half-sine or experimeéntal pulse as
the iInput file. The output file created represents measured values
and contains errors due to the particular system geometry chosen and

errors in transducer characteristics.
2. Run NAPFLDEUL or NAPFLDRK

a. Choose an appropriate system coefficient file (created with

CREATMAT from the error file used in step 1).
b. Choose an appropriate input file (from NAPLABG output)l
c. Choose an Integration time step.

The output created should be identical to the original input to
NAPLABG. Discrepancies are a measure of the fidelity of the
algorithm.
Files designated as UDS files at the NHTSA may be used as inputs, by first
processing them with the programs UDS2ASCII (Appendix I) and then EXPERFILE
(Appendile). This will convert a UDS file to ASCII format and then to a file
that can be read by NAPLABG, NAPFLDEUL or NAPFLDRK.

5.3 HALF SINE INPUTS

The initial inputs used to verify the model were half sine inputs. The
acceleration pulse experienced by an occupant in a crash may often be
approximated by a half sine function. Representative input pulses are shown
in Figure 7. In this figure and all that follow,'fhe nomenclature used above
each graph to indicate the graphed quantity corresponds to the definitions

shown in Table 1. These pulses in Figure 7 ( a half-sine pulse about each

axls) were used with the verification procedure detailed in the previous

section and thé erroir matrix ERTERMOOY9.DAT which presumes that the siesmic
centers of the accelerometers lie in the three principal planes of the system
(see Appendix E). When the only inputs to the system are pure angular

accelerations with no linear acceleration compénents, there exists an apparent
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measurement of linear accelerations due to the geometry offsets (from the
ideal) of the ‘accelerometérs in the particular array in question. The
apparent linear accelerations before correction with the field system
algorithm are shown in Figure 8. The residual errors after correction with
the field system algorithm are shown in Figure 9. As can be seen the apparent
linear accelerations in Figure 8 are quite 1large ( > 2000g) but after

correction become insignificant ( < 10g).

WX = ESTIMATED ANGULAR VELOCITY ABOUT THE X-AXIS (R/S§\

WY = ESTIMATED ANGULAR VELOCITY ABOUT THE Y-AXIS (R/S)‘
WZ = ESTIMATED ANGULAR VELOCITY ABOUT THE Z-AXIS (R/S)
RX = ACTUAL LINEAR ACCELERATION ALONG THE X-AXIS (G'S)

RY = ACTUAL LINEAR ACCELERATION ALONG THE Y-AXIS (G’S)

RZ = ' ACTUAL LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)

QDOTX = ESTIMATED LINEAR ACCELERATION ALONG THE X-AXIS (G'S)
QDOTY = ESTIMATED LINEAR ACCELERATION ALONG THE Y-AXIS (G’S)
QDOTZ = ESTIMATED LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)
WDOTX = ACTUAL ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(Sz)
WDOTY = ACTUAL ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(Sz)
WDOTZ = ACTUAL ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(Sz)
GDOTX = ESTIMATED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(Sz)
GDOTY = ESTIMATED ANGULAR ACGELERATION ABOUT THE Y-AXIS (R/(Sz)
GDOTZ = ESTIMATED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(Sz)

Table 1. Nomenclature Used for Graphic Time Histories.

.5.4 NOISY SIGNAL INPUTS

To verify that the system’'s good performance was not due to the fact that the
half sine pulses were so'"well behaved", a noisy signal was alsc used as input
to the laboratory system. Validation tests were run with noisy signals
derived from UDS files. The presumption was that cumulative errors associated
with integration and roundoff w0uld‘be more pronounced when using a neisy (ill
behaved) signal.  As there were few files of angular head acceleration
available, files of linear head acceleration were used as though they were
angular acceleration. Head acceleration data from the following UDS files at
the NHTSA were input toINAPLAB.

¥ - V0200AA00,001
¥ - V0200AA00.002
% - V02004A00.003

Ny <
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9% - v02014400.001

8y - V0201AA00.002

By - V0201AA00.003

The signals used for angular acceleration were multiplied by 1000 to study
the effects of very large angular inputs. This scale factor was chosen
because signals of these magnitudes (but not necessarily of the durations used
here) have been reported in laboratory tests with cadavers. The signals were
used as input to the laboratory system of equations to investigate the error
introduced by very large angular acceleration and the geometry of a standard

ENDEVCO mount. These input files are illustrated in Figure 10.

Tests were run with the UDS files listed above using every point in thé‘data
set (1,993 points). As with the half-sine inputs, the error matrix used was
ERTERMO09 . DAT. The magnitude of the signals used for angular acceleration
coupled with the duration of the,signals drawn from the UDS files, result in
acceleration data that is physically unrealizable for a dummy (i.e.,:the‘head
would rotate more than 360 degrees): Nonetheless, the signals were used és
input to the system for the purpose of exercising the system equations in the

presence of very large angular accelerations.

The original input signals for the x, y and z linear accelerations, the values
after processing with NAPLABD and the final corrected values after processing
with NAPFLDRK are shown in Figure 11. It is apparent that large angular
accelerations can cause significant errors in the measurement of 'linear
acceleration. On a larger scale, the original input signals for the x,.y énd
z linear accelerations and the final corrected values after processing with
NAPFLDRK are shown in Figure 12. it can be seen that the original unpiuts and
corrected outputs are virtual overlays. These same variables precessed in the
same manner but using 250 data points are shown in Figure 13. It can be seen
that the error after correction is significant in this case. Further tests to
examine the effect cf sample rate were performed and the results are given in

Section 6.1.
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5.5 DOUBLE PRECISION

The algorithm designated NAPLAB was modified to include the option of double
preclsion output; the modified version being designated NAPLABRD. It was
thought that this output, used as 1input to NAPFLDRK would result in lower
residual error in the corrected data. It was found, however, that the use of
double precision resulted in no reduction in the residual error observed
after correction by NAPFLDRK,

5.6 INTEGRATION TECHNIQUES

As mentioned in Section 4.2, two integration techniques were used in the
development of the field model data correction algorithm (Appendix D). The

first was Euler’s integration formula given as:

dy
b4 = Yn +Ax
n+l (Fx)n

This formulation was-used in NAPFLDEUL. (Appendix D-1). The second technique
is Runge-Kutta integration provided as a subroutine in the IMSL library. This
technique appears in NAPFIDRK (Appendix D-2). Tests were run to determine iIf
one or the other of these techniques 1s more accurate. Inputs for these
tests are shown in Figure 14, The error term matrix used was ERTERM0O4,DAT
and 250 points were sampled. A low sample rate was used to make integration
errors more proncunced. The results of processing with NAPLAB and then
correcting with NAPFLDEUL for the X, Y and Z axes are shown in Figures 15, 16
and 17, respectively. The results of processing with NAPLAB and then
correcting with NAPFLDRK are shown in Figures 18, 19 and 20, respectively. On
close inspection, 1t appears that NAPFLDRK corrected the data slightly better
than NAPFLDEUL. The differences were slight, however, and as is shown 1In
Section 6.2, the biggest contributor to the error is low sample rate and not

the integration scheme.
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6. PARAMETRIC SENSITIVITY INVESTIGATION (PERFECT TRANSDUCERS)

6.1 SYSTEM GEOMETRY, COORDINATE SYSTEM SELECTICON AND SAMPLE RATE

6.1.1 ENDEVCQO Configuration

1f perfect accelerometers are presumed and an ENDEVCO mount as shown in Figure
6 is used, there are three coordinate configurations that are immediately
suggested. The first would have its principal axes along the edges of the
mount with the origin at the apex of the mount; the second would place the
origin at the intersection of the sensitive axes of the three central
accelerometers with the three principal axes parallel to the mount edges; and
the third would have principal axes such that the seismic centers of the
acclerometers are 1oéated in the three planes formed by the coordinate system
and the sensitive axes are normal to these planes . The designation of any
one of these coordinate systems is arbitrary and will result in different

system error matrices.

To investigate the effect of the choice of coordinate system location on
measurement errors, tests were run using the three error term matrices
ERTERMOO1 (axes along the edges éf the mount), ERTERM002 (axes along the
sensitive axes of the three centrally located transducers) and ERTERMOOSY
(seismic centers located in the three planes formed by the coordinate system)
Two simplelinput situations were used; (1) angular acceleration about the
v-axis only and (2) equal angular acceleration about all three axes. The
input linear accelerations were set to zero. Large half-sine inputs (20,000

2

rad/sec” peak) were used. The results of these exercises (Tests 1 through 7)

are shown in Figures 21 through 41.

Aftér examining the tests that used angular acceleration about the y-axis only
(Tests 1, 3 and 5), larger errors were encountered when using the error term
ERTERMO02 smaller errors when using the error term ERTERMOOl and even smaller
errors when using error term ERTERMO09. This is because choosing the axes
such that thé seismic centers are located in the three planes of the

coordinate system causes the coefficients of the velocity squared term (about
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the y-axis) to go to =zero. This velocity squared term is the major
contributor to the errors seen with the other two axes selections. This may

be seen from the following equations.
For input about the y-axis only:

QDOTX = ALO + AL2*WDOTY + ALS#*WY*WY
QDOTZ = CLO + CL2*WDOTY + CLS*WY*WY

QDOTX and QDOTZ are the errors in the measured linear accelerations in the
x-and z-directions. These errors are equal to zero only. if ALC - AL2 = ALS =
0 and CLO = CL?Z = CL5 = C. They are small if AL5 = 0 and CL5 = 0 which is the
case when the axes are chosen such that seismic centers are located in the
three planes formed by the coordinate system. In additionj the residual error
after correction with NAPFLDRK appears to be proportional to WY*WY so if ALS
and CL5 are non-zero the errors have the pbtential for becoming relatively
large. When ALS5 = 0 and CL5 = 0, the correction algorithm reduced the

residual errors to essentially zero.

The advantage to choosing one coordinate system over another 1s mnot as
apparent when equal angular accelerations are input about all three axes
(Tests 2, 4 and 6). This is probably due to the fact that there is now
additional error buildup due to angular velocity cross product terms‘in the
system equations. In all of the cases with inputs of 20,000 rad/sec2 about

all three axes, the residual errors in the measurement of linear acceleration

were from 29g to 35g.

It must be remembered that the test situation was made intentionally
unrealistic to present a worst case situation to the correction algorithm.
Such large angular accelerations (20,000‘rad/secz) with linear accelerations
equal to zero would not be expected in a crash. The use of a worst case input
allows wus to more easily compare the options with regard to coordinate
selection. In this regard; for the given test scenarios, the best choice

appears to be that in which the seismic centers of the accelerometers are
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located in the three planes formed by the coordinate system (e.g. error term

matrix ERTERMO0OY).

For the given test scenario, 1f the angular acceleratlion is reduced by an
order of magnitude (to 2,000 rad/sécz), the residual errors are reduced
by two orxders of magnitude (to less than lg) as shown.in Figures 39-41. This
is to be expected, given the relationship of anguiar acceleration to the

velocity squared and cross product terms.

Further tests were run with half-sine input pulses to determine the effects of
input pulse magnitude, input pulse duration and data sampling frequency on the
residual errors measured. Figure 42 illustrates typical input signals used.
The linear acceleration inputs were set to zero in these tests. Figure 43

illustrates the apparent linear acceleration measured and Figure 44 shows

typical residual errors after correction with NAPFLDRK. A summary of the
results of these tests is given in Figures 45 and 46. Improved data
correction as sample rate increases is apparent. It is also seen that the

larger the pulse (greater magnitude or longer duration), the greater the
residual error. Figures 45 and 46 may be used by the investigator to estimate
the maximum error to be expected as a result of system geometry and

computational characteristics.

Tests were also run with field data (Tests 16 through 19) to examine the
effects of sample rate. Data was input about only the y-axis in Fipures 47
and 50. The NAPLABD outputs in Figures 48 and 51 are seen to be proportional
to the input as expected, since the omega squared and cross product terms are
zero. Residual errors (Figures 49 and 52) are small and equal for both
tests. Tests 18 and 19 had inputs about ali three axes (Figures 53 and 56).
The NAPLABED outputs are seen in Figures 54 and 57 and the residual errors are
seen in Figures 55 and 58. It can be seen that the residual errors in the
test that used 1,993 points are significantly smaller than in test that used
250 points. It is appatrent then that significant error buildup may occur in
the output values for linear acceleration when there are angular inputs about
more than one axis and the data sample rate is too low. The above condition

is due to cumulative error that occurs in the integration routines of the
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corrective algorithm. It is also apparent that the residual error is
inversely proportional to the integration sample rate and in general, the

errors appear to be governed by the following relationship:

MT

where:

E = Residual error (g)

M = Peak valué of half-sine pulse (rad/secz)
T = Duration of half-sine pulse (sec)

R = Data sample rate (samples/sec)

K = constant

For the ENDEVCO configuration and error matrix ERTERM0OQY:

-4
K=7.2x 10
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6.1.2 VRTC Head Configuration

The Vehicle 'ﬁesearch and Test Center (VRTC) in East Liberty, Ohio has
developed, with Robert Denton, Inc., an anthropomorphic head with an integral
nine-accelerometer system in the 3-2-2-2 configuration. The geometry of this
head is illustrated in Figure 59. One of the principal differences between
this configuration and the standard ENDEVCO mount is that the VRTC unit has
unequal moment arms. Presumably, the VRTIC unit is more rigid than the ENDEVCO
mount. The particular configuration is of little consequence when calibrating
the system, as the calibration procedure essentially treats the system as a

black box without regard to the details of the geometry.

Additional computer simulations were run wusing the Robert Denton NAP
configuration with 1.5 inch moment arms. 1.5 inch moment arms will allow
direct ceomparison with the data reported for the ENDEVCO standard mount.
Equal half-sine input pulses about all three axes were used to deterﬁine the
effects of Iinput pulse magnitude, input puise duration and data sampling
frequency on the residual errors measured. The error term matrix used was
ERTEMRO10 which r~esumes coordinate axes along the sensitive axes of the three
centrally located accelerometers. The linear acceleration inputs were set to
zero in these tests. The results of these tests are shown in Figures 60 and
61,

As was illustrated in the previous section, the residual errors appear to be

governed by the relationship:

2

MT
E=K —
R

In the case of the Robert Denton configuration with a 1.5" momunt arm and the

error term matrix chosen above, the value of the constant is:

-4
K = 5.08 x 10
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6.1.2 VRIC Head Configuration

The Vehicle Research and Test Center (VRTC) in East Liberty, Ohic has
developed, with Robert Denton, Inc., an anthropomorphic head with an integral
nine-accelerometer system in the 3-2-2-2 configuration. The geometry of this
head is illustrated in Figure 59. One of the principal differences between
this configuration and the standard ENDEVCO mount 1s that the VRTC unit has
uéequal moment arms. Presumably, the VRTC unit is more rigid thaﬁ thelENDEVCO
méunt. The particular configuration is of little consequence when calibrating
the system, as the calibration prﬁcedure essentially treats the system as a

black box without regard to the details of the geometry.

Additional computer simulations were run using the Robert Denton NAP
configuration with 1.5 inch moment arms. 1.5 inch moment arms will allow
direct comparison with the data reported for the ENDEVCO standard mount.
Equal half-sine input pulses about all three axes were used to determine the
effects of input pulse magnitude, input pulse duration and data sampling
frequency on the residual errors measured. The error term matrix used was
ERTEMRO10 which presumes coordinate axes along the sensitive axes of the three
centrally located accelerometers. The linear acceleration inputs were set to
zero in these tests. The results of these tests are shown in Figures 60 and
61.

As was illustrated in the previous section, the residual errors appear to be

governed by the relationship:

In the case of the Robert Denton configuration with a 1.5" moment arm and the

error term matrix chosen above, the value of the constant is:

-4
K = 5.08 x 10
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7. PARAMETRIC SENSITIVITY INVESTIGATION (PERFECT SYSTEM GEOMETRY)
7.1 NON-IDEAL ACCELEROMETER CHARACTERISTICS

One of the geometric uncertainties in a commercial, single-degree-of-freedom
beam accelerometer is the uncertainty in the location of the seismic center.
This uncertainty is equivalent to an error, in the mounting location of the
accelerometer and is very small compared to, for example, the geometric
offsets required when mounting the three accelerometers at the origin of the
selected coordinate system in a nine accelerometer array. The uncertainty in
the location of the seismic center becomes part of the mounting location

uncertainty and is accounted for in the laboratory calibration.

Another deviation from the ideal experienced with typical piezoresistive
accelerometers is in the frequency response and phase shift characteristics of
the transducer. A cantilever beam piezoresistive accelerometer behaves as a
single-degree-of-freedom spring mass system. The sensitivity of such a
transducer is essentially constant at frequencies much lower than the natural
frequency of the system and it has essentially zerc phase shift at those
frequencies. These are desireable characteristics for accelerometers used in
a nine-accelerometer array, as selected pairs of these accelerometers are used
to measure very small acceleration differences in the calculation of angular
acceleration and therefore must be very well matched with regard to gain and
phase shift. It is recommended by most manufacturers that the natural
frequency of a piezoresistive beam accelerometer be at least five (5) times
the anticipated information bandwidthlz. This will insure operation in a

region with virtually censtant gain and minimal phase shift.

Amplitude linearity (deviation from constant sensitivity vs. input amplitude)
of piezoresistive accelerometers is excellent (generally less than typical
errors in the procedures employed to calibrate these devices), which may not

be the case with piezoelectric accelerometers.
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7.2 CROSS-AXIS SENSITIVITIES

Angular misalignment of the attached beam in the manufacturing process is the
primary cause of cross-axis sensitivities. This error may also be introduced
when the accelerometer is mounted in its fixture. Tests were run to determine
sensitivity with regard to.cross-akis errors in individual accelerometers.
The geometry of the syétem with regard to the ﬁlacement of the transducers was
assumed to be ideal (no positional offsets). The input excitation was a
simple case of angﬁlar acceleration in a single plane and linear acceleration
along a single axis in the same plane. An error matrix (ERTERM0Ol2 - see
Appendix F) was constructed to represent a 5% cross-axls error in the
transducers. The signs of the terms were chosen to give maximum error for the
selected test condition. The inputs and affected transducers are shown in
Figure 62. The moment arms are presumed to be 1.5". The following half-sine

pulses were used as inputs:

[

WpaTy

ACCELEROMETERS -;_
X

i

CG OF HEAD
v
‘ : | 4
P —

Figure 62 - Conditions for Angular Misalignment Tests
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The input pulses are shown in Figures 63 and 64. The same input pulses were
used in Tests 20 through 24. The results of these tests are shown in Figures
65 through 6é7. Additional error matrices ERTERMO13 through ERTERMOl6 were
constructed to represent A%, 3%, 2% and 1% cross-axis errors in the
transducers and similar tests were run. The results of these tests are shown

in Figures 68 through 76.

The significant outputs from NAPLABD using ERTERMO12 are shown in Figures 65
through 66. It is obvious that the uncorrected estimate for the anpular
acceleration (Figure 66) contains considerable error (+46.9% - peak value) due
to the angular misalignment of the transducers. The estimates for the linear
acceleration for this particular test condition (Figure 65) contain no errors.
In fact, in this particular case, had there been no linear input, the results
for the angular measurements would have been unchanged. Figure 67 shows the
output for angular acceleration after correction with NAPFLDRK. As can be
seen, the corrected output loocks exactly like the original input of Figure 63.

2 compared to

The actual peak value of this corrected pulse was 9,989 rad/sec
10,0060 rad/sec2 for the original pulse, representing a residual error of .1%.
In a similar manner, ERTERMO13 through ERTERM016 were used to represent 4%
through 1% cross-axis error. The results are shown in Figures 68 through 76.
It can be seen (Figures 66, 68, 70, 72 and 74) that the error in the estimate
of the angular acceleration before correction is reduced when the cross-axis
sengitivity of the individual accelerometers is reduced. The peak values cf
the estimated angular acceleration before correction with NAPFLDRK were noted

for each level of cross-axis sensitivity and the errors in these estimates are

summarized in Figure 76.

While it appears from the data that virtually complete correction is achileved
with the correction algorithm (NAPFLDRK), it is probably prudent (since the
errors before data correction are so high) to choose accelerometers that have
low cross-axis sensitivities. Manufacturers usually allow the buyer to do

this at a slightly higher cost for the accelerometers.
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8. CONCLUSIONS AND-RECOMMENDATIONS
CONCLUSIONS

The laboratory and field models are wvalid representations of a

nine-accelerometer package (NAP) in the 3-2-2-2 configuration.

Essentially complete correction of noisy field data is possible with
either of' the correction algorithms NAPFLDEUL or NAPFLDRK provided

the data sample rate is sufficiently higb (i.e., 8,000 samples/sec.).

The use of double precision did not result in a reduction in the

residual error observed after correcting field data with NAPFLDRK.

Runga‘- Kutta integration techniques were only slightly more accurate

than simple Euler integration.

Coordinate system location has a significant effect on measurement
accuracy and the reduction of residual errors.

Significant error buildup may occur in the output values for linear
acceleration when there are angular inputs about more than one axis

and the data sample rate is too low.

The above condition is due to cumulative error that occurs in the

integration routines of the corrective algorithm.

Residual errors (errors after correction) appear to be governed by

the relationship:
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.2

where:

E = Residual error (g)
= Peak value of half-sine pulse (rad/secz)
T = Duration of half-sine pulse (sec)
R = Data Sample Rate (samples/sec)
K = Constant
9. Cross-axis sensitivities on the order of 5% may result in

significant error before applying the corrective algorithm.
RECOMMENDATIONS

1. Use the correction algorithm NAPFLDRK instead of NAPFLDEUL if the
IMSL Runga - Kutta integration routine is available. This will
result in more accurate integration within the program and

slightly better correction of the data.
2. Use a data sample rate of 8,000 samples/sec. or greater.

3. For the ENDEVCO configuracfon, choose the coordinate system where
the seismic centers of the centrally located transducers are
located in the three planes formed by the coordinate system

(ERTERMOCY) .

4. If other than an ENDEVCO configuration, create error term matrices
for the configuration and run NAPLABG to determine the best

locations for the coordinate system.

5. If possible, choose accelercmeters with low cross-axis sensitivity
( 3.0%).

6. Use longest moment arms possible to maximize the signal to noise
ratio.
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APPENDIX A

COMPARISON OF TRANSIATIONAI, ACCELEROMETER
CONFIGURATIONS FOR MEASURTNG ANGULAR ACCETERATTONS

OF A RIGID BODY

Transportation Systems Center
Cambridge, MA 02142

Herbert Weinstock
Michael Coltman
Harvey lee
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PREFACE

The Transportation Systems Center (TSC) is currently engaged in a number of
activities in support of the Crashworthimess Division of the National Highway
Traffic Safety Administration (NHTSA). In particular, instrumentation support
is provided to the NHTSA through the Biomechanics Technology Project at TSC.
As part of this project, requirements are to be established for the
fabrication, calibration and test of a standard nine-accelerometer array for
use in measuring the linear and angular head acceleratlons of anthropomorphic
dummies. Comparisons are made among the three arrays that have been used for
these measurements; a sgix-accelerometer <coplanar, a nine-accelerometer
coplanar (3-3-3 configuration), and a nine-accelerometer non-coplanar (3-2-2-2
configuration) array. An error model is developed and computer simulations are
performed to examine the stability of each system.
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1. SUMMARY

References 1 , 2 and 3 contain descriptions of three alternative
proposed methods of measuring the translational and rotational accelerations
using translational accelerometers mounted at various locations. The preoblem
of measurement of the angular acceleration of a rigid body by translational
accelerometers in a general translational and rotational motion is complicated
by the presence of angular veloclty squared (centripetal) and angular velocity
cross product acceleration components. If the motions of the body are small
(compared to say, 15° of rotation) these components will be small compared to
the angular acceleration terms. However, if the motions are large, these
components will be of the same order or larger than those due to the éngular
acceleration, In general, the acceleration at an arbitrary point in a rigid
body at an instant of time will be a function of nine independent variables;
the three translational accelerations at the center of the coordinate system,
Ry, Ry, R,, the three rotational accelerations (Bx, xﬁy, ‘Bz and the three
angular velocity qomponents Wy, Wy, Wz If the angular velocities are
not known, a minimum ¢f nine independent acceleration measurement locations
are required to determine the linear and rotational accelerations. The nine
accelerometer system described in Reference 1 defines a set of measurement
locations where signals can be scaled and linearly combined to eliminate the
angular velocity induced accelerations and provide signals directly
proportional to the translational and rotational accelerations (assuming

perfect positioning and transducers).



Other cenfigurations containing the required nine independent measurement
ldcations énd orientations can be used to develop the translational and
rotational acceleration components (Reference 2), however, more complex
algebraic operations may be required to isolate the acceleration components.

However, any system where all measurements are located in the same plane

cannot provide the nine independent accelerations required as discussed in the

body of this memo.

If‘estimates of the angular velocities of the rigid body are available, six
independent measurement locations can be used to obtain the angular
accelerations. However; if the estimate of angular velocity is derived from a
knowledge of the initial state of the body and a numerical integration of the
estimated angular accelération, the errors due to location errors and
accelercmeter imperfections will grow rapidly with time. As an example, for
accelerometer bias errors equivalent to an error of 100 rad/sec2 at the
initialization of the integration, the angular acceleration error will be of
the order of 1700 rad/sec2 for an integration step of one millionth of a
second carrying the computation for a one second period of time. An apriori
knowledge of the mechanics of the motion could be used to reduce the error as
well as a reduction of the period over which the integration is carried. In
some cases, however, more accurate éstimates of the angular accelerations will
be obtained by assuming zero angular velocity rather than attempting the

numerical integration.
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. The following paragraphs contain a more detailed discussion and

description of:

1 - Configurations of transducer 1locations and directions to

measure angular acceleration.

2 - The influence of transducer location errors and imperfections

on signal measurement accuracy.

3 - Rate of growth of angular acceleration measurement errors due

to numerical integration.

4 - Initialization and calibration of measurement system.
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2., MEASUREMENT CONFIGURATIONS

For a rigid body in which we fix a coordinate system x, y, z centered at a

point in the body, the acceleration at any point is given by:

Axi= Ry + "zi(“.’y - wxwy) - ryi(‘:"z + wywy) + rxi(wyz * MZZ) A-1
Ayj =Ry + rxi(ty - wywy) - rzi{wy + wywz) + r}'i(""xz + wyz) A-2
Azi = Rz - rxi(&)y - wxwz) + ryi((.",x - wwa) + rzi(‘;xz + “"22) A-3

where Ayuj, Ayi, Azj are the x, y, z components of acceleration at location i;
Ry, Ry, Ry are the components of the rigid body acceleration at point‘O; d)x,
LI)y, cl)z are the angular accelerations; wy, Wy, wy are the angular velocity
components; and ryj, Yyj, Tzj are the coordinates of location i in the

coordinate system measured from point o.
2.1 NINE ACCELEROMETERS (3-2-2-2 CONFIGURATIONS)

If three accelerometers measuring in the X direction, three in the ¥y
direction and three in the 2 direction are mounted at locations that permit
the accelerations to be independent, we have nine equations in nine unknowns

(Ry, Ry, R, Wy, Wy, z: Wx, Wy, W,) that can be solved by algebraic

manipulation.
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If the locations at the accelerometers are arbitrary, the algebraic
'manipulations can be quite cumbersome. Some simplification exists if we
insist that the three measurements in the x direction be located in the yz
plane (ry = 0), the measurements in the y direction in the xz plane (ry -
0), and measurements in the z direction be located in the Xy plane (rp = 0).

This reduces equations A-1 to A-3 to:

Axi =Ry + rzi(‘-”y - wxwy) - ryi(‘:"z + wywy) A-4
Ayj = Ry + ryjltiy - wywy) - rj(ix + wywg) A-5
Agk = Ry - ryildy + wxwy) + ryp(Wy - wywq) A-6

With 3 independent locations for each measurement direction, this set of
equations can be solved for the nine unknowns by linear operations. If we
locate Ax1, Ay1 and Az} at 0,0,0, we have;

Ay1= Ry, Ay1= Ry, Az1= Rz A-7

Locating Ayo at 0,0,r, provides:

and Ay3 at 0,r,0, yields:
Ax3 = Ry - r(dy + wywy) A-9
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which provides

. Ax2 - Ayl
(wy - wxwy) = = Qy| A-10
iy
. Ax3 - Axl
(wg + wxwy) = - =-Qz2
T A-11

Similarily if we locate Ayg at r,0 ,0 , we have:

Ayy - A
. y2 = Ayl
(wg - wxwy) = = Qg A-12
T
and Ay3 at 0 ,0 ,r, we have:
Ayy - A
. y3 - Ayl
(wx + wywz) = - = —sz A-13
r
completing the nine measurements we locate A,5 at r,0 ,0 , and Ay3 at 0,0 ,r
to obtain:
. Az - Azl
'(wy + Wytg) = = Qy2 ' A-14
r :
and
Az3 - Ag]



permitting solutions for w ,, W y» Wz as:

. | Qx1 - Qx2

“;x - A-16
2

o Q1 -Qy2

wy = —-L——L— A—l_f
2

. Qz1 - Q2

wz = - A'lB
2

This would provide direct signals proportional to the angular acceleration
with no need for estimating the angular velocities. The locations given above
represent the 3-2-2-2 configuration for the nine accelerometer system. As
noted above, other configurations can be used to produce the required results

. at the expense of additional algebraic manipulation of the signals.

The 3-3-3 transducer configuration [2] , however, does not provide the nine
independent measurements required to eliminate the angular velocity terms. If
three, three-a:fcis accelerometer clusters are used, the locations of the three
" clusters lie in a single plane. If we define the z axis of a coordinate

system normal to this plane, equations A-1, A-2 and A-3 become:

Agi=Ry + "xi(‘"yz + wzz) - ryi(cﬁz + wywy) A-19

yi = Ry + rxj(wz - wywy) + l'yi(“"x2 + “’zz) A-20
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Azi = Ry - ryjlwy + wywy) + ryjlwy - wywy) A-21

Appropriate placement of 3 accelerometers in the x direction and 3
accelerometers in the y direction permits the use of equations A-12 and A-20
to determine Ry, Ry and without apriori knowledge of the angular
velocities, However, it is not possible with a configuration with all
measurement locations coplanar to separate y and y z by simple algebraic
operations. (Although it 1s possible to use eguations A-19 and A-20 to
develop quartic solutions for =x, vy, and z the solutions are nulti-valued).
By the use of scaling and linear combinations, with nine accelerometers

located in the same plane with 3 in each direction we can obtain the signals:

Q= A-22
Qy = wy + wxwi A-23
Qx = wx - Wyz A-24

In theory, these equations c¢ould be solved by numerical integration to

determine the angular velocities,
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The simplest integration scheme would be:
K:'Zi=Qz
Qy; = Qy - Oxj_19zj-)
€x; = Qx - vj-19zij
0x; = Oxj. + S.'lxi_[At

fly;-1 + Qyj-14t

y;

flzi =Qz;_1 + ﬁzi_IAt

where § 1 is the estimated angular acceleration at the Ih time step on

A-25

A-26

A-27

A-28

A-29

A-30

t. This method of developing the angular acceleration results in an increase

in the error in the estimate of angular acceleration as a function of the

duration of the integration process and is discussed further in section 4,
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3. TRANSDUCER SYSTEM ERRORS

Errors are introduced to the measurement system by imperfections in the
accelerometers and by inaccuracies in transducer location and directionm.

Typical accelerometers have output signals that are given by:

Q=Ry+€¢ Ry +eRy +¢3Ry +¢g A-31

+ ¢4Ry2 + esRyy + €gRyRw

where R, is the acceleration along the transducer axis and Ry and Ry are the
accelerations in the directions perpendicular to the sensitive axis, Eq is
the combination of the accelerometer bias term and noise signals that the
transducer system may generate, € 1 represents the uncertainty in the
accelerometer scale factor and Ez,‘ E3C are accelerometer cross axis
sensitivities due to accelerometer imperfections and mounting misalignments,
The terms € 4> g5 and £ represent the sensitivities of some
accelerometers to acceleration squared effects. Neglecting the acceleration
squared terms and assuming location inaccuracies in the position of the
accelerometers of Sxi ‘Syi- and 6zi the estimated angular
accelerations of the 3-2-2-2 transducer configuration are derived in Appendix
Al as: ‘
f'lx = Uy ‘+ Ag + Ajuy + Agc'uy + A3y
+ A4wx2 * A5wy2 + A6“’z2 + Aquywy A-32
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Qly = wy + By + Bwy + Bywy + B3w,
+ B4wx2 + B_:,wy2 + B6w12 + Bywgwy A-33

+ Bguwyw, + ngywz + B1gRx + By lRy + B2R,

(.lz = u;z +Cp + Cl‘:’z + Czta;y + C3;:x
+ C4wg2 + Cswy2 + Cgwy2 + Crwygwy A-34

+ Cguywy + Cowywz + C1oRy + C11Ry + C12R;

where for the estimated angular acceleration {! , we have, neglecting terms

of 2nd order (i.e. €6/T )

€2z0 - €0z0 - €3y0 + €0y0

Ag = - A-35
r
€273 + €3yz  82zy - 80zy + 63yz - b0yz
Al = + A-36
2 2r
€3yl b2zx = 80zx ‘ '
Ay = + A-37
2 2r
-€2z1 63yx - S0yx
Ajz = - Y A-38
2 2r ’
-(€222 - €323) » (83yy - S0yy + 80zz - 6222)
Ag = + A-39
2 2r
€3y3 602z - 822z
As = + A-40
2 2r
~€3y3 83yy - Soyy
Ag = + A-41

2 S 2r
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€2z1 Soyx - 63yx

Ag = + A-42
2 2r
-3yl 82zx - S0zx
. 2 2r
€ - € €] - & -8 + 60v7)
hge 2B By Cay” omy -Bayrt 0yD) et
2 2r
€2yl - €3yl
Alg = ——-2——— A-45
r
€272 - €0z2 - €3y2 - ‘0y2
-All = ‘ 5 — - A-46
r
€273 - €0z3 - €3y3 * £0y3

2r

where the notation ¢ 220 refers to the bias error ( as indicated 'by the
subscript 0) in the accelerometer measuring in the z direction at location 2
defined in Figure A-lc. The notation & 2zy Yrefers to the error in positioen
of the accelerometer at location 2, for an accelerometer measuring in the =z

direction, with the error in the y direction.

If we assume that the errors are statistically independent (at least te the
degree that the knowledge that one is positive does not carry jmplications on
the sign of the other terms), the standard deviations of +the errer

coefficients, Ag - Al2, are given by:

oleg)
A-48
VG(A.O')'»=~- | £
T
/ ) 26)
o(Ay) = f e b s A-49
2 2
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of{¢a)

o(A1]) A-59

ofes)
A-60

o(A12)

The influence of both the accelerometer bias error and the accelerometer
location errors are seen to decrease with increasing r, the distances between
transducers. Increasing the distance between transducers also decreases the

errors due to the presence of translational acceleration components (A1g, A11,

A12).

For an accelerometer capable of measuring an acceleration of 200g it would be

reasonable to assume error coefficients standard deviations of:

o(eg) = 18 A-61
o{e1) = 5% of signal A-62
ole9) = ol(e3) = 3% of signal A-63
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and assuming ¥ = 4" and a standard deviation of the location error of 0.01",

the standard deviation of the error coefficients in estimating the angular

accelerations are:

TAq = 96.5 rad/sec?

GAI = 3.54% of signal

0A2 = 1.51% of signal

UA3 = 1.51%
A, = 2.14%
%A = 1.51%

TAg = 1.51%

A=24
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c.A7 = 1.51%

oag = 1.51%

0A9=:354%

0.53%

9A10

1.03%

A1

1.03%

9A12

A-25

A-T71

A-72

A-73

A-74

A-75

A-76



For the six accelercmeter system, defined in figure "A-la, the

signals will provide:
Qx = ‘:Jx + wywz + Ex|
Qy = wy - wxwz + Ey)
Qz = “’z + wywy + Ezj
To es_timél.te the angular acceleration we set
Qx = ﬁ_x + ﬂyﬁz
Qy = fly - 040,
c&::ﬁz+-ﬂxﬂy

so that

e X
»
I

= “;x + Wywy - ﬂynz + EXL

Oy = wy - wywz + O, + Eyl

ﬁz = (d.z + WXWY = ﬂxny + Ezl

A-26
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. While for the coplanar location of nine transducers, defined in Figure A-1b,

we have:

Ox = Wy + Wgwz ~ Oyfl; + Ex3 A-86
Q, = Wy + Ep A-88

As shown in appendix A2, Ey, Ey and E, will have the same form as the error

terms for the nine accelerometer package of reference 1.
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4. ERROR GROWTH DUE TO NUMERICAL INTEGRATION

In this section the three accelerometer configurations are compared to
evaluate the importance of numerical integration and other factors. The

three configurations are illustrated in Figure A-1.

As previously discussed, a transducer configuration which does net provide
nine independent translational. acceleration measurements i.e;, the
six-accelerometer system and the nine-accelerometer coplanar system, requires
an estimate of the angular velocities in order to obtain the angular
acceleratioﬁ for even perfect transducers and transducer locations. For the
six accelerometer system, the estimated angular accelerations obtained by

combining the accelerometer signals through linear algebraic operations are:

Iy = wy + Wylg - ﬂyﬂz + Ex A-89
R, = wy + wywy - Oxldy + E, A-91
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. where Ey, Ey, and E, are errors due to transducer and transducer location
imperfections. 1If the angular wvelocities are estimated from integration of

the estimated angular accelerations by the algorithm:

xg = Oxp.1 + Ox1-1(At) A-92
Qyp = Qyy-1 + Oy1-1(&Y A-93
fzp = Qzy_| + Qzp-1(AL) A-94
The errors in the estimated angular acceleration may grow with time. The

errors that develop are a function of the transducer errors (Ey, Ey, and E;),
the integration time step (At) and the period of time for which the

integration is carried.

In a similar manner, as shown in appendix A2 for the nine-accelerometer,
coplanar system the estimated angular acceleration components obtained from a
least squares fit which weights each accelerometer output sipgnal equally are

given by:

0, = w, + E, A-95
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The error terms due to transducer and location errors are derived in Appendix

A2 as:
Ex = Cp + Cjioy + Coivy + C3ay + Cquy? + C5“’Y2 + Cguy?
1 A-98

+ Crwywy + Cgwzwy + Cowywy + C1oRy + C11Ry

Ey = Bp + Bjoy + Bywy + Baw, + Bgwy? + B5my2 + Btng2
+ B7wxwy + Bgwyw; + ngywz + BjgRx + B“Ry A-99
+ B12R,

E;=AQg+ Az + Agluy + A3u'iy + A4wx2 + Aswyz + Aﬁwzz
+ Ajwyy + Agwywy + Aquyw; + AJgRx + ARy
+ AR, A-100

The relationship Dbetween the error coefficients and the transducer
imperfections and mislocations are given in Appendix A2. The following

paragraphs describe the errors that would be obtained for selected rigid hody
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acceleration time histories and transducer errors.

4

4.1 EFFECTS OF NEGLECTING ANGULAR VELOCITY TERMS

During the integration of the angular accelerations, errors may accumulate in
the angular velocity crossproduct -terms. These terms may be neglected for
certain special conditions of rigid body acceleration. The simplest case is
when the angular displacements are small, making the angular veloccity terms
small compared to the angular accelerations. Another case is when all the
angular motion is about a single, principal axis of the accelerometer
configuration. For the six-accelerometer, coplanar configuration, if two of

the angular velocity terms are zero, then the crossproduct terms will be zero.

For this reason the coplanar accelerometer configurations should be placed,
whenever possible, so that all the angular motion is about one of the
principal axes of the configuration. As discussed below, error terms

resulting in erroneous signals on the other axes.may still lead to
instablities. For the nine-accelerometer, coplanar configuration, the motion
should be restricted to be in the same plane as the plane formed by the
location of the three triads making one of the angular velocity terms zero. If
the expected rotatiocns are about axes in the x-y plane, then the

configuration should be pesitioned in the x-y plane.

For cases that include arbitrary angular accelerations and velocities about

each of the three principal axes, the importance of estimating the angular

A-31



velocities depends on the amount of angular displacement taking place. As an
example, consider the case of the constant angular acceleration, a, about an
axis, q which has equal components in the x, y, and z directions. The angular

accelerations and velocities about each axis may be written as:
Uy=dy=,=1/Y/3 a | A-101
Wx = Wy = Wy = l/ﬁat A-102
The velocity crossproduct terms are then:
wytuy = wxtwy = wytu, = 1/3 a2 2 A-103

Writing the acceleration, velocity and angular displacement about the q axis

produces:

wg=a A-104
wg=at A-105
b= 1/2 a t2 | A-106

Substituting for the angular displacement, q: into the angular velocity

crossproduct terms expression produces:

wx*wy = wx*wz = wy*wz =2/3a Gq A-107
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If the angular dispiacement is less then 15 degrees, the error that will

result from assuming the angular velocities to be zerc will be less than 20%
of the angular acceleration. However, if the displacement is 85°, then the
error will be equal to the acceleration being measured. Large displacements

require that the angular velocity terms be included.
4.2 ZERO ACCELERATION WITH BIAS ERRORS

In this case we consider the situation where the rigid beody is stationary at
the time the data acquisition system and processing is started and remains
stationary for one second. Further, if we assume that bias errors are the
only errors in the accelerometer configuration, for a 1 g. bias error and a
distance of 4" between transducers, e?roneous constant angular acceleration
signals, Ey = Ey = E; = 100 rad/sec2 would be produced. The non-coplanar,
3-2-2-2 configurationl would report a constant angular acceleration error,

2 would report angular

while the nine coplanar 3-3-3 configuratiom
accelerations which grow, in an oscillatory manner, with time. Figure A-2

shows the acceleration estimate é x that would be reported as a function of
time for integration time steps of one millionth, one ten thousandth and one

thousandth of second. Figure A-3 shows the error size after a one second

integration versus the integration time step size.
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Interestingly, for this case, the six accelerometer coplanar configuration (1) .
does not lead to large error estimates. After one second the erroneous signal

is compensated for by computed constant angular velocities.

4.3 SINUSOIDAL ANGULAR ACCELERATION ABOUT A SINGLE AXIS WITH SENSITIVITY,
CROSSTALK, AND LOCATION ERRORS

Reference 1 discusses the stability of the six-accelerometer configuration
with respect to the nine, non-coplanar accelerometer configuration. Using a
hypothetical signal, shown in Figure A-4, representing a sinusoidal angular

2 and a

acceleration about the y axis with an amplitude of 11,580 rad/sec
period of 100 msec and with a 2% error due to primary axis sensitivity,

alignment and crossaxis sensitivity errors, the six accelerometer

configuration is shown to produce unstable estimates of the angular

accelerations about the x and z axes after less than 0.15 secqnds for certain .
conditions. The nine-accelerometer, non-coplanar configuration is stable. The

estiﬁafe of the angular accelerations about the x axis from the

six-accelerometer configurétion is shown in Figure A-5. The

nine—accelerometer, coplanar cénfiguration is alsc, for these conditions,

stable Sver the>one second integration period with a one thousandth of a

second time step size as seen in Figure A-6. 1f, however, the angular

acceleration is about the z axis rather than the y axis, the nine

~accelerometer, coplanar configuration is unstable even for 2 time step of one

ten thousandth of second due to error build up in the angular velocity

crossproduct terms. In Figure A-7, the estimated angular acceleration about

the x axis for the nine accelerometer, coplanar configuration with the actual

angular acceleration about the z axis is shown for two integration time step
sizes. .
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As 1s seen in Figure A-7, integration time step size can affect the stability
of the numerical integration. Roundoff errors due to computer word length can
have a similar effect especially when algebraically combining the transducer -
signals to form the angular acceleration estimates. The results shown here
were produced using a word size with about 35 significant figures which is

probably larger than would be used in a typical data aquisition system.

4.4 SINUSOIDAL NOISE ERRORS

A common error source is 60 cycle noise appearing as a bias error. In Figure
A-8, the angular acceleration time history resulting from a 80 rad/se02

sinusoidal bias error is shown. No perceptible build up of error occurs.

4.5 TRANSLATIONAL IMPULSE WITH SENSITIVITY ERRORS

Often the event of interest occurs during a very short time. For this case
consider a translational acceleration pulse producing erroneous angular
acceleratibn signals due to sensitivity and crosstalk errors. Figure A-9
shows the estimated angular acceleration time history due to a 10 msec, half
sine translational pulse with a 100 g peak. If there were no error build up in
the angular velocity crossproduct terms the peak angular acceleration would be
240 rad/sec2 based on a distance of 4" between transducers and a ls
sensitivity error. For’this case the signal is so short that no substantial
error can build up in the angular velocity terms and after one second the
angular acceleration estimates have all nearly returned to zero. In Figures

A-10a and A-10b the estimated angular acceleration time histories for similar
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translational pulses, in this case lasting 100 msec., afe shown. The first

case corresponds to the 100 g. half sine pulse discussed above, while the

other corresponds to a signal which would produce a 100 rad/sec2 estimdte 1if
there were mo error build up. 1In both these cases the angular velocity terms
are sufficiéntly large éfter the 100 mse¢. pulse has ended to produce
significant erroneous angular acceleration estimates. The angular

acceleration estimates oscillate after the signal has ended and in eaé¢h case

~ the peak is slightly larger after each oscillation.
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5.0 - Initialization and Calibration of Measurement System

Once the transducer package has been assembled, the signals from each of
the transducers are combined algebraically either through electronics
contained in the‘package or through computer operations to provide six output
variables VRy, VRy, VRz, Ve, Vd)y, and Vw,, where the quantities, VR, VRy,
and VR, are estimates of the translational components of acceleration Ry, Ry,
and R; and the quantities Vd)x, thy, and Vu'}z are from the nine independent
accelerometer package estimates of the angular accelerations Wy » &y; and W, .
For the six accelerometer package the VLL'x, V(by, and Vi), are estimates of the
quantities (Qx + wy*wz), (@y - Wg*wy), and (w, + @x*&y). For the nine
accelerometer, coplanar configuration the V&x, de, and Vﬁz are estimates of
(uy - dy*“é): (dy + wy*ay), and (w,). In all cases the errors in the

estimates are of the form:

) 5 w2 A-108
E = Cp + Cywy + Cowy + Cawg + Cquy” + Cswy” + Co*z

+ Cyug*uy + Cguy*wz + Cowywz + C1oRx + Ci1Ry

+ C12R;

The relationship between these coefficients and the Individual transducer and

transducer location errors are given in section 3 and Appendices A and B.
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To the degree that these coefficients are constant and invariant with time,
the values of these coefficients can'be determined by laboratory calibration
using vibration test equiphent to produce the translational accelerations and
turntables, to produce angular velocities. Once the coefficients are known

One is to examine

several options are available for improving the estimate.
the relationship between the transducer errors, locatlon errors and the
éoefficients to correct accelerometer sensitivities and distances. A second
is to use the estimataes of the angﬁlar velocities and accelerations to correct
the output computation.‘ A third would be to use the coefflicients measured in
the laboratory to algebraically solve for improved estimates in terms of
combinations of VRy, VRy, VR, de, de, and Vdﬁ. The relative benefits of
these approaches depends on the size of the error coefficients and the

particular mechanizations used te combine the signals.

Since the accelerometef errors may drift with time it would be desirable to
caliBrate the inétrumentation package as near to the test as possible. Most
tests do provide some level of redundant information, through photogfaphic
coverage or the use of redundant accelerometers. Improved estimates of the
error coefficients and the accéierations can be achieved with the use of the
independent knowledge of the states, such as the position, velocity and
acceleration immediately before aﬁd after the test. Through more
SOphisticated techniques, use of average accelerations estimated from
velocity changes combined with an understanding éf the mechanics of the impact

could be applied to further improve the estimates.
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If the angular velocities must be obtained by integration of the estimated
accelerations, significant error reductions could be achieved by delaying the
start of the integration until the start of the impact event, possibly using

an acceleration threshold to indicate the start of the integratiom.

Prior to exploring the above techniques in more detail it would be desirable

to have a more complete definition of the scenarios for application of the

measurements and the calibration test data for typlcal transducer packages.
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APPENDIX Al

DERIVATION OF EQUATIONS FOR ESTIMATED ANGULAR ACCELERATIONS

FOR NINE ACCELEROMETER, NON-COPLANAR CONFIGURATION

In this Appendik, the estimated angular accelerations are derived in
terms of accelerometer location error & and accelerometer output error €
Figure Al-1 shows the fixed coordinate system Ixyz with unit vectors Eji; and
the moving coordinate system Oﬁfg with unit vectors djfigt3z. Point P is an
arbitrary point representing the transducers. The components of phe position

vector R of the moving coordinates Oxyz are,

R=2XiI+Yj] +2k (Al-1)

= xoﬁl + Yoaz + 2053 (Al-2)

resolved in the direction of the fixed and moving coordinate axis
respectively. Similarly, the components of the position vector T of point P

relative to the fixed coordinates are,

T =xI+y]+zk | (Al-3)
= XgU] + YoUp + Zou3 (81-4)
and the components of the position vector 0 of point P with respect to the

moving coordinates are,
~ ~

p = xu] + yus + zuj (A1-5)
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FIGURE Al-1. COORDINATE SYSTEM FOR NON-COPLANAR ACCELEROMETER
CONFIGURATION '
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The angular velocity vector w 1is expressed in wvelocity
components ¢, O , and V¥ as follows:
Wao o Pia 854 Yy | (AL-6)
@ - ¢0u1 + eouz + ¥ ou3 (Al-7)

To express the three angular accelerations of a rigid body in terms of
the linear accelerations without the angular velocity product terms appearing
in the equation, it 1s necessary to have nine independent linear acceleration
measurements. For a nine-accelerometer technique, a set of three
accelerometers is located at the origin O which measures the three orthogonal
directions {io,§o,;o), two accelerometers are located on the ;-axis at

position 1 which measures in the y and z directions (yl,il), two on the fFast

at position 2 (ig,zz), and two on the z-axis at position 3 ik3,}3).

The angular accelerations can be obtained from the general kinematic

equation of relative motion for the absolute acceleration of point P,
F=R+ P+ (W XP)+ WX(WXP)Y+ (2WXKP) (A1-8)

The components of the acceleration vector r and relative position wvector

P at each of the accelerometer locations are:
Fo = XgU] + VoUp + Zoua Do =20 (A1-9)
r1 = y1up + z1u3 Py = Au (A1-10)
Fy = xpU] + zpu3 Py = Buy (A1-11)
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f3 = %3] + y30p | 63 =03us (A1-12)

(Note that X°=xo ] yO=Y0 ’ ZO=ZO)

Since there are no relative motions between the accelerometers and the moving

coordinate, B =0, P =0, and Equation Al-8 reduces to,
FaR+(WXP)+ WX(WXD) (Al-13)

By substituting the vectors in terms of their components inte the kinematic

equation (Equation Al-13) and solving for the angular velocities yields the

following:
b0 = (52 - Zo)/202 - (§3 - Y0)/20 3 (Al-14)
Bo= (X3 - X5)/203 - (21 - Z5)/201 (A1-15)
Vo= (V1 - Yo)/2p1 - (x2 - X0)/2P 3 (A1-16)

If perfect transducers were located at precisely the specified

locations, the angular acceleration estimates would be exactly obtained from:

M= (Qz - Q0z)/207 - (Qoy - Qoy)/203 (81-17)
Q0= (Q3x - Qx)/2°3 - (Quz - Qz)/2°1 (A1-18)
- (Quy - Qoy)/2P1 - (Qox - Qox)/2% (Al-19)
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where Qjy, and Qj, are the cutput signals of the accelerometers. However,
errors in the indicated accelerations come about as # result of errors in
locating the accelerometers and inability to locate multiple aecelerometers
at the same point in space, as well as instrument imperfections which result
in bias errors, cross axis sensitivities, and in some cases acceleration
squared sensitivities. The following paragraphs relate the output signals and
angular acceleration estimates to the actual translational and rotational
motions of the rigid body to provide an estimate of errors that can be

expected in the measuremen: of angular acceleration.

To provide an estimate of the angular acceleration from measured output

|
signals, functions are derived that relate the output sipnal in terms of the
actual rotational variables and error parameters. Two socurces of errors can

be identified in a measurement: accelerometer location error ¢ ijk. and

accelerometer output error € jjk, Where,

i: accelerometer locations (0,1,2,3)
j: accelerometer measurement directions (x,y,z)
k: error directions (1,2,3 corresponding to x,y,z)

€ ijo - bilas error
( 61x2 is the location error at position 1, for an accelerometer measuring

the acceleration in the x-direction, whose location error is displaced in the

y-direction)
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Due to uncertainties in accelerometer locatlon, each accelerometer can

deviate from its nominal location ¢ by a location error § The position

vectors E'ij of each accelerometer at the ith position in the j-direction

are:
Tix = 0g0f + Oiy1up + S1xoup + Syy3uz (1=0,2,3) (A1-20)
aiy - 01:11 + S1y1v + 513:2‘—‘2 + Sqy3u3 (1=0,1,3) 0 (al-2n
Gz = pivi + §1z191 + 6122%2 + Sgp3u3 (1-0,1,2) (a1-22)

(at i=0, P,4=0)

In an actual accelerometer, the output signal Q 1is sensitive to the
acceleration in directions other than the direction it’s intended to measure.
Therefore, each accelerometer contains an acceleration component in all three
directions (x,y,z) that influences the output signal. The output signal

Qij at the iﬁh position in the j-direction are:

Qjx = X ix + Eix0 * EixlXix + Eix2¥ix * Fix3Zix  (i=0,2,3) (A1-23)
Qiy = Yiy + eiy0o + e€iylXiy + E1yo¥iy + €iy3ziy  (1=0,1,3) (A1-24)
Qiz = Ziz + €iz0 + €iz1Xiz + E€§z2Viz + E133212 (i=0,2,3) (A1-25)

Since it’s the angular acceleration that’s of interest, the output
sighal Q in Equatioms Al-23, Al-24, Al-25 must be expressed in terms of
rotatioﬁal variables. From Equation Al-13, the equation of relative motion
is,

r=R+(0Xg)+ ©X( @Xq) | (A1-26)
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. The components of acceleration in the x, y, and z directions for the

acceleration vectors T ij of the ith position in the j-direction are:

Tix = X §gU] + ¥ {xuo + Z jxu3 - (i=0,2,3) ~(Al-27])
Tiy = X jyu] + ¥ jyup + Z jyl3 (i=0,1,3) (A1-28)
Tiy = X jzU1 + ¥ joup + 2 j5U3 (i=0,1,2) (A1-29)

Substituting Equations Al1-20, Al-21, Al-22 and Al-27, AL-28, Al-29 into
Al-26, the linear acceleration components %, y, 2z, for all the
accelerometers can be expressed in terms of the angular variables ¢ , g ,

and lli’ and the location error §:

. XJ.J = f(xo’ 60. Yo éon 1;'ox 6ijk) (A1-30)
¥ij = £(¥o, por Yo, dor Yoo S1jk) (a1-31)
21§ = £(Zo, $gs Yo dor Bor Sijk) : (A1-32)

By substituting Equations Al-30, Al-31, Al-32 into Equations Al-23, Al-24,
Al1-25, the output signal Q can be expressed in terms of the rotational
variables and error parameters. The estimated angular

accelerations Q¢ ,Stg , and fly can then be evaluated from Equations Al-17,

Al-18, Al-19 as follows:

24 = (Qaz - Qz)/2P2 - (Qy - Qy)/203 (A1-33)
Ry = (Qax - QWx)/2P3 - (Q1z - Qoz)/2 ey (A1-34)
Q‘i’ = (Qly - QOy)/z Py - (Q2x - QOx)/z P2 (A1-35)
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Table Al-2

Angular Error Coefficients
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e 3 1
®1y1%1y3 ~ %oy1%0y3  C2x3f2x1 T Sox3oxa
2pl 2p2
L J2a12x3 ~ Soxa®oxs
2p2
6, . - & S, . = &
1 1y1 ~ oyl . “2x2 T ‘ox2
C3 - 2 (ElyZ + Ele) + 20 + 2p
1 2
_ %1y2%1y1 ~ Soy2°0y1 . %1y1%1y2 ~ S0y1%0y2
2p1 Zpl
. S2x2%2x1 ~ Pox2fox1  C2x1%2x2 T Cox10x2
202 2p2
S S1y2 ~ %oy2  %1y2%1y2 T Coy2%0y2
4 2 2x2 Zpl 2p1
_ S1y3°1y3 ~ Coy3%oy3 | C2x2%2x2 ~ °ox2%0x2
2y 20,
. 87%3%2x3 ~ Sox3%0x3
2p2
1 Sax1 ~ %ox1 S1y1%1y1 T Soy1®0y1
Cs=-3 %51 7 70 - 70
y 2 1
_ 61y3gly3 f,§0¥3€0y3 N 85%152x1 _/50x1€0x1
% 20,

. 8ax3%2x3 ~ S0x3%0x3
2p2
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N =

Lo ooy Sw2-Coy2 Pz " fom
7 (E1g1 2%2 2o 2
1 2
1y1%191 = Poy1f0y1 | C1y2f1y2 T Soy2foy2
Zpl Zpl

Sox1%2x1 ~ Sox1%0x1 N S9x2%2x2 - Sox250x2
2p2 2p

(e ) + -

1y2 =~ “2x1

¢1y2%1y1 ~ Coy2%0y1 .\ $1y1%1y2 ~ Soy1%0y2

2p1 Zpl
%ax%ax1 ~ Poxefox1 P2xafax2  Coxifoxz
292 2p2
1 2x3 7 Sox3 . ®1y3°1y1 ~ Soy3®oy1
2 1y3 292 201
C%1y1%1y3 T Soyifoy3  Cax3faxa T Cox3foxi
2pl 292
_ %2x1%2x3 ~ Cox1%0x3
2p2
) %193 ~ Soy3 . 61y3€1y22_ ®0y3%0y2
"7 Sax3 T 20y °1
N 1y2°1y3 ~ Po0y2%0y3  Cax3fax2 T Cox3ox2
2p1 2p2
" ®2x2%2x3 ~ ®ox2%0x3
292
“1y1 ~ foyl _ “2x1 ~ foxl
201 202
"1y2 " foy2  F2x2 T Cox2
2pl 292

202
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APPENDIX A2

DERIVATION OF EQUATIONS FOR ESTIMATED ANGULAR ACCELERATIONS
FOR NINE ACCELEROMETER, COPLANAR CONFIGURATION

In this appendix, the estimated angular accelerations £for the nine,
coplanar configuration are derived in terms of the accelerometer location and
output errors. The development closely follows the discussion in Appendix Al.

The configuration for the nine accelerometer configuration analyzed is
shown in Figure AZ2-1.

The accelerometer signals can be expressed in terms of the rigid body
motions, without error terms. as:

a2-1

A2-2

AZ-3

AZ-4

A2-5

A2-6

A2-7

AZ-8

A2-9

Eliminating

manipulation or
sense produces:

A2-10

a2-11

AXl = Rx - !g r (mi + wi) + % T (&Z - mxmy)‘
sz = Rx -r (&z —‘wxwy)
Ax3 = RX + ﬁg r (mz + ow ) + %-r (&z - wxwy)
A =Ry +-—§-r (&z + wxmy) + % r (wi + w)
Ay2 f Ry B 4 r (wi + wi)
Ay3 = Ry - zg T (&z + wxmy) +<% r (wi + wi)
Azl = RZ - %g T (éy - wxwz) - % T (&x + w wz)
A, =R +1 (e + 6 ,)
Az3 = RZ +-£% r (&y - mxmz) - %—r (&x + mymz)

the angular velocity squared terms through algebraic
solving for the angular accelerations in & Least squared

o - _xl x3 x2 A v3
zZ or z/j r
¢ +00 = %23 " a1
y X z 3 r



ay,
a A7 %2
22
SN
, N\
/ :r .
/
a ! \ a
Y3 7/ ) \ Yl
1/' r—~"o ~_\
3Ll a, 2 -1 e X
x —— —— ———— —
// 3 al'!l
®23 azf)

FIGURE A2-1. NINE ACCELEROMETER, COPLANAR CONFIGURATION




A?-12 ‘ gfz -0 0 — z2 Zl z3

where Ay] refers to the accelerometer at location 1 measuring in the x
direction.

Using these equations  with the actual error terms, the angular
acceleration estimates may be expressed in terms of the rigid body motions
and transducer location errors. Neglecting terms of second order, the
equations can be written as shown in Tables A2-1 and A2-2.

Assuming that the errors are statistically independent, the standard
deviations of the error coefficients are shown in Table A2-3.

As an example, if we assume ¥ = 4 inches, location errors = 0.0l inches,
sensitivity errors are 5%, and cross axis sensitivity errors are 3%, the
standard deviation of error coefficients in estimating the angular
accelerations are shown in Table A2-4.

A2-3



Table A2-1
Angular Acceleration Fstimates
3-3-3 Configuration

S = +A FAY +AY +AL +A
By, =uy F Ay T AT, AT T Ay

2 2
4mx * ASmy

+Am2+.A
A

ww +Aww +A R +A
6 x Z X

9y ¢z 10

7 8 1 R,

vy, T A 12

R + A
Y

5+ = 4 - B B. o B o B,
Q QQ my+mxmy+0+lwy+2wx+3wz

C2 2 2
+ Blex + BSmy + Bémz + B_/.mxmy + _Bsmxwz

+ Bww + B
Z J

9%y IO‘RX+ R + R

117y 12z

Ny - 0y = wy - wyw; + Co + Crwg + Czwy + Cawg

+ C4mx2 + Cswyz + C'smz2 + Cruywy + Cguywy

+ ngywz + CjoRg + C“Ry + C12R,

A2-4



Table A2-2

Angular Erroxr Coefficients
3-3-3 Configuration

1
or (5510 * Sx30 T 2600 * 73 510 ~ 73 £30)
)
—_— - + - i
12 (Exly €x3y Eylx y ) + (3€ 2y + ¢ 1x + €. 3x + 4¢ 2X)
T Dt e G =8 =28 )

2 /3¢ ylx y x3y 1 x2y
1
= (/3 ¢ -3¢ - he - € - )+ (8 -46..)
12 y3z ylz x2z x3z 1z 2/3r y3z vlz
V3 1 1
15-( 3z Exlz) - Z(Eylz y3z) + 133 (8 1z + x3z 26x22)
1 1
13 (V3 ¢ 3¢ 1y ~ AEXZY - EX3Y - Exly) + S /e (Gyly - 6y3y)
/3 1 1
12 (Exlx - Ex3x) * 4 (e 1x * €y3x) * br (axlx * Gx3x - 26){2){)
/3 1 V3 1
= — + = - —_
12 (€x3x + Exlx) + 4 (Eylx Ey3x) + 2 (Ey3y . Eyly) + 6r (lex + 6x3x
S 26, ) F—— (6 -6 )

HEX 23 vy vy

1 V3
_— - - + = -
12 (Exlx + €x3x + 46x2x + /gieylx /3 ey3x 3 £x1 1 Ex3y 3Ey3y

1 1
T 6r (SXBY + axly - 26x2y) + (6y3x 6ylx)

2¥3r
V3 1
15-(5 3z Exlz) - Z-(E 1z * Ey3 )+ e (28 z lez 5x3z)
%i (s 1 + € 3 + 4e ) + /3 e - V3¢ 3 )y + L (s 35 ~ 8 lz)
xlz x3z z z 0/3y Y32 y
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W

W=

W= W N\ =

W |

(2,20 = €210 ~ €230°

(Zez2z T _]2-_ 21z ~ % 8232) * ?}_r (252237

(6., =€) +m (5, +5 . =26

zlz z3z 3r zlx x3x x2X

(=2¢ 2x %Ezlx- % E:23:{ + g Ez].y * _';i
(262237 + % E;zly + % Ez3y) + 31? (2 l5222
(- g “z1x + g Ez?’x)
(- ? 21x + g ©23x + 4e22y * Ezly
(-ZEZZX - % “zlx % 23x + ? 21y~ _1/25
(, _‘/ZE €21z ~ g Ez3z) + 3_11:‘- (_2622}{ * axlz‘
(25222 +% szlz _.% €z3z) + % (2‘62237 -
(2€22x T fu1x T 623;:)

(ZEZZy - Ezly - E;z3y)

(2e 22z “zlz Ez3z)
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Table A2-3
Standard Deviations
of Error Coefficients

g =-£§ o(e )
AQ 3¢ 0
4 2 3
¢ = ‘\/U ;) + 7o &) + o (8)
Aq 2 144 el
2
4\/0 (62) 02 (5)
o, = 3 + 5
A2 6T
2
_ o (82) O2 (5)
g = +
As 6 6r2
2 2,
5 = g (El) + o 92) N 02 (8)
Ay 24 8 o2
2 2
o o (el) c (52) 02 )
= +—3 + >
As 24 61
2 2
Ag 12 8 3r°
2 2
. ) _\J/[27 o (el) . g (62) . 02 (8)
Ay 145 12 3
2
g (52) 02 )
g = g +
AB br
2
o (5 2 (g)
g, = 3 + >
A9 61
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g = +

AlO 6T 6r2
. _ o (;1) Lo (62)
A1 br° br’

12 b br
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o (5 5 ¢% (s
. 3r2
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o (5} 5 2 )
3 .
3£16__ g (Ez)
/6
Ir O(82)
3
3 9 (5)
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Table A2-4. EXAMPLE CALCULATION OF ERROR COEFFICIENTS

R = 4 inches S = 0.01 inches
£€p = lg €1 = 5% of signal €5 = 3% of signal

55.7 rad/sec? Bg 78.8 Cg = 78.8

2.348 &, B, = 3.54 c] = 3.54

1.23% By - 2.05% C; —- 2.05%
1.23% By = 2.45% Cy = 2.43%
1.48% By = 1.24% C, = 2.13%
1.48% Bs — 2.12% Cs — 1.22%
1.80% Bg = 2.13% Cg = 2.46%
2.17% B; - 2.45% G; = 2.45%
1.23% Bg = 3.54% Cg = 2.05%
1.23% Bg = 2.05% Cg = 3.54%
0.60% Bip = 0.61% Cig = 0.61%
0.60% Bi1 = 0.61% Ci11 = 0.61%
0.60% Byp = 1.02% Clp = 1.02%
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APPENDIX A3

DERIVATION OF EQUATIONS FOR ESTIMATED TRANSLATTONAL
ACCELERATIONS FOR NINE ACCELEROMETER NON-COPLANAR CONFIGURATION

In this appendix the estimated translational accelerations for the nine
accelerometer, non-coplanar configuration are derived in terms of the
accelerometer locations and output errors. The development closely follows
the discussions of the previous appendices.

The translational accelerations, without errors terms, are simply the
accelerometer signals at the origin or:

Ry = Ax1
R = A

¥ vl
Ry = Az

Using these equations with the actual error terms the translational
acceleration estimates may be expressed in terms of the rigid body motions
and transducer location errors. Neglecting terms of second order, the
equations can be written as shown in Table A3-1 and the error coefficients are
given in Table A3-2.

A3-1



Table A3-1
Translational Acceleration Estimates

3-2-2-2 Configuration

- . . . 2
=X +A + + + AL+
T T

+ A mz + A

2
5y 6wz + A ww +A wxwz

1xy 8

. Co
+agu o+ Ay Ky + AT Al 52,

b L] . . 2
= + + + +
QOy YO 7 B0 Blwx + BzwY B3mz Bamx

2 2
+
+ Bswy + Bémz + B7wxwy B wxwz

8

+ ngywz + BlOXO + BllYO + 31220

. . . . 2
= + G+ + +
QOZ . ZO C0 Clmx szy + C3mz Cawx

2 2
+
+ C5wy + C6wz + CTmey Cswxmz

o+ X + .{'4- z
TCe4, * Cio¥o * 1170 t C12%




Table A3-2
Translational Error Coefficients

3-2-2-2 Configuration

AO - erO

s - -k -
1 80x3%0x2 T Y0x2%0x3

A, = 8543 T Spx3%0x1 ~ Sox1%0x3

By = = o0 7 S0x2%0x1 * Sox1f0x2
Ay = = Soxo®ox2 ~ Soxafoxa

Ag = = 851 " Sox1%0x1 T Pox30x3
A = = St ™ Sox10x1 T Cox2%0x2
87 = 80,2 * Soxa®ox1 T Pox1®0x2

A =6

5
s = Sox3 ¥ Sox3®ox1 T “ox1%0x3

g = Soxa%0x2 T Sox2%0x3

A = E

10 0ox1l
A1 T Fox2
A12 = Fox3
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11

12

®ov0

oy3 ~ Soy3oy2 T Soy2%0y3

= S9y3%0yr ~ Soy1%0y3

=~ Soy2%0y1 T 0y1 t Soy1%0y2

8 - -
oy2 ~ Soy2%0v2 T Soy3oy3

= Soy1%y1 T Soy3toys
Soy1%0y1 ~ Coy2 T Soy2foy2

$0y1%0y2

Soy2%0y1 t %0y1 *
Soy3%0y1 T Soy10y3
%093 T Soyafoy2 * S0y2%0y3
- oyl
=g

Oy2

0v3
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0~ %020
€1 = = 8023%022 T 022 * %022%023
€y = %023%021 ~ %021 T %021%023
Cy = = 80,2521 T %021%022
4 =~ %022%22 7 %0237 %023%023
Cs = = 9021%21 ~ %023 7 %023%023
Co = ~ 9021%21 ~ %022%022
C

7 = %022%0z1 T %021%022

= +
C é 8 21 §

8 = %02z3%:z1 * % 0215023

o = 8023%022 * %022 T %022%023
“10 = %021
“11 = €022
Ci2 = %023
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APPENDIX A4

DERIVATION OF EQUATIONS FOR ESTIMATED TRANSIATIONAL ACCELERATIONS
FOR NINE ACCELEROMETER COPLANAR CONFIGURATION

In this appendix, the estimated translational accelerations for the nine

acceleroneter, coplanar configuration are derived in terms of the
accelerometer location and output errors. The development closely follows
the discussions of appendices Al and A2. Algebraically manipulating the
accelerometer signal as presented in appendix A2, the translational

accelerations can be written, without errors terms,

as: Ry = Ayl + Ayn + Ay3
3

Ry = Ayl + Ayy + Ay3
3

Rz = Azl + Az + Az3
3

Using these equations with the actual error terms the translational
acceleration estimates may be expressed in terms of the rigid body motions
and transducer location errors. Neglecting terms of second order the
equation can be written as shown in Table A4-1 and the error coefficients are

given in Table A4-2.
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Table A4-1

Translational Acceleration Estimates

Q

x

Oz

3-3-3 Configuration

X +A +tAs +Ao +Ao +A
X 27y . 37z 4 x

0 0 1

2 2
+ +
+ ASwy + Aéwz A7wxwy Agwxwz

+
+ Agwymz AlOXO + AllYO + A1220

Y +B +Bw +B.w +8B &z + B wi

C 0 1'x 27y 3 4

2 2
+ Bswy + B6mz + Bmewy + Bsmxmz

. . ST
Bougw, T Bio¥s + B11¥0 * Bioo

b . . . 2
Z0 + C0 + Clmx + Czwy + C3wz + Céwx

+ C wz + C mz + Cww +C.wuw
57y 6 2z I'xy X Z

8

+ Cgmymz + ClOXO + CllYO + CIZZO

AL=2



Table A4-2

Translational Error Coefficients

3-3-3 Configuration

.
Ay = 3¢ )

0 €150 T Fox0 T ®3x0

A 3

__1
177 30038102 ¥ 92x3%2x2 T ¥3x3%3x2

1
+ 300 0513 T 92,0%0x3 F 83x2%3x3)

2 307 1x3 2x3 + 63}(3)

1
308,385 ¥ %okl T C3x3%3x1)

- Eﬁg( _ )
6 ‘F1x3 ~ “3x3

1
= 3015103 * 2515053 T S3x153x3”

A, = - =(8 + 8 + 3§
X

1
3080811 F O9x2%051 T 9330531

a/3

5 (C1x2 T E3x2)

1
= +
30015122 T 0221522 T $3x1%3x2)

AL=3



-1

1
3O k%12 ¥ 22222 ¥ S3x23x2
3063513 T $2x3%2x3 F 93x3%3x3”
L .+ +5. )

3 7 1x1l 2x1 3xl

avi

5 C1x1  f3x1’
Lo el S e 48 el )
3V 1x171x1 2x1 7" 2x1 3x173x1
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33003 €0 ¥ g0 T3 Egx0)
Les + 8 + 6 )

-3V 1x2%1%2 2x2%2x2 3x2%3x2

Ab=b



10

11

12

(s + § + 4, )

3 1x2 2%2 %2

1 1 1

38 (0580 T ey 77T E3x1)
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a3
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1
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1
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1
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™
S
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APPENDIX B

SIMULATION AND CALIBRATION OF NINE-ACCELEROMETER

PACKAGE (NAP) FCR ANTHROPOMORPHIC DUMMIES
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1. INTRODUCTION

1.1 BACKGROUND

In support of NHTSA requirements to expand the data base of
biomechanical information available for wuse 1in automotive safety
assessment, a project to measure human and dummy head acceleration 1is
being conducted., Instrumentation for the measurement of both linear and
angular acceleration will be developed for this purpose. The accurate
measurement of angular acceleration 1s particularly difficult to
achieve. Currently, the most commonly used technique consists of an
array of nine linear accelerometers. This technique is discussed in
detail in References | and 2. Reference | describes a system which
places the accelercometers in a 3-2-2-2 configuration, while Reference 2
discusses a 3-3-3 configuration. The 3-2-2-2 arrangement, shown in
Figure 1.1, has been found to be more reliable than the 3-3-3

configuration {n most cases.

The work discussed in this report deals with twoc specific issues

related to a 3-2-2-2 configuration Nine Accelerometer Package (NAP):

1, Develop a computer program which can be used to perform error

gensitivicty analyses for the package.

2., Develop a test procedure for determining the error

coefficients of the package and calibrating it.

The equations required to perform either task were already derived

by TSC and available in Reference 3.

This work was performed by Arthur D. Little under TID No. 16,
contract DTRS-57-80-C-00132.
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- —— 2 Accelerometers
(Location 3)

3 Accelerometers

(Loca;ion 0) \,

2 Accelerometers 2 Accelerometers
(Location 2) (Location 1)

Source: Endevco

FIGURE 1-1. THE 3-2-2-2 CONFIGURATION OF THE NAP



1.2 ORGANIZATION OF THE REPORT

Chapter 2 describes a computer program developed to help determine
what accelerometer system parameters and characteristics are most
important in determining the angular acceleration measurement errors,
and what tolerance in these parameters and characteristics are required
to achieve specified accuracies 1in the measurement of angular
accelerations. This chapter also provides instructions to potential

users of the computer program.

Chapter 3 describes a methodology which can be used to calibrate
the package and derive all error coefficients. The emphasis here is on
obtaining system error coefficients rather than errors and performance
characteristics associated with individual accelerometers 1in the

package.

- Chapter 4 provides a summary and recommendations. Appendix B-1

includes a listing of computer programs.
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2. COMPUTER MODEL OF 3-2-2-2 CONFIGURATION

2.1 SET OF EQUATIONS

In order to perform an error sensitivity analysis of the NAP, we
need equations which relate the actual accelerations and error
coefficients tc measured accelerations. These equations have been
derived by TSC and reported in Reference 3. Figure 2.l provides a

summary of the equations. In these equations:

&x, éy, w,, are actual angular accelerations,

W s my,‘wz, are actual angular velocities
X, 'V, 2 , are actual linear accelerations
AAC...AAl2, are error coefficients

BAO. ..BAl2

CA0...CAl2

ALO...AL12

BLO...BL12

CLo...CL12

+x’ YY *z are measured angular accelerations
. L1 b4 -t
X, Y, and Z are measured linear accelerations

Here x, v, z are three axes fixed to the NAP. The relationships
between the error coefficients and errors of the ({ndividual
accelerometers in the package are provided in Figure 2.2. The details

of how these equations were derived can be found in Reference 3.

2.2 COMPUTER PROGRAM STRUCTURE

The computer program essentially takes the error Ferms (6ijk and
Eijk) plus user selected actual accelerations as inputs and calculates
measured accelerations. This way the effects of each error term on
measurement errors can be studied, and a sensitivity analysis can be

performed.
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. 2 5 aaA 2 a 2

,AAA “x + AAS uy + AA6 w,
AA?'wxmy + AAB mxwz + AA9 mez

AALD X + AALL y * AAL2 2 | ceea (D)

+ BAO + BAl'&¥ + BA2 my + BA W
BA4 w % + BAS v ? + BAG w 2
X y z

F4

y 2
BA1D X + BAlLl y + BAl2 % cane (2)

# CAO + CAl 0 + CA2 @ + CA3 w
X y z

CA4 w % + CAS w 2 + cabw ?
X y z

CA7 ww + CAB w w + CAY w w
Xy ® 2 vy z

‘CALO X + CAll y + Cal2 2 veee )

+ ALO + ALL w + ALZ & + AL3 o
X y z
ALS w 2+ ALS w % + AL w 2
X y z

AL7 ww + ALRB ww + AL w w
Xy X z y z

ALIO %X + ALI1 ¥ + AL12 'z caee (4)

+ BLO + BLl ¥ + BL2Z w + BL3 &
x Y z

BL4 @ 2 + BL5 w ? + BL6 w 2
X y z

BL7 w w 4+ BL8 ww + BLY w w
Xy % 2 y 2

BLI0 X + BLLl y + BL12 2 e (9D

4 CLO + CLt & + CL?2 o + €L3 W
x v 2

CL4 w 2+ CLS w % + CL6 w 2
X Y 4

CL7 ww + (LB ww + CLY w w
Xy X 2z y 2z

CLIO % + CLIL v + CL12 2 cee. (8)

FIGURE 2-1, SET OF EQUATIONS FOR CONVERTING ACTUAL ACCELERATIONS TO
MEASURED ACCELERATIONS
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EIJK

STJK

AAQ=(E230~-EQ30-EJ20+E020) 7/ (2#R)
AA1=(E233+E322) /2+(5232-5032+5323-5023) 7/ (2#R)
AA2=~E321/2+((5231-8031)/(2#R))
AA3=-E231/2-((S321-5021)/(2#R))
AA4=(E3Q3~E232) /2+ ( (S322-8022+5033-5233) / (2=#R) )
AAS=E323/2+(5033-5233)/ (2#R)
AAL=—ER32/2+(5322-5022) / (2*R)
AA7=E231/2+(5021-8321)/(2%R}
AAB=—-E321/2+(5231~S031)/(2%R)
AA9=(E233-E322) /2+ (5232-5032-8S323+5023)/(2=R)
AA10=(E231-E031-E321+E021)/(2#R) '
AALLI=(ERQ32-EN32-E322+EQ22) / (24R)
AA12=(E233-EQ33-E323+E023) 7/ (2#R)

BAQ=(E310-E010-E130+E030)/ (2#R)
BA1=EJ12/2+(8032-5132)/(2#R)
BA2=(E311+E133)/2+(S313-5013+5131~-8031)/(2*R)
BA3=-E132/2+(5012-5312)/(2#*R)
BA4=-E313/2+(5133-5033)/(2*R)
BAS=(E131-£313)/2+(S011-S311+5133-5033)/(2#R)
BA&=E131/2+(5011-5311)/(2#R)
BA7=-E132/2+(5312-5012) /(2#*R)
BAB=a(E311-E133)/2+(5313-5013-5131+8031)/(2#R)
BA9=E312/2+(5032-6132) 7/ (2%R)
BAlO=(E311-E011-E1314E031)/(2#R)
BA11=(E312-E012-E132+E032)/(2+R)
BA12=(E313-EQ013-E133+E033)/(2#R)

CAO=(E120-EQ10-E210+E010)/(2#R)
CA1=-E213/2+(5023-8123)/(2#R)
CAR=-E123/2+(S013-8213) /(2#*R)
CA3=(E122+E211)/2+(5121-5021+5212-5012)/ (2#R)
CA4=E212/2+(S022-S122)/(2#R)
CAaD=-E121/2+(5211-5011)/(2+R)
CAL=(E212-E121)/2+(5022-5122+5211-S011)/(2#R)
CA7=(E122-E211)/2+(5121-S021-5212+48012)/ (2#R)
CAB=E123/2+{(5013-5213)/ (2=R)
CAR=-E213/2+{5123-5023) 7/ (2#R)
CA10=(E121-E021-E211+E011)/(2#R)
CAll=(E122-EQ022-E212+E012)/(2+R)

CA12=(E123-E023~-E213+E013) /(2*R)

Eijk which is error type k (0 - bias plus noise, 1 =
uncertainty in scale factor, 2,3 = cross axlis
sensicivity) for accelerometer measuring in the
i direction (l=x, 2=y, 3=2) situated at location i

(see Figure 1.1).

Gi'k which is location error in k direction for accelerometer
]
measuring in j direction situated at location 1.

FIGURE 2-2. ERROR COEFFICIENT EQUATIONS
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ALC=EQ10O
AL1=~5013#E012+8012=E013
AL2=5013+50132#E011-S01 1#EQL3
AL3=-5012-S0124EC11+S01 1#EQ1R

- AL4=-5012#E012-S013%#E013

ALS5=-S011-S011#E01{-8013%#E0Di3
AL&=-S011-S011%EQ11-8S0124E012

AL7=8012+5012%E011+5011#E012
ALB=S013+S013#E011+5S011#EQ13
AL9=80134#E012+8012#E0L3
AL10=EQ11

.. ALLLI=EO12 .

AL12=E013

BLO=E0R20
BL1=-5023-S023+E022+5022+E023
BL2=S023#E021-S021#E£023
BL3=-S022#E021+5021+50212E022
BL4=-5022-S0222E022-S0238£023
BL5=-~50212E021-8023+E023
BL&=-50210E021-S022-50225E022
BL7=5022#E021+-5021+S021#E022
BLO=S0232E021+5021 #E£023
BL9=5023+5023¢E022+5022+E023
BL 10=E021

BL11=E022

BL12=E023

CLO=EO30
CL1=-S033#E032+S8032+5032wE033
CL2=S033#E031-5031~50312EQ33
CL3=-8B032+E031+8031+EQ32
CL&=~-5032#E032-8033-8033«=EC33
CL5=-50314ED31~-8033-8033¢#E033
CL6=-5031»E021-5032+E032
CL7=8032#E0C31+SC31+E032
CLB=S033+*E031+5031+S031 #EQI3
CL9=5033#»E032+5032+58032+£033
CL1C=E031

CLi1i=EO032

CL12=EQ33

FIGURE 2-2, ERROR COEFFICIENT EQUATIONS (cont.)




There are a couple of iséﬁes which add complexities to this simple

program,

] Usually, angular velocities are not provided as inputs, yet
they are required to calculate measured accelerationa. Thus
an algorithm which can integrate angular accelerations is
required.

® The program should have an option of accepting acceleration

values either in the form of analytical expressions or in the
form of experimental data provided as series of acceleration
measurements at definite time intervals. Since the time
interval of input values, in the second case, may not coincide
with the time step ideally suited for the integration routine,

we have to incorporate an interpolation scheme,

The structure of the computer program is shown in Figure 2.3. Aas
can be seen, the user supplies error terms, time step, initial time,
final time, and actual acceleration values. If the accelerations are in

analytical form, equations of type:

Acceleration 1 = f1 {time), and

Acceleration 2 = f2 (time),

are needed. If they are in a time series form, as what experimentally
obtained accelerations are likély to be, then the fbllowing type of

arrays are needed:

Time acceleration 1 acceleration 2

B-$



INPUT

Error Terms

1k, Ciik

Time Step, Initial Time
. Final Time

Tl Actual Accelerations

Analytical?

y

Error Coefficienc
Equations
Yes (Figure 2.2)

Interpolation
| Routine

‘ AAOD. ., .etc.
Integration
Routine

{Time Step .
| w, l

Set of Equations
(Figure 2.1)

e ‘ Measured Accelerations

; , | output

FIGURE 2-3. STRUCTURE ‘OF'_THE COMPUTER PROGRAM



The . integration routine (a fourth order Runge-Kutta routine)
1ntegrates;the angular acceleration terms to produce angular velocities,
The error coefficients are calculated from the error terms using
equations given in Figure 2.2. Then, using the set of equations showm
in Figure 2.1, we calculate measured accelerastions and print them as

output,

The actual acceleration values are obtained at everv time step,
either from the analytical expression or through interpolation of values
provided in the array format. The ﬁrocess of integration, calculating
the measured accelerations and‘pfinting them is also repeated at every

time step until the user-specified final time value is reached.

2.3 INPUT FORMAT

A listing of the program is given 1in Appendix B, This program

needs several inputs from the user:
. Error terms Gijk’ Eijk

These are to be provided in the following format:

¢ So13°

010* So11* ®o12* 013" So11’ %o12°
50201 e

030°

E120’ s ea

130°

€210 ¢

5230, S

€310° "

€320, .

) Value R, which-represeﬂts distance of lccations, 1, 2 and 3

from location O.
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o Input Index, IX, which hould be et to =zero 3if <the
acceleration terms are analytical, and to one, if they meed to

be interpolated.

? Time values: Initial time (STIME), time :step (DTIME), Final
‘time (FTIME)-

. All these -valueﬁ are read by the main program. The information on
.actual accelerations 1s obtained by subroutine STEQU (see Appendix B) or
by subroutine EXTRAP, dependi:-xg on whether the ‘accelerations are
» .analytical in form or provided as time series. If they are ‘in
analryti'cal form, the expression has ‘to be provided wnder -‘é'qment

"Analytical Inputs" in subroutine STEQU.
An example of such an expression 1is:
‘-u'nx = 5 Sin 3t, which becomes _ 7 ‘ .
WDOTX = 5.0 * 'SIN (3.0 * TIME) » .
In the other case, IN equals the number of data points in the time

serfes. The series 1tself 1s of the format:

. bl ‘ LR o' . N "
Time, X 5 ¥ 5 2, W _, 0 4 W
. s Y s » W 'y s Wy

2.4 ‘OUTPUT FORMAT

The output of ‘the program 1s a wprintout of ‘time, ‘the -actual
accelerations (% » ¥ , Z, fc'n‘_x., ‘Eu_y;. aﬁ:_z-)., fhe actual angular velocities
‘('wx;. mey1, -c‘u‘zv), ‘and 1Fh‘e ‘measured accelerations (X, Y, Z, 'wxi{'v},
-every ‘time &step. By -comparing the -actual accelerations with ‘the

‘s 'YZ) at

‘measured ‘Ones, we can ‘estimate the effects of a set of error terms on

NAP ‘output. ' . .



2.5 SUGGESTIONS ON INPUT

There are several points which need to be discussed to facilitate

the use of the program,

The time step has to be judiciously selected. A time step (DTIME
in the program) which is too large will lead to numerical instabilicy,
while one which is too small will cause large numerical errors to
accumulate. In general, the time step should be significantly smaller
than the smallest period of acceleration inputs. Thus, 1if the
acceleraticon inputs incorporate a frequency of 100 Hz, the smallest
period will be 0.0l second and thus the time‘step should be, say, 0.001

second.

It is veryydifficult to handle frequency dependent error terms for
any but the unlikely situation of sinusoidal acceleration 1input.
Presumably, one would need to perform a fast.fourier transform at every
few time steps to determine the dominant frequency in that time span and
then adjust the error terms accordingly. The presence of more thaﬁ one
dominant frequency would, however, make even this method ineffective,
In such a case, there seems to be no clear cut analytical apprecach

avallable.

If an error term 13 dependent on magnitude of acceleration, it
should be defined in the main program, just above the set of equations,
instead of read from a data file. Thus, if €120 is dependent on bx’

then term of the form:



€120 = K mI or

E120 = AK * WDOTX

should be inserted above the set of equations which convert actual
accelerations to measured accelerations. Also, each error coefficient
term which includes E120 should be transferred from its present position
to under this equation for E120, so that it also changes according to

acceleration magnitude.



3. METHODOLOGY FOR DETERMINING ERROR COEFFICIENTS

This section describes a methodology developed to determine the
error coefficients identified in equations (1) through (6) in Figure
2.1.

This methodology 1s somewhat different from that proposed by the
Central Inertial Guidance Test Facility, of the U.S. Air Force which is
discussed in Reference 4. The primary difference is that we treat the
NAP as a package and therefore our methodology produces error
coefficients corresponding to the package and not error terms for each
accelerometer within the package. The methodology discussed in
Reference 4 deals with identifying scale factors, null bilas,
misalignment angle, one-g bias, and temperature sensitivity for each
accelerometer in the NAP. Also, the model used in Reference 4 for
describing the errors in acceleration measurement is different from that

used in Reference 3 on which our methodology is based.

The methodology Incorporates six sets of tests, and requires three

types of equipment:

1. A linear shaker (for sinusoidal linear input).
2. A rotational shaker (for sinusoidal angular input).

3. A turntable (for constant rotational input).
The tests are summarized in Table 3.1 and déscribed in the

following subsection. Some thoughts on fixture design and mounting are

provided in subsection 3.2.
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3.1

DESCRIPTION OF TESTS

Test l: Steady State

(a)

Input to x axis

By placing the NAP with the x axis in the vertical direction,
we can provide X = + g input. All other input terms will be

Zero.

Then from Eqn. (1)

Y, = AAO + AAlIQ g

and by inverting the NAP, X = - g will be applied.
Then,

}x = AAO - AAIO g

We can solve the above equations simultaneously to get AAQ and
AAlD, Similarly, from equations (2), (3), (5), and (6), we
can obtain BAO, BA1O, CAO, CAl0, BLO, BL1O, CLO and CL1O.

To obtain ALO and ALid. we need to solve the following two

equations:

for

X =+

X = ALO + (1 + AL1O) g

for x = -g

X = aLo - (1 + AL10) g.
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() Input to y axis
For input to y axis,y =+ gor ¥ = -g.
Then solving equations (1) through (6), we can get

AAll, BAll, cCAll, ALll, BL1l, and CLIll, plus we can
confirm values of aAO, Ba0O, CAO, ALO, BLO and CLO

obtained above.
(¢} Input to z axis

In a2 similar manner, we can get AAl2, BAl2, CAl2, AL1Z, BL12,

and CL12, plus we can confirm values of AAO...etc.

Note: In the rest of the tests, acceleration due to gravity is
. not taken into account because:

(1) the acceleration input may be much greater than g,
therefore g can be neglected, and
(11) we are not sure of the direction of the input relative to

the g vector.

Here we should note that similar difficulties exist in
Incorporating the g term in the computer program described in
Chapter 2. Here, the direction of g vector with resﬁect to
the NAP axes will generally change as a function of time, as
the package rotates. Thus, we will need to keep track of
rotational positon of the package with respect to the g vector

: and assign components of g to each acceleration measurement
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depending on the position of individual accelerometers. While
this 1s not a very difficult task, it may create unnecessary
complications in the program, which will continue providing

accurate results .as long as the measured accleration levels

are substantially higher than g.

2: Linear Sinusoldal at Different Frequencies

(a)

Input to x axis.

If the NAP is mounted with x axis receiving linear sinusoidal .
inputs, of the form X = A sin wt (the other inputs are .zero),
then, from equation (l):

+x = AAQ + AAIO(A sin wt)

The output, {x,'will be a sinusoidal signal, with an offset of
AAO and amplitude (peak to peak) of 2 AAlO(A). Thus, both AAO
and AAlQ0 can be obtained. This is the same as for Test 1,

except now we can change the frequency, w, and plot AAQO and

AAlD values at different frequencies.

In a similar manner, we can obtain BAO, BAlQ, CAO, CAlO, BLO,

‘BL10, CLO, and CL10, each as function of frequency.

To obtain ALO and AL1Q, we néed to solve :a slightly different

equation:

X = ALO + (1 + ALIO) A sin wt.

Here, the peak to peak aﬁplitude-of the output sine wave will
"be 2(1+AL10)A. This will give a value of ALIO as function -of

frequency.
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(b} Input to y axis

In a similar manner, by providing sinusoidal input to the y
axis, we can get AAll, Ball, Call, ALll, BLll, and CLll, each
as a function of frequency. In additiom, we can confirm

values of AAO...etc,

(¢) Input to z axis
Finally, by mounting the NAP on the z axis, we can get AAl12,
BA12, CAl2, AL12, BL12, and CL12 as functioms of frequency.

Also, values of AAO...etc. can be further confirmed.

Test 3: Constant Angular Velocity with Aligned Axis

(a) 1Input to x axis

By rotafing the NAP mounted along 1its X axis on a turmntable,

we provide it the following input:

mx = consgtant.

All other inputs will be zerc. Then, from equation.(l):

v = AAO + AA4  °.
X X

Since we know all the terms, except AA4, we can find AA4. (If
AAO is not known, test at two different angular velocities and

solve two simultaneous equations.)

Similarly, BA4, CA4, AL4, BL4, and CL4 can be found using
equations (2) through (6).
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(b)

Input to y axis

Similarly, by mounting the NAP along its y axis and rotating
it at a constant angular velocity, we can ‘find AA5, BAS, CAS,
AL5, BL5 and CLS,

(c) Input to z axis
Finélly,‘by rotating the NAP on its z axis, we can find AA6,
BA6, CA6, AL6, BL6, and CLS.

Tegt 4: Sinusoidal Rotation at Different Frequencies

(a) Input to x axis

By rotating the NAP in a sinusoidal manner on its x axis using

a rotational shaker, we provide it two inputs:

n) = 3 sin we.

w = dw cos we.

All other inputs will be zero. Substituting these inputs in

equation (1), we get:

+x = AAQ0 + (l+AAl) aw cos wt + AA4 a2 sin2 wt,
However, sinzmt a 1/2-1/2 cos 2uwt.
So,

{«x = AAO + (1 + AAl) aw cos wt + AAL 32/2-AA5.-(32/2)COS 2ut.

Thus, +x will have three components:
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(b)

Constant blas = AAQ + 32/2
Sinewave at w frequency = (1 + AAl) a w cos wt.

Sinewave at 2w frequency = - AA4(32/2)cos 2ut.

By using simple filtering techniques, it 1s easy to separate
these three components and then obtain values of AA4, AAO, and

. AAl. Then, by varying frequency we can obtain these values at

different frequencies. Since the values of AAO at different
frequencies are already known (from Test 2), this test would
serve to confirm those values. The value of AA4 at :zero
frequency 1s known from Test 3. Thus, the results of this
test will indicate frequency dependence of AA4. The error
coefficient which has not been obtained previously is AAlL.
The value of AAl can be obtained in this test across the
frequency range. The value at zero frequency can however, be
obtained only through extrapolation.

Using equations (2) through (6}, we can get values of BAl,
CAl, ALl, BL1l, and CLl, plus BA&4, CA4, AL4, BL4 and CL4, all
at different frequencies. 1In addition we will be able to

confirm the values of BAO...etc., at different frequencies.
Input to y axis

Similarly, by rotating the NAP in a sinusoidal manner on its y

axls, we provide it with two inputs:

w = a sin wr.

L]
NY = a w cos wt.

Then, using a procedure similar to that described earlier, we
can get values of AA2, BA2, CA2, AL2, BL2, and CL2, plus AAS,
BAS5, CAS5, ALS5, BL5, and CL5. These values can be cbtained for
different frequencies. This test would give vyet another
confirmation to the values of AAO..etc.
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Input to z axis

. Finally, we can obtain values of AA3, BA3, CA3, AL3, BL3 and

Test

CL3, plus, AA6, BA6, CA6, AL6, BL6, and CL6 (for different
frequencies) by rotating the NAP in a sinuscidal manner on its

z axis.

5: Constant Angular Velocity with Misaligned Axis

(a)

Simultaneous Inputs to y and z axis

By mounting the NAP on the turntable, so that the rotation axis is

perpendicular to the NAP's x axis, while making angle &§ with its y axis,

we can provide simultaneous rotation along y and z axes. This is shown

in Figure 3.1, In addition, we should make the rotation axis pass

through the origin of the NAP, otherwise we will need to account for

centripetal acceleration, which will give a non-zero value to X.

(b).

Assuming that the axils does pass through the origin, the two
inputs to the NAP will be:
w = wcos b

Y .
w, = wsin All other inputs will be zero.

Then, from equation (1)},

Yo = AAQ + AAS w2 cos2 § + AAG wz sin2 s
+ AA9 m2 sin & cos §

Knowing, AAO, AAS5, AA6, w, and &, we can then. find AA9.
Similarly, using equations (2) through (6), we can determine

BA9, CA9, AL9, BL9, and CL9.

Simultaneous Inputs to x and z axis
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Fixture

Turntable

. FIGURE 3-1. MOUNTING FOR TESTS 5 AND 6: MISALIGNED AXIS
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Similarly, by mounting the NAP so that the rotation axis 1is
perpendicular to y axis, while making angle § with .z axis, we can obtain
AA8, BAS, CAB, ALB, BL8, and CL8,

(c¢) Simultanecus inputs to x and y axes
Finally, by mounting the NAP so that the rotation axis 1is

perpendicular to z axis while making angle § with x axis, we can measure
AA7, BA7, CA7, AL7, BL7 and CL7.

Test 6: Sinusoidal Rotation with Misaligned Axis at Different
Frequencies *

One final test set needs to be done if we want to determine the
error coefficients found in Test 5, for different frequencies. In this
test, the NAP is to be mounted in a manner similar to that for Test 5,
except, Ilnstead of constant angular velocity, we will provide sinusoidal

rotation using the rotational shaker.
(a) Simultaneous Inputs to y and z axis
The inputs to the NAP will be:

w = a sin wt cos &

y

wz = a sin wt sin §
dy = awcos wt cos §
&i = aw cos wt. sin §

All other inputs will be zero.

The way of analyzing the output signal will be similar to that
discussed under Test &, Ebr.example‘§x will tinclude constant
terms, those at frequency w and those at frequency 2uw..

Without going into details, the 2w signal will be:
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- a2/2 cos 2 wt (AAS c052 § + AA6 sin2 8§ + AA9 sin § cos §),

All the terms in this equation except AA9 are known as
functions of frequency. Thus, the value of AA9 can be
determined. Similarly, using equations (2) through (6), we
can find values of BA9, CAY, AL9, BL9, and CL9, as functioms

of frequency.
(b} Simultaneous Inputs to x and z Axes

Similarly, the values of AA8, BA8, AL8, BL8, and CL8 can be
found as functions of frequency by providing sinusoidal
rotation to the NAP mounted with its rotation axis
perpendicular to the y axis, making angle & with the z axis,

and passing through the origin.
(¢) Simultaneous Inputs to X and y Axes

Finally, the values of AA7, BA7, CA7, AL7, BL7 and CL7 can be
found as functions of frequency by mounting the NAP with its
rotation axis perpendicular to the z axis, making angle 4 with

the x axis, and passing through the origin.

3.2 FIXTURE DESIGN AND MOUNTING

While performing tests outlined in Table 3.1, extreme care will
have to be taken in designing an appropriate fixture and mounting the
MAP on the fixture, otherwise 1t will be impossible to differéntiate
between errors which are inherent in the package being calibrated and

those which are due to inaccuracies in mounting.
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As we understand, a NAP can be procured as a box which can be
mounted inside a dummy's head. Alternatively, the inside surfaces of
the dummy head can be machined to mount nine accelerometers 1in

appropriate locations to create a NAP.

In general, it will be easier to calibrate the NAP which comes as a
separable box than the one created inside a dummy's head and thereby not

separable,

'The NAP of either ‘type will have an origin and three axes
associated with thehpéckage. The linear accelerations we get out of the
package will be referenced to the origin of the package and the anguiar
accelerations will be around the three axes thus defined. Any deviation
of an individual accelerometer from its theoretical locations along one
of the axes will give rise to an error term which will make one or more
terms In the equation set non-zero. Some such errors are bound to be
there since linear accelerometers have a finite volume and thus more
than one accelerometer cannot be placed exactly at the same locationm.
Similarly, any difference between actual and theotecical éngular
positions will give rise to errors. Finally, the errors inherent in
each accelerometer will give rise to errors in the NAP. The calibration
scheme provided-in this report will identify each error coefficient and

provide the basis for corrections of the measurements.

The above discussion provides a framework for understanding the
need for mounting accurately, Effectively, mounting will define an
origin and a set of axes which, 1if the mounting {8 accurate, will
coincide with the package's origin and set of axes. The error
coefficients produced by a calibration test will refer to the set of
axes defined by mounting and nct to those defined by the package. This
is fine, as long as the package need be mounted only once and all tests
can be performed without any changes iﬁ the mounting. In that case, the
output of the package, corrected by the error coefficlents (found from

calibration tests) will give accurate linear and angular accelerationms,
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only they will refer to the axes and origin defined by mounting, and not
those defined by the package. As long as the two axes sets are

reasonably close to each other, this will be acceptable.

The problem arises when the package needs to he mounted more than
one time. In that case a new set of axes may be defined each time it 1is
mounted. The error coefficients obtained then will be inconsistent and
there will be no way of obtaining accurate 1linear and angular
accelerations--not for any set of axes. This is the situation with the
test plan we have proposed. Unfortunately, there 18 only one
recourse--mount the package as accurately as possible so that all the
error coefficients refer to one set of axes, even 1if it does not

coincide exactly with the package-defined set of axes.

For an NAP enclosed in a cube or a rectangular box with accurately
machined sides, it will be possible to design fixtures to mount it on
the test tables. However, 1in case of the package machinéd inside the
dummy's head, and thereby inseparable, it will be extremely difficult to
moﬁnt the head on the tables accurately, unless the head 1s rigidly
.packaged in a cube or rectangular box, or a rigid set of axes is fixed
on the head. Neither option 1s easily implementable. Another advantage
of the separable package 1is: oﬁce it 1is calibrated, it can be used in

different dummies without requiring recalibration.
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4. SUMMARY AND RECOMMENDATIONS

This report discusses two specific issues related to a 3-2-2-2

configuration NAP:

. A computer program which can be used to perform error

gensitivity analyses of the package.

. A test procedure which can be used for determining the error

coefficlents of the package and calibrating it.

The test procedure described requires a linear shaker,'a rotational
shaker, and a turntable. Six sets of tests are required to obtain every
error coefficient. Fewer tests will be needed if the error coefficients

are not frequency dependent.
The principal recommendations for further work are:

. The computer program should be used to determine the effects

of each error term on the measurement errors.

. A procedure to convert measured accelerations to actual
accelerations, knowing error —coefficients, should be
developed. This requires essentially inverting the set of

equations provided in Reference 3 and used in this report.

° Fixtures for mounting the NAP on the test shakers and
turntable have to be designed and fabricated, keeping in mind
the tolerance levels required in positioning the package so

that meaningful values of error coefficients can be derived.
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0001 DIMENSION Y(3), DY(3)
ooca
0003 DIMENSION A(1000),B(1000), C(1000), D(1000}),E(1000), F(1000)
0004 COMMON/STATE/Y
0005 COMMON/DYNM/TIME, DTIME, FTIME, DY, IX, IJ, IL, IN
0006 COMMON/ACCL/RX, RY, RZ, WDOTX, WDOTY, WDOT2
0007 COMMON/EXT/A, B, C. D, E, F
0008
0009 C INPUT FILE
0010 OPEN(UNIT=1,FILE="IN', STATUS='0LD ")
0011 c OUTPUT FILE
0012 OPEN(UNIT=2, FILE="OUTDATA ", STATUS= ‘NEW ‘)
0013
0014 READ(1, #) STIME, DTIME,FTIME:R
0013 WRITE(2:1)
0016 1 FORMAT(1X, ‘STIME: DTIME, FTIME.R ')
0017 WRITE(2, 100) STIME,DTIME, FTIME. R
oo18 WRITE(&, 4)
0019 4 FORMAT(1X. ‘INPUT INDEX ‘', %)
0020 READ(S, #) IX
0021 IF (IX.NE. 1) GO TO 23
oo22 2 WRITE (&6,113)
0023 113 format(lx, 'input number of aobservations ‘%)
0024 read (S, #) in

QOES 23 continue

026 100 FORMAT (1X, 2(F9. 4, 1X))

0027 c
o028 c ERROR TERMS
0029 Cc
0a30 READ(1, #). €010, E011,EQLR, EQ13, 5011, 5012, 8013
0031 READ(1, #) EOR0.E021, EQO22, EQ23, 8021, S022, 8023
0032 READ(1, ») EO030. E031, E0J32, EQJ3, S031, 5032, S033
0033 READ(1,») E120,E121,E122, E123, S121, 8122, 5123
0034 READ(1,#) E130.E131,E132,E133, 8131, §132, 8133
0039 READ(1., ») E210: E211,E212, E213, 8211, 8212, 5213
0034 READ(1, #) E230, E231, E232, E233, 5231, 5232, 5233
0037 READ(1., =) E£310,E311,E312, E313, 8311, 8312, 8313
0038 READ(1, ») EJ20.EJ321.E3d2.E320, 8321, 8322, 80323
0039
0040 WRITE(2,100) EO10,EQ11.EQO12,E013, 8011, S012, 5013
0041 WRITE(2, 100) EQ20. EO0R21., EQ0R22, EOR3, 8021, S022, 8023
0042 WRITE(2, 100) EO30. EQO31, EO32, E033. 5031, 5032, 5033
0043 WRITE(2,100) E120,E121,E122,E123,5121, 8122, 5123
0044 WRITE(2, 100) E130,E131,E132,E£133, 8131, 5132, 8133
0045 "WRITE(2, 100) E210,E211,E212,E213, 5211, 8212, 8213
0044 WRITE(2: 100! E230, ER31, E232: EQ33, 5231, 5232, 8233
0047 WRITE(2, 100) E£310Q.E311, E312,E313, 6311, 5312,8313

0048 WRITE(2, 100) E320, E321, E322, E323, 5321, 8322, 5323
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0049
0080
00351
0052
0053
0054
0039
0056
00S7
0058
0059
00460
00561

o0é&2 .

00&3
0064
0065
0066
0067
0068
0069
Q070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
0081
ooBs2
Q083
o084
0085
0084
o087
cosg
0089
C0%0
0071
co92
0093
0094
0095
009é&
0097
0098
0099
0100
0101
o102
0103

105
101
ic2
103

104

C

c

&

&

WRITE(2: 105}
WRITE(2,101)
WRITE(2, 102)
WRITE(2, 103)
WRITE(2. 104)
FORMAT(1X, * ")
FORMAT(1X., 'TIME ")

FORMAT(1X, * WX Wy CWZ’)
FORMAT(1X, ’* RX RY RZ WDOTX
WwDOoTZ ")

FORMAT(1X, © QDOTX

QROTY QDoTZ GDOTX
GPb0TZ ") :

¢ CALCULATE THE A.B,C VALUES FOR ANGULAR ACCELERATION

AAO=(E230-EQ030-E320+E020) / (2#R)
AA1=(E233+E322) /2+(5232-5032+5323-5023) /7 (2#R)
AA2=-E321/2+((5231-5031)/(2#R}))
AAJ=-E231/2-((5321-5021)/(2%R))
AA4=(E323-E232)/2+( (5322-5022+5033-8233) 7/ (2*R))
AAS=E3R3/2+(5033-5233)/ (24R)
AAL=-ER232/2+(5322-5022)/(2*R)
AA7=E231/2+(5021-5321)/(2*R)
AAB=-E321/2+(5231-5031)/(2%R)

AA9=(E233-E322) /2+(5232-5032-5323+5023) / (2+R)
AA10=(E231-EO031-E321+E021)/ (2#R)
AAL1=(E232-E032-E322+E022) / (2#R)
AA12=(E233-E033-E323+E023) / (2#R)

BAO=(E310-E010-E130+E030)/ (2#R)
BA1=E312/2+(S032-5132)/(2#R)
BA2=(E3114E133)/2+(5313-5013+5131-8031)/(2#R)
BA3=-E132/2+(85012-S312)/(2#R)
BA4=-E313/2+(5133-S033)/ (2*R)
BAS=(E131-E313)/2+(5011-S311+5133-5033) /7 (2*R)
BA&=E131/2+(S011-8311})/(2#R)
BA7=-E132/2+(S312-5S012)7 (2%R) _
BAB=(E311-E133)/2+(S313~-5013-5131+5031)/(2#R)
BA9=EJ1i2/2+(S032-6132)/(2#*R)
BAIO=(EJII-EQ1I-E131+EG31)/(24R)
BA11=(E312-E012-E132+EQ032)/(2%R)
BA12=(E313-EQ013-E$133+E033)/ (2#R)

CAO=(E120-EQ10-E210+EQ10)/(2#R)
CAl=-ER213/2+(5023-5123)/(2*R)
CA=—E1i23/2+(S013-S213)/(2*R)
CAJ=(E122+E211)/2+(5121-5021+5212-5012)/(2#R)
CAG=ER12/2+(5022-5122)./ (2#R)
CAd=-E121/2+(S5211-5011)/(2#R)
CA62(EQLI2-E121)/2+(5022-5122+8211-5011)/(2#R)
CA7=(E122-E211)/2+(S121-5021-S212+5012)/(2#R)
CAB=E123/2+(S013-S213)/(2%R)
CA9=-E213/2+(S123-5023)/(22R)
CA10=(E121-EC21-E211+EO011})/(2%#R)
CAl11=(E122-FQ022-E212+E012)/(2#R)

WDOTY

GDOTY




0104 c -
01035 C CALCULATE THE A, B,C VALUES FOR LINEAR ACCELERATION
0106 c ALO-AL12, BLO-BL12, CLO-CL12
0107 C

0108 ALO=EQ10

010% AL1=—-5013#EQ12+5012#E013

0110 ‘ AL2=S013+S013#E011-5011#E013
0111 AL3=-S012-S012#E011+S011#E012
0112 AL4=—-S012+E012-8013#E013

0113 ALS=-S011-S011+EQ11-S013#E013
0114 AL&=-8011-S011#E011-S012#EQ12
0115 AL7=8012+S012#E£011+8011#£012
0116 ALB=5013+5013#E011+5011#E013
0117 AL9=8013#E012+S012#EQ13

0118 AL10=E011

0119 AL11=E012

0120 AL12=E013

o121 c

0122 BLO=EO20

0123 BL1=-8023-S023#E022+35022#£023
o124 BL2=S023#E021-5021+#E023

o123 BL3=-8S022#EC21+5021+5S021*E022
0126 BL4=-S022-S022+#E022-S023#E023
o127 BLS=-S021#E021-S023#E023

0128 BL&=-S021#E021~-5022-5022+E022
o129 BL7=S022#E021+5021+8S021#EQ22
0130 BLE=S023+EQRQ1+S021#EQ23

0131 BL9=8023+5023#E022+5022%E023
0132 BL10=EO21

0133 BL11=EQ22

0134 BL 12=E023

0135 c

0136 CLO=EO30

0137 CL1=-8033*E032+5S032+S032#E033
0138 CL.2=8033#E031-S031 -S031+E033
0139 CL3=-S032#E031+SQ31+EQ32

0140 CL4=-80324E032-S033-5033*E033
0141 CL52-8S031#E031~8033-8033+£033
0142 CL&=—-S031#E031-8032#E032

0143 CL7=8032*E031+5031 #EQ032

0144 CL8=8033#E€031+5S031+S031#E033
0143 CL?=S033#E032+5032+5032*E033
0146 CL10=E031

0147 CL11=EOQ32

0148 CL12=E033

0149 CA12=(E123-E023-E213+E013)/(2#R)
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0150 c
0191 c INITIALIZE ANGULAR VELOCITY TERMS, TIME

0152 C
0193 Y(1)=0.0

0134 Y(2)1=0.0

0153 Y(3)=0.0

01%& TIME=STIME

01%7 1u=2

o138 IL=0

0199 CALL STEGU

0140 60 TO 11

0161 10 IF(TIME, GT. FTIME) GO TO 40

01462

0163 CALL RKDIF

0164 11 WX=Y (1)

01569 WY=Y(2)

0166 WZ=Y(3)

01&7 c

0168 C CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS

0169 c

0170 GDOTX=WDOTX+AAQ+AA12#KWDOTX+AAZARDOTY+AA3#WDOTZ +
0171 2 AALH WX #22+AATRNY ##2+AALMRI# #2+AAT WX #WY +
0172 3 AABRWX #WZ+AAGHNYRWZ+AALO#RX+AAL 1 #RY+AA12%R 2
0173 GDOTY=WDOTY+BAO+BA1 #WDOT X +BA2#WDOTY+BA3#WDOTZ+
0174 2 BA4#WX##2+BASHWY##2+BALAWI##2+DA7#WX#WY+
0179 3 " BAB#WX wWZ+BAPRWYRHWZI+BALO#RYX+BA11#RY+BA12#R2Z
0176 QDOTZ=WDOTZ+CAO+CAL#WDOT X +CA2%#WDOTY+CAS®WDOTZ+
0177 2 CAS#WX 82+ CATNWYRR2+CALMWI X #2+CAT S WX WY+
0178 3 CAB#WX #WZ+CAPRWYHWZ+CALORRX+CAL 1 #RY+CAL2#RZ
0179 c '

0180 C CALCULATE THE ESTIMATED LINEAR ACCELERATIONS

0181 c ‘
o182 GDOTX=RX+ALO+AL 1 #WDOTX+AL2#WDOTY+ALI#WDOTZ+

0183 2 ALARWNX##S+ALSHNYRED+AL GRWZ##2+AL 7 RHX WY+
0t84 3 ALB*WX R WZ+ALIHHYRWZ+AL 10#RX+AL L1 #RY+AL12%RZ
01835 QDOTY=RY+BLO+BL1#WDOTX+BL2#WDOTY+BL3*WDOTZ+
018& = BL vt X rwPtBl PtV earBt 4wNZ #22+BL 7 2 X MY
0187 3 BL8*WX2WZI+BLI#WYRWZ+BL10#RX+BL11#RY+BL 12#R2Z
o188 QDCTZI=RZ+CLO+CL 1 #WDOTX+CL2*WDOTY+CL3#WDOTZ+
0189 < CLARWXRH#Z+CLO#WYHR2+CLERWZIH#24+CL7RWXRWY+
0190 3 CLORWNX R I+CLIHWNYRWZ+CLI10#RX+CL11#RY+CL12#RZ
0191 WRITE(2. 100)TIME

0192 WRITE(Z, 100WX, WY WZ

0193 WRITE(2, 100}RX, RY.RZ, WDOTX, WDOTY, WDOT2Z

0194 WRITE(Q, :t00)QDOTX. QDOTY. GDOTZ, GDOTX, GDATY, GDOTZ
0193 GQTO 10 \ ) .

01956 40 " END
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€001
0002
‘0003
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0008
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C #3302 1036 T 50 o 0T 3030 3 45 36 6 36 36 30 3 30 520 TH 3 JE 36509 36 35 3 3 05 900 44 30 36 298 50 30 3036 34 40 0 3 5F R

C 20320300030 28 90 38 35 30 90 36 30 3 35 3 24 2 26 346 3 35 35 34 30 96 46 I AR b 236 3 T 32 2636 T 3 20 36 3t 98 3 24 3 3 3

SUBROUTINE STEGQU
DIMENSICON Y(3).DY{(3)

COMMON/STATE/Y
COMMON/DYNM/TIME, DTIME, FTIME, DY, IX, IV, IL, IN

COMMON/ACCL/RX: RY, RZ, WDOTX, WDOTY, WDOTZ
IF (IX.EG. 1) GO TO 17
ANALYTICAL INPUTS

WDOTX=25#SIN{(31. 4#TIME)
WDOTY=0. O

WwpDOTZ = 0.0

RX=0.0

RY=0. 0

RZ=0.0

60TO 12

17 CONT INUVE
c EXPERIMENTAL INPUTS
CALL EXTRAP
12 DY (1)=WDOTX
DY {(2)=WDOTY
DY (J3)=WDOTZ
RETURN
END

B1-8



0001
ocoR
0003
0004
0003
0006
00Q7
ooo8
0009
0010
0011
0012
0013
0014
0015
0014
0017
0018
0019
0020
0021
0022
0023
0024
ooz
0026
o027
Q028
0029
0030
0031
0032
0033
0034
0033

C 050 302030 230 T 20030 000 200 03003 00 A0 T 0T T30 T30 A0 T3S0 2 IS 2

CREFRERERB IR RRII RTINS T I I T T SIS 3
SUBROUTINE RKDIF

C FOURTH ORDER RUNGE KUTTA NUMERICAL INTEGRATION SUBROUTINE

DIMENSION Y(3),8Y(3),Y0(3),Y1(3), Y2(3), DY(I)
COMMON/DYNM/TIME, DTIME, FTIME: DY, IX, IJ, 1L, IN
COMMON/STATE/Y

H=DTIME/2

DO I=1,3
SY(I)=Y (1)
YO(I)=DY(I)
Y(I)=HaDY(I)+Y(])

END DO

TIME=TIME+H

CALL STEGQU

DO I=1.3
Y1<(I)=DY(1)
Y(IY=SY(I)+HaDY (1)
Y2¢(I)=DY(Il)
Y{I1)=SY(1)+DTIME#DY(I)

END DO ‘

TIME=TIME+H

MH=H/3. 0

DO 1=1,3 .
PRT1=2. O#(Y1(I1)+¥Y2(1I))
PRT2=aYO(I1)+DY(I)
Y(I)=aSY(I)+HRPRT1+H®*PRTR

END DO

CALL STEGQU
RETURN
END
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| ,
PROGRAM TO CALCULATE THE ESTIMATED LINEAR AND ANGULAR
ACCELERATIONS OF A NINE-ACCELEROMETER HEAD IMPACT MEASUREMENT
SYSTEM WITH A 3-2-2-2 CONFIGURATION.

YOU ARE REQUIRED TO INPUT AN ARRAY FOR THE ACCELEROMETER AND
GEOMETRY ERROR TERMS. YOU ARE ALSO REQUIRED TO INPUT A DATA
ARRAY FOR AN EXPERIMENTAL INPUT PULSE OR CHOOSE THE CHARACTER-
ISTICS OF AN ANALYTICAL PULSE. IF YOU INPUT AN EXPERIMENTAL
PULSE, THE LINEAR ACCELERATION TERMS SHOULD BE IN INCHES/S*S
AND THE ANGULAR ACCELERATION TERMS IN RAD/S*S.

THE QUTPUT WILL BE IN G-FORMAT AND CONSIST OF THE FOLLOWING
PARAMETERS:

STIME = START TIME (SECONDS)
DTIME = TIME PER SAMPLE (SECONDS)
FTIME = FINISH TIME (SECONDS)

TIME = TIME (SECONDS)
WX = ESTIMATED ANGULAR VELOCITY ABOUT THE X-AXIS (R/S)

WY = ESTIMATED ANGULAR VELOCITY ABQUT THE Y-AXIS (R/S)

WZ = ESTIMATED ANGULAR VELOCITY ABOUT THE Z%-AXIS (R/S)

RX = ACTUAL LINEAR ACCELERATION ALONG THE X-AXIS (G'S)

RY = ACTUAL LINEAR ACCELERATION ALONG THE Y-AXIS (G’S)

RZ = ACTUAL LINEAR ACCELERATION ALONG THE Z-AX1S (G’S)

QDOTX = ESTIMATED LINEAR ACCELERATION ALONG THE X-AXIS (G'S)
QDOTY = ESTIMATED LINEAR ACCELERATION ALONG THE Y-AXIS (G'S)
QDOTZ = ESTIMATED LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)
WDOTX = ACTUAL ANGULAR ACCELERATION ABQUT THE X-AXIS (R/(S*S))
WDOTY = ACTUAL ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S))
WDOTZ = ACTUAL ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S*S))
GDOTX = ESTIMATED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(S5*S})
GDOTY = ESTIMATED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S))
GDOTZ = ESTIMATED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(5*S))

DIMENSION Y(3),DY(3)
DIMENSION T(5000),A(5000),B(5000),C(5000),D(5000),E(5000),F(5000)

CHARACTER*15 ERFIL,OUTFIL,ANS*1,INFIL1

COMMON/STATE /Y

COMMON/DYNM/TIME, DTIME, FTIME,DY,ANS,IJ,IL,NS

COMMON/ACCL/RX, RY , RZ , WDOTX , WDOTY , WDOTZ , INMAGX , INMAGY , INMAGZ,
DURAX,DURAY,DURAZ,RMAGX,RMAGY,RMAGZ,DURRX,DURRY,DURRZ
COMMON/EXT/T,A,B,C,D,E,F

ERROR FILE
TYPE 9
FORMAT(/////)
TYPE 1

FORMAT(1X,' ' % v drde K ke de Ak K o e e sk o gk e de de vk vk o koo ke de %k g v ok ok o ke ok e ke ok

&*t**************’)
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TYPE 2
2 FORMAT(1X, ' *

TYPE 3
3 FPORMAT(1X,"' * NOTICE

TYPE 2
TYPE 4 ‘ ‘
4 FORMAT(1X, ' * This program is disseminated under the
& sponsorship x /)
TYPE 5 o
5 FORMAT(1X, ' * of the Transportation Systems Center in the -’
& interest ')
" TYPE 6 o )
6 FORMAT(1X,’ * of information exchange. The United States
& Government *’)
TYPE 7 .
7 FORMAT(1X,’ * assumes no liability for its contents or
& use thereof. *')
TYPE 2
TYPE 1
TYPE 9

TYPE 10
10 FORMAT(/,1X,'ENTER NAME OF ERROR FILE DESIRED.’)
ACCEPT 20,ERFIL
20 FORMAT(Al6)
QOPEN(UNIT=1,FILE=ERFIL,STATUS="0LD")
30 TYPE 40 ’
40 FORMAT(/,1X, 'WILL INPUT PULSE DATA BE EXPERIMENTAL
* QR ANALYTICALZ? (E OR A)')
ACCEPT 20,ANS
IF (ANS.EQ.'A’) GO TO 50
IF (ANS.EQ.'E’) GO TO 280
GO TO 30
50 TYPE 60
60 FORMAT(,/,1X,’ENTER NUMBER OF OBSERVATIONS (SAMPLES)')
ACCEPT 70,NS ‘ ‘ ‘
70 FORMAT(I)
TYPE 80
80 FORMAT(/,1X,"ENTER PULSE START AND FINISH TIMES IN SECONDS (2F)")
ACCEPT *,STIME,FTIME
TYPE 90
90 FORMAT(,/,1X, "ALL ANALYTICAL INPUTS WILL BE POSITIVE
* HALF SINE PULSES.')

TYPE 100

100 FORMAT(/,1X, ENTER PEAK MAGNITUDE(RAD/(S*S)) AND’)
TYPE 110

110 FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')
TYPE 120 : ‘

120 FORMAT(1X, 'ACCELERATION ABOUT THE X-AXIS. (2F)’)
ACCEPT *,INMAGX,DURAX

IF (INMAGX.EQ.0.)DURAX=0:1 !AVOID DIVIDE BY ZERO
TYPE 130 ‘
130 FORMAT(/,1X,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND’)
TYPE 140
140 FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR’)
TYPE 150 ’

150 FORMAT(1X, 'ACCELERATION ABOUT THE Y-AXIS. (2F)’)
ACCEPT *,INMAGY,DURAY



IF (INMAGY.EQ.0.)DURAY=0.1 !AVOID DIVIDE BY ZERO

TYPE 160

160 FORMAT(/,1X,’'ENTER PEAR MAGNITUDE(RAD/(S5*S)) AND’)
TYPE 170 |

170  FORMAT(1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR’)
TYPE 180

180 FORMAT(1X, ' 'ACCELERATION ABOUT THE Z-~AXIS. (2F)')
ACCEPT *,INMAGZ,DURAZ

IF (INMAGZ.EQ.0.)DURAZ=0.1 !AVOID DIVIDE BY ZERO
TYPE 190
190 FORMAT(/,1X,'ENTER PEAK MAGNITUDE(G''’'S) AND')
TYPE 200
200 FORMAT(1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR’)
TYPE 210

210 FORMAT(IX,'ACCELERATION ALONG THE X-AXIS. (2ZF)')
ACCEPT *,RMAGX,DURRX ‘

IF (RMAGX.EQ.0.)DURRX=0.1 lAVQOID DIVIDE BY ZERO
TYPE 220 '

220 FORMAT(/,1X,'ENTER PEAK MAGNITUDE(G’’'S) AND')
TYPE 230 ‘

230 FORMAT(1X, ‘DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR’)
TYPE 240

240 FORMAT(1X,'ACCELERATION ALONG THE Y-AXIS. {(2F)")
ACCEPT *,RMAGY,DURRY

IF {RMAGY.EQ.O0.)DURRY=0.1 !AVOID DIVIDE BY ZERO
TYPE 250
2590 FORMAT(/,1X, "ENTER PEAK MAGNITUDE(G''S) AND')
TYPE 260
260 FORMAT({1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR')
TYPE 270

270 FORMAT(1X,'ACCELERATION ALONG THE Z-AXIS. (2F)')
ACCEPT *,RMAGZ,DURRZ
IF (RMAGZ.EQ.0.)DURRZ=0.1 1AVQID DIVIDE BY ZERO
GO TO 310

280 TYPE 290

290 FORMAT(/,1X,’ENTER NAME OF EXPERIMENTAL DATA FILE')
ACCEPT 20,INFIL1
OPEN(UNIT=14,STATUS="0OLD' ,FILE=INFIL1)
TYPE 60
ACCEPT 70,NS
DO II=1,NS§
READ(14,300)T(1I1),A(II),B(II),C(II),D(II),E(II),F(II)
END DO

300 FORMAT(1X,7Gl2.5)
STIME=T(1)

‘ FTIME=T(NS)

310 TYPE 320 .

320 FORMAT(/,1X,’ENTER INTEGRATION TIME STEP (SEC)’)

_ ACCEPT *,DTIME

TYPE330

330 FORMAT(/,1X,’ENTER NAME OF OUTPUT FILE TO BE CREATED.’)
ACCEPT 20,0UTFIL
CPEN(UNIT=2,FILE=QUTFIL,STATUS='NEW')

340 READ(1,*) STIMEL,DTIMEL,FTIMEL,R

350 WRITE(2,360)

360 FORMAT(1X,' STIME DTIME FTIME R ')
WRITE(2,370) STIME,DTIME,FTIME,R

370 FORMAT(1X,9(G12,.4,1X))
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c ERRCR TERMS

READ(1,*) EQ10,E011,E012,E013,5011,5012,5013
READ(1,*) E020,E021,E022,E023,5021,5022,5023
READ(1,*} E030,E031,E032,E033,8031,8032,5033
READ(1,*) E120,E121,E122,E123,58121,58122,8123
READ(1,*) E130,E131,E132,E133,5131,5132,5133
READ(1,*) E210,E211,E212,E213,8211,58212,8213
READ(1,*) E230,E231,E232,E233,58231,58232,58233
READ(1,*) E310,E311,E312,E313,8311,8312,38313
READ(1,*) E320,E321,E322,E323,5321,5322,5323

WRITE(2,370) EO10,E011,E012,E013,5011,58012,8013
WRITE(2,370) E020,E021,E022,E023,5021,8022,5023
WRITE(2,370) E030,E031,E032,E033,5031,5032,5033
WRITE(2,370) E120,E121,E122,E123,5121,8122,5123
WRITE(2,370) E130,E131,E132,E133,5131,8132,5133
WRITE(Z2,370) E210,E211,E212,E213,5211,5212,5213
WRITE(2,370) E230,E231,E232,E233,58231,8232,8233
WRITE(2,370) E310,E311,E312,E313,8311,5312,8313
WRITE(Z2,370) E320,E321,E322,E323,5321,58322,8323
WRITE(2,380)
WRITE(2,390)
WRITE(2,400)
WRITE(2,410)
WRITE(2,420)
380 FORMAT(1X,' )

390 FORMAT(1X, ' TIME’)
400 FORMAT(1X,' WX WY WZ')
410 FORMAT(1X,"’ RX RY RZ WDOTX WDOTY
& WDOTZ ' ) ‘
420 FORMAT(1X,' QDOTX QDOTY QDOTZ GDOTX GDOTY
& GDOTZ ")
c
C CALCULATE THE A,B,C VALUES FOR ANGULAR ACCELERATION
C

AR0=(E230~E030-E320+E020)/{2*R)
AAl=(E233+E322)/2+(5232-5032+5323-5023)/(2*R)
AAR2=-E321,/2+((8231-5031)/({2*R)) ‘
AA3=-E231,/2-((8321-8021)/(2*R}))
AR4=(E323-E232)/2+{(5322-5022+5033-5233)/(2*R))
AAS=E323,/2+(5033-8233)/(2*R)
AA6=-E232/2+(S5322-5022)/(2*R)
AA7=E231,/2+(5021-8321)/(2*R)
AA8=-E321/2+(S231-5031)/(2*R)
AA9=(E233-E322)/2+({5232-5032~-58323+5023)/(2*R)
AAl10=(E231-E031-E321+E021)/(2*R)
AAll=(E232-E032-E322+E022)/(2*R}
AAl12=(E233-E033~E323+E023)/(2*R)

BAQO=(E310-E010-E130+E030)})/(2*R)
BAl=E312,/2+(8032-8132)/(2*R)
BA2=(E311+E133),/2+(S313-5013+5131-8031)/(2*R)
BA3=-E132/2+(5012-8312)/(2*R)
BA4=-E313/2+(5133-5033)/(2*R)
BAS5=(E131-E313},/2+(5011-5311+58133-5033)/(2*R)
BA6=E131/2+(85011-S311)/(2*R)
BA7=-E132,/2+4(8312-5012)/(2*R)
BA8=(E311-E133)/2+4(5313-5013-5131+5031)/(2*R)
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BA9=E312/2+(S032-5132)/(2*R)

BAl0=(E311-E011-E131+E031)/(2*R)
BAll=(E312-E012-E132+E032)/(2*R)
BAl2={E313-E013-E133+E033)/(2*R)

CAO0=(E120-EC10-E210+E010)/(2*R)
CAl=-E213/2+(8023-5123)/(2*R)
CA2=-E123/2+(5013-5213)/(2*R)

- CA3=(E122+E211)/2+(S121-58021+5212-5012)/(2*R)
CA4=E212/2+(5022-5122)/(2*R)
CAS5=-E121/24(S5211-5011)/(2*R)
CA6=(E212-E121)/2+(8022~5122+5211-5011)/{2*R)})
CAT7=(E122-E211)/2+(8S121-5021-5212+S012}/(2*R)
CA8=E123,/2+(5013-8213)/(2*R) )
CA9=-E213/2+(5123-5023)/(2*R)
CAl0=(E121-E021~-E211+E0Q011)/(2*R)
CAll=(E122-E022~E212+EQ012)/(2*R)

c
C CALCULATE THE A,B,C VALUES FOR LINEAR ACCELERATION
C ALO-ALl12,BL0-BL12,CLO-CL12
c
ALO=EQ10
ALl1=-S013*E012+5012*EQ13
ALZ2=5013+S013*E011-50Q011*E013
AL3=-5012-5012*E011+S011*EQ12
AL4=-S012*E012-5S013+E0Q13
AL5=-5011-S011*E011-S013*EQ13
AL6=-5011-5011*E011-SQ012+EQ12
AL7=8012+8012*E011+s50Q011*EQ12
AL8=S013+S013*E011+S011*E013
AL9=8S013*E(12+S012*E(Q13
AL10=EOQ011
ALll1=EQ12
AL12=EQ13

BL0=E020 .
BL1=-5023-5023*%E022+5022+*E023
BL2=5023*EQ21-S021*EQ23
BL3=-S022*E021+5021+5021*E022
BL4=-5022-S022*E022-5023*E023
BL5=-5S021*%E021-5S023*EQ23
BL6=-5021*E021-5022-8022*E(022
BL7=5022*E021+S021+5S021*E022
BLB=S023*E021+S021*E023
BL9=5023+5023*E022+S022*E023
BL10=EO21

BL11l=EQ22

BL12=E023

CLO0=E030
CLl1=-5033*E032+5032+S032*E033
CL2=5S033*E031-S031-S031*EQ33
CL3=-S032*E031+5031*E032
CL4=-5032*E032-5033-5033*E033
CL5=-5031*E031-5033-5033+*E033
CL6=-5031*E031-S032*E(32
CL7=5032*E031+8031*E0Q32
CL8=S033*E031+S031+S031*E033
CL9=S033*E032+5032+S032*EQ33
CL10=E031



CL11=E032
CL12=E033
CAl2=(E123-E023-E213+E013)/(2*R)

c INITIALIZE ANGULAR VELOCITY TERMS, TIME

Y(1)

¥(2)
¥Y(3)= 0 0

TIME=5TIME

GC=386, 089 !G CONVERSION FACTOR

IJ=2

IL=0

CALL STEQU

GO TO 440

430 IF{TIME.GT.FTIME) GO TO 450

0 0

CALL RKDIF
440 WX=Y(1l)
WY=Y(2)
WZ=Y(3)
C
¢ CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS
o
GDOTX=WDOTX+AAO+AAl *WDOTX+AR2*WDOTY+AA3 *WDOTZ +
AAQ*WX** 2 p AAS WY ** 2 L ARG *WZ ** 2+ AN T *WX WY+
AAB*WX*WZ+AA9*WY*WZ+AALO0*RX+AALL*RY+AAL2*R2Z
GDOTY=WDOTY+BAO+BALl *WDOTX+BA2*WDOTY+BA3*WDOTZ+
BA4*WX**2+BAS*WY**2 4+ BAG*WZ **2+BAT *WX*WY+
BASB*WX*WZ+BA9*WY*WZ+BA10*RX+BAll1*RY+BA12Z*RZ
GDOTZ=WDOTZ+CAQ+CAl *WDOTX+CA2*WDOTY+CA3I*WDOTZ+
CAL*WX**2+CAS*WY**2 4 CAG*WZ**2+CAT*WX*WY+
CAB*WX*WZ+CAI*WY*WZ+CAlO0*RX+CAL11l*RY+CAL2*RZ

w o w b

b

C

C CALCULATE THE ESTIMATED LINEAR ACCELERATIONS
c ‘
QDOTX=RX+ALO+AL]l *WDOTX+AL2*WDOTY+AL3*WDOTZ+
ALY *WX** 24+ ALS WY ** 24 ALG*WZ *#* 2+AL T *WX*WY+
ALB*WX*WZ+ALI*WY*WZ+AL10*RX+AL11*RY+AL12*RZ
QDOTY=RY+BLO+BL1*WDOTX+BL2*WDOTY+BL3*WDCOTZ+
BLA*WX**2+BLOAWY* *24BLE*WZ**24+BL7*WX*WY+
BLO*WX*WZ+BLO9*WY*WZ+BL10*RX+BL11*RY+BL12*R2Z
QDOTZ=RZ+CLO+CL1*WDOTX+CL2*WDOTY+CL3*WDOTZ+
CL4*WX**2+CL5*WY*#*24+CLO*WZ**2+CLT7*WX*WY+
CLE8*WX*WZ+CLO*WY*WZ+CL10*RX+CL11*RY+CL12*R2Z
WRITE(2,370)TIME
WRITE(2,370)WX,WY,WZ

(SN S ] [FY .S

[V .8 ]

RX=RX/GC !CONVERT TO G'S
RY=RY/GC ! "
RZ=RZ/GC ! "
WRITE(2,370)RX,RY,RZ,WDOTX,WDOTY,WDOTZ

QDOTX=QDOTX/GC ICONVERT TO G'S
QDOTY=QDOTY /GC ! "
QDOTZ=QDOTZ /GC ! "
WRITE(2,370)QDOTX,QDOTY, QDOTZ GDOTX,GDOTY ,.GDOTZ

GOTO 430
450 END
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C K dc ok stk de e dk e de dr s v de de de o o e e g o e ok o ok de ok kg vk vk st kL gv sk ok e e ok dir o g o o de o e s ok e e o e ke de vk e ke e o ke

C
SUBROUTINE EXTRAP
. DIMENSION DY¥(3),T(5000),A(5000),B(5000),C(5000),D(5000),E(5000),
& F(5000)

COMMON/ACCL/RX, RY,RZ ,WDOTX ,WDOTY, WDOTZ , INMAGX , INMAGY , INMAGZ,
* DURAX,DURAY,DURAZ,RMAGX,RMAGY,RMAGZ , DURRX, DURRY, DURRZ
COMMON/DYNM/TIME, DTIME, FTINE,DY,ANS, IJ, IL,NS
COMMON /EXT/T,A,B,C,D,E,F
C LOAD EXPERIMENTAL DATA
IF (IL.EQ.1) GO TO 20
DO 10 II = 1,NS ,
10 READ(3,*) T(II),A{(I1),B(II),C{(II),D(II),E(II),F(II)

IL=1
20 IF (T(IJ).GT.TIME) GO TO 30
IJ=IJ+1
GO TO 20
30 IK = IJ -1
DTX = (TIME-T(IR))/{T{(IJ)-T(IK))

RX=A(IK)+(A(IJ)-A(IK))*DTx
RY=B(IK)+(B{IJ)-B(IK))*DTX
RZ=C(IK)}+(C(IJ)~C(IK))*DTX
WDOTX=D|{IK)+{(D(IJ)-D{1IK))*DTX
WDOTY=E({IK)+{(E(IJ)-E{IK))*DTX
WDOTZ=F(IK)+{F({IJ)-F{IK))*DTX

RETURN

END
C*****************************************************************

(C % % I e vk e sk v e e e ok ke e ok e e e ok e ok e e ok e e ok e ke ok e dr o ok ke ok e o Je i de ok ok e i e o e dr e sk ok ok ol ke e ok ok o ok

. SUBROUTINE STEQU
CHARACTER*16 ERFIL,OUTFIL,ANS*l,INFIL1
DIMENSION Y(3),DY(3)
COMMON/STATE /Y
COMMON,/DYNM/TIME ,DTIME, FTIME, DY ,ANS,IJ,IL,NS
COMMON/ACCL/RX,RY,RZ ,WDOTX,WDOTY,WDOTZ , INMAGX , INMAGY , INMAGZ,
* DURAX,DURAY,DURAZ,RMAGX, RMAGY,RMAGZ , DURRX, DURRY , DURRZ
GC=386.089
IF (ANS.EQ.'E’') GO TO 10

ANALYTICAL INPUTS

anNaon (@]

WDOTX=INMAGX*SIN(2*3.1416*(1/(2*DURAX),)*TIME)
WDOTY=INMAGY*SIN(2*3.1416*(1/(2*DURAY))*TIME)
WDOTZ=INMAGZ*SIN(2*3,1416*(1/(2*DURAZ))*TIME)
RX=RMAGX*GC*SIN(2*3.1416*(1/(2*DURRX) )*TIME)
RY=RMAGY*GC*SIN(2*3.1416*(1/(2*DURRY))*TIME)
RZ=RMAGZ*GC*SIN(2*3.1416*(1/(2*DURRZ))*TIME)

IF({TIME.GT.DURAX)WDOTX=0.0
IF(TIME.GT.DURAY)WDOTY=0.{
IF(TIME.GT.DURAZ)WDOTZ=0.0
IF({TIME.GT.DURRX)RX=0.0
. IF(TIME.GT.DURRY)RY=(0.0

. C-9



IF(TIME.GT.DURRZ)RZ=0.0
GOTO 20

10  CONTINUE
fo EXPERIMENTAL INPUTS
CALL EXTRAP
20  DY(1)=WDOTX
DY{2)=WDOTY
DY{3)=WDOT2Z
RETURN
END
C***.*****»***ii****i********‘*-***‘***********w**i***\*iz*-*‘i**.********-**-***
C*****.**t**-*****-******.****************‘k******.***.*******-*******‘*****-***
SUBROUTINE RKDIF
C FOURTH ORDER RUNGE KUTTA NUMERICAL INTEGRATION SUBROUTINE

DIMENSION Y(3),S8Y(3),Y0(3),v1{(3),¥2(3),DY(3)
COMMON/DYNM/TIME,DTIME, FTIME,DY,ANS, IJ, IL,NS
COMMON /STATE/Y

H=DTIME/2

po 1I=1,3
SY(I)=Y(I)
YO(I)=DY{I)
Y{I)=H*DY(I)+¥(I)

END DO

TIME=TIME+H

CALL STEQU

DO I=1,3
Y1(I)=DY(I)
Y(I)=SY(I)+H*DY(TI)
Y2(I)=DY(I)
Y(I}=5Y(I})+DTIME*DY(1I)

END DO

TIME=TIME+H

H=H/3.0

D0 I=1,3
PRT1=2.0%(Y1(I)+Y2(I))
PRT2=Y(0(I)+DY(I)
Y{I)=SY(I)+H*PRT1+H*PRT2

END DO

CALL STEQU
RETURN
END
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%* *
* NAPFLDEUL.FOR *
* *
* PROGRAM TO CORRECT THE FIELD MEASURED LINEAR AND ANGULAR *
* ACCELERATIONS OF A NINE-ACCELEROMETER HEAD IMPACT MEASUREMENT *
* SYSTEM WITH A 3-2-2-2 CONFIGURATION. *
* *
* YOU ARE REQUIRED TO INPUT AN ARRAY FOR THE NAPLAB SYSTEM *
* COEFFICIENTS (THE [A+I), [B] AND [BI] MATRICES ). YOU ARE THEN *
* REQUIRED TO SELECT AN ANALYTICAL, NAPLAB OR EXPERIMENTAL INPUT *
* PULSE. THE PROGRAM WILL CREATE THE [C], (D] AND [EM] MATRICES FOR *
* THE NAPFLD CALCULATIONS. *
x %*
* PROGRAM USES EULER INTEGRATION *
* *
* THE OUTPUT CONSISTS OF THE FOLLOWING PARAMETERS: *
* *
* STIME = START TIME (SECONDS) *
* DTIME = INTEGRATION STEP TIME (SECONDS) *
* FTIME = FINISH TIME {(SECONDS) *
* TIME = TIME (SECONDS) *
* WX = ESTIMATED ANGULAR VELOCITY ABOUT THE X-AXIS (R/S) *
* WY = ESTIMSTED ANGULAR VELOCITY ABOUT THE Y-AXIS (R/S) *
* WZ = ESTIMATED ANGULAR VELOCITY ABOUT THE Z-AXIS (R/S) *
* RX = CORRECTED LINEAR ACCELERATION ALONG THE X-AXIS (G'S) #
* RY = CORRECTED LINEAR ACCELERATION ALONG THE Y-AXIS (G'S) *
* RZ = CORRECTED LINEAR ACCELERATION ALONG THE Z-AXIS (G’S) *
* QDOTX = MEASURED LINEAR ACCELERATION ALONG THE X-AXIS (G’S) *
* QDOTY = MEASURED LINEAR ACCELERATION ALONG THE Y-AXIS (G’S) *
* QDOTZ = MEASURED LINEAR ACCELERATION ALONG THE Z-AXIS (G'S) *
* WDOTX = CORRECTED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(S5*S)) *
* WDOTY = CORRECTED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S)) *
* WDOTZ = CORRECTED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S*S5)) *
* GDOTX = MEASURED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(S*S)) *
* GDOTY = MEASURED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/{S*S)) *
* GDOTZ = MEASURED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S5*S)) *
* *
2SR SRR SRR R EREEREEESERSRESERAEEEREE SR EERE RN RRRARERR R AR R R R R R EER R AN RS R EXRR RN E N

CHARACTER*16 INFIL,INFIL2,INFIL3,QUTFIL,ANS1*1,QLAB*21,
* RLAB(5)*60

DOUBLE PRECISION RX,RY,RZ,WDOTX,WDOTY,WDOTZ,WX,WY,WZ,

INMAGX, INMAGY, INMAGZ , DURAX, DURAY,DURAZ , RMAGX , RMAGY, RMAGZ , DURRX,
DURRY,DURR2,GDOTX,GDOTY, GDOTZ,QDOTX, QDOTY, QDOTZ,A,B,C,D,EM,BI,
TIME,STIME,DTIME,FTIME,ETIME, T ,AX,BX,CX,DX,EX,FX,AAD,BAQ,CAQ,
ALO,BLO,CLO,V,R

* * * *

DIMENSION A(6,6
*  T(4000),AX(4000
* EX(4000),FX(400

1),BI(6,1),Q(100),

O~

COMMON/BLK1/IJ
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20

21

10

9

1

COMMON/BLK2 /TIME,DTIME .
COMMON/BLK3/RX,RY,RZ2,WDOTX,WDOTY ,WDOTZ,WX,WY,WZ, GDOTX ,GDOTY,
GDOTZ ,QDOTX,QDOTY, QDOTZ
COMMON/BLK4/INMAGX, INMAGY, INMAGZ, DURAX,DURAY., DURAZ, RMAGX,
RMAGY, RMAGZ, DURRX,-DURRY, DURRZ

COMMON/BLK5/C,D,EM

COMMON,/BLK6 /ANS1

COMMON/BLK7 /T ,AX,BX,CX,DX,EX,FX

TYPE 9

FORMAT(/////)
TYPE 1

:FORMAT(IX,' I EZZEXSENEEESERSRREER XSS SRS SRR SRS RS SR R ELE]

o Bk e gk sk ek ke e ke k)

2

&

TYPE 2 -
FORMAT(1X,” e
* 1)
TYPE 3
FORMAT{1lX, ' * NOTICE
*'j
TYPE 2
TYPE 4 :
FORMAT(1X," "* This program .is disseminated under the
sponsorship LA
TYPE 5
FORMAT(1X, "’ * wf the Transportation Systems Center in the
interest * 1)
TYPE 6 . ’
FORMAT(1X,"” * of information exchange. The United States

Government *'}

TYPE 7

FORMAT(1lX, "’ * assumes no liability for its contents or
use thereof. *v)

TYPE 2

TYPE 1

TYPE 9

TYPE 20

’FORﬂAT(/,lK,'ENTER.NAPLKB SYSTEM COEFFICIENT FILE NAME (Al6)”)
ACCEPT 21,INFIL

‘PORMAT{Al6)

OPEN(UNIT=1,5TATUS="0OLD" ,FILE=INFIL"

‘DO 'I=1,6
READ(1,*)(A(I,J),d=1,6)
END DO

JREAD [A+I] MATRIX

CALL MATINVSUB(A,INFIL)

DO I=1,6
DO J=1,6

C(I,J)=A(I,J). #[C)] = INVERSE OF [A+T] MATRIX
END DO

END DO

READ(1,180)%
FORMAT{ 1X)

O I1=1,6

‘D14




READ(1,*)(B(I,J),Jd=1,6) 'READ [B) MATRIX
END DO -

READ(1,10)
READ(1, * )AAQ,BAO,CAO,ALD,BLO,CLO 'READ BIAS VALUES

BI(1l,1)=AA0 ICREATE [BI]
BI(2,1)=BA0
BI(3,1)=CAQ
BI(4,1)=ALO
BI(5,1)=BLO
BI(6,1)=CLO

de etk de e de g v vk ke de de e de d Ao de de ok e de e ke e v e ke de vk ol e e ok e de e d o vk v de vk e ke e e ke ko ek ke i

* FIND THE PRODUCT [D] = [C)*(B] *
R L e S R R R R R A A a R T L A

DO I=1,6
DO J=1,6
D{I,J)=0.0

DO K=1,6
D(I,J)=D{I,J)+C(I,K)*B(K,J)
END DO

END DO

END DO

IEEEE SRR EELE LR REEREEEEESEERSEEEREESE LR ESRRERRERERRESS]

* FIND THE PRCDUCT (EM) = [C]*(BI] ‘ *
J d 7 d % dr % % %k de v ok de v e de ok ok de g de e sk e W s e ok o S o e ok 3k dir ok o ok ok ok e v o dk ok i ok Y e e v O ol ok o o O

DO I=1,6

EM(I:l)=0.0

DO K=1,6
EM(I,l)=EM(I,1)+C(I,K)*BI(K,1)
END DO

END DO

Fo% ko ok ok e vk o Ao e doode gk o e ok e v A e e A o e o ok ok ok ok Ak de ok ke ok o ok ke A e e e o e o ok o ke o

30 TYPE 31

31 FORMAT(/,1X,"ANALYTIC, EXPERIMENTAL OR NAPLAB INPUT? (A, E OR N)')
ACCEPT 32,ANS1

32 FORMAT(Al)

IF(ANSL1.EQ.’A’)GO TO 43
IF(ANS1.EQ.'N')GO TO 35
IF{ANS1.EQ.'E’)GO TO 60

GO TO 30
35 TYPE 36
36 FORMAT(,/,1X,’ENTER NAME OF NAPLAB FILE')

ACCEPT 21,INFIL2
OPEN(UNIT=3,STATUS='0OLD’ ,FILE=INFIL2)
TYPE 44

ACCEPT 45,NS

TYPE 47,

ACCEPT *,STIME,FTIME

TYPE 46

ACCEPT *,DTIME
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55

57

d o o dr A e e de de dk sk e ok ok ke e o o e v e vie vk sk ok v e ok e ok v de ok de ok e sk ke de v Sk vk v e ok o e o ok e ok i dle o ok e dk ok vl e o S ok o e i e o ok o ke

43
44

45
47

46

72
73
74

76
77
78

80

81

82

84

READ{3,55)QLAR
FORMAT(A21)
READ(3,*)(Q(I),
READ(3,57)} (RLAB(
FORMAT(A60)

r
r

ol

GC=386.089D0

DO II=1,NS
READ(3,*)T(II)
READ( 3, * )WXL,WYL,WZL

READ(3,*)RXL,RYL,RZL ,WDOTXL,WDOTYL,WDOTZL
READ(3,*)AX(II),BX(II),CX(II),DX(II),EX(II),FX(II)

AX(II)=AX(II)*GC
BX(II)=BX(II)*GC
CX{II)=CX(II)*GC
END DO

GO TO 50

TYPE 44

ICHANGE TO INCHES/S*S

FORMAT(/,1X,'ENTER NUMBER OF OBSERVATICNS (SAMPLES)')

ACCEPT 45,NS
FORMAT(I)
TYPE 47

FORMAT(/,1X,’ENTER PULSE START AND FINISH TIMES IN SECONDS

ACCEPT *,STIME,FTIME
TYPE 46

FORMAT(/,1X,’'ENTER INTEGRATION TIME STEP (SEC)'")

ACCEPT *,DTIME
TYPE 72

FORMAT(/,1X,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND’)}

TYPE 73

(2F)")

FORMAT(1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')

TYPE 74

FORMAT(1lX, "ACCELERATION ABOUT THE X-AXIS. (2F)‘)

ACCEPT *, INMAGX,DURAX
IF (INMAGX.EQ.O.)DURAX=0.1
TYPE 76

lAVOID DIVIDE BY ZERO

FORMAT(/,1X,'ENTER PEAK MAGNITUDE(RAD/{S*S)} AND')

TYPE 77

FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')

TYPE 78

FORMAT(1X, 'ACCELERATION ABOUT THE Y-AXIS. (2F)?")

ACCEPT *, INMAGY,DURAY
IF (INMAGY.EQ.O0.)DURAY=0.1
TYPE 80

!AVQID DIVIDE BY ZEROQ

FORMAT(,/,1lX, 'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND" )

TYPE 81

FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')

TYPE 82

FORMAT(1X, 'ACCELERATION ABOUT THE Z-AXIS. (2F)’)

ACCEPT #*, INMAGZ,DURAZ
IF (INMAGZ.EQ.0.)DURAZ=0.1
TYPE 84

!AVOID DIVIDE BY ZERO

FORMAT(/,1X, 'ENTER PEAK MAGNITUDE(G'’S) AND')

Dl1-6



TYPE 85

85 FORMAT{1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR’)
TYPE 86 \
86 FORMAT(1X, 'ACCELERATION ALONG THE X-AXIS. (2F)’)
ACCEPT *,RMAGX,DURRX
IF (RMAGX.EQ.O0.)DURRX=0.1 'AVOID DIVIDE BY ZERO
TYPE 88 ‘
88 FORMAT{/,1X, 'ENTER PEAK MAGNITUDE(G'’'S) AND')
TYPE 89 Y
89 FORMAT(1X, 'DURATICN(SECONDS) OF HALF SINE PULSE FOR LINEAR')
TYPE 90
90 FORMAT(1X, 'ACCELERATION ALONG THE Y-AXIS. (2F)")
: ACCEPT *,RMAGY,DURRY
IF (RMAGY.EQ.0.)DURRY=0.1 IAVOID DIVIDE BY ZERO
TYPE 91 : ‘
91 FORMAT(/,1X,’ENTER PEAK MAGNITUDE(G'’S) AND')
TYPE 92 ,
92 FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR’)
TYPE 93
93 FORMAT(1X,’ACCELERATION ALONG THE Z-AXIS. (2F}')
ACCEBPT *,RMAGZ,DURRZ '
IF (RMAGZ.EQ.0.)}DURRZ=0,1 'AVOID DIVIDE BY ZERO
GO TO 50

dode Aok Aok de ok gk R ek ko ke d ket e e A ok e e e ok A Ak T e gk vk do ke de A ke ok e A e e o v ok o o o v ok e ok ol o e g e gk ol ol e ol e e o ok

60 TYPE 61

61 FORMAT{/,1X,'ENTER NAME OF EXPERIMENTAL DATA FILE’)
ACCEPT 21,INFIL3
TYPE 44 -
ACCEPT 45,NS
TYPE 46

ACCEPT *,DTIME
OPEN(UNIT=14,S5TATUS='0OLD’ ,FILE=INFIL3)
DO 300 II=1,NS
300 READ(14,*)T(II),AX(II),BX(II),CX(11),DX(II),EX(II)},FX(II)
STIME=T(1)
FTIME=T{NS)

de e de dr e g vk deode R gk gk drok e de J ok ok v e i o e v ok ok e v ok do vk R ek etk e sk e s dp ok e o ok kg ol ok J ol o d o Je o ok ok ok o ok de o e ok ok e ok

50 TYPES1 '

51 FORMAT(/,1X, ' ENTER NAME OF OUTPUT FILE TO BE CREATED.')
. ACCEPT 21,0UTFIL
OPEN{UNIT=2,STATUS='NEW’ ,FILE=QUTFIL)

WRITE(2,98) :

98 FORMAT(1X, ' STIME DTIME FTIME R')
v=0.D0
R=1.5D0

WRITE(2,100)STIME,DTIME,FTIME,R
DO I=1,9
WRITE(Z2,100)V,V,V,V,V,V,V

END DO
100 FORMAT(1X,9(Gl2.4,1X))

D1-7



WRITE(2,105)
WRITE(2,101)
WRITE(2,102)
WRITE(2,103)
WRITE(2,104)

105 FORMAT(1X,’ )
101 FORMAT(1X,"’ TIME')
102 FORMAT( 1X, WX WY WZ')
103 FORMAT(1X, ' RX RY RZ . WDOTX WDOTY
& WDOTZ ')
104 FORMAT{1X, ' QDOTX QDOTY QDOTZ GDOTX GDOTY
& GDOTZ ')
C
c
C INITIALIZE ANGULAR VELOCITY TERMS, TIME, OTHER CONSTANTS
c
WX=0.DO0
WY=0.D0
WZ=0.D0
TIME=STIME
IJ=2
200 CALL FCT
CALL QUTP
TIME=TIME+DTIME IUPDATE TIME

ETIME=FrTIME+DTIME/1000.

IF(TIME.GT.ETIME)GO TO 210

WX=WX+DTIME*WDOTX . JUPDATE ZSTIMATES OF W
WY=WY+DTIME*WDOTY ! "
WZ=WZ+DTIME*WDOT?Z ! "

GOTO 200

210 STOP
END

edededk ko hhdehhdh ke dddrdrdededorkdkdkdddeddhhddddrhbkhrdkbbdhkhkhhhrkddhxr
t*****i*********************i*********i******t****i*************

* CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS *

LA SRR ERE RS ERREESR Rl SRR RRRERERRARERRRREERREEREESEEE]
Fe o kv de e e e de v o % ke ol o o de e e ok ok e ok ok T e ok e ek A R R ke A ok Ak ok W Ok % ok ki ok ok dk e e o de iy ok e ok o o

SUBROUTINE FCT

CHARACTER ANS1*1

DOUBLE PRECISION RX,RY,RZ,WDOTX,WDOTY,WDOTZ,WX,WY,WZ,
* INMAGX, INMAGY, INMAGZ,DURAX,DURAY,DURAZ, RMAGX RMAGY, RMAGZ DURRX,
DURRY, DURRZ,GDOTX,GDOTY,GDOTZ,QDOTX, QDOTY,QDOTZ,C,D,EN,
* TIME,T,AX,BX,CX,DX,EX,FX,GC,TMOD

*
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DIMENSION C(6

M( l (4000),AX(4000).BX(4000),
CX(4000),DX(40 0)

00)

OV
—_
x
OV
-

=

COMMON/BLK1/1J

COMMON/BLK2/TIME,DTIME

COMMON/BLK3/RX,RY,RZ ,WDOTX,WDOTY,WDOTZ , WX ,WY,WZ , GDOTX, GDOTY,
GDOTZ,QDOTX, QDOTY , QDOTZ
COMMON/BLK4/INMAGX, INMAGY, INMAGZ , DURAX, DURAY, DURAZ , RMAGX,
RMAGY, RMAGZ , DURRX , DURRY , DURRZ

COMMON/BLKS5,/C,D,EM

COMMON,/BLK6 /ANS1

COMMON/BLK7/T,AX,BX,CX,DX,EX,FX

GC=386.089D0

IF(ANS1.NE.'A’)GO TO 18

AR R AR RS SRS RERERESEEERESERRASEERESEESESEEEERERRRERRRERERRRRRRD RS

*

CREATE HALF SINE PULSE INPUT FUNCTIONS *

ke e dr de e de oir de ok de vk de ode de dr de de sk ol vk de v de ok e o b o dk o v de ok o vk e e o vk e ke ol vk dke ik e de vie de ok e e ke e ke gk ok

GDOTX=INMAGX*SIN{2.%3.1416*(1./(2.*DURAX) )*TIME)
GDOTY=INMAGY*SIN(2.%*3.1416*(1./(2.*DURAY))*TIME)
GDOTZ=INMAGZ*SIN(2.*3,1416*(1./(2,*DURAZ))*TIME)
QDOTX=RMAGX*GC*SIN(2.*3.1416+(1./(2.*DURRX))*TIME)
QDOTY=RMAGY*GC*SIN(2.%*3,1416*(1./(2.*DURRY))*TIME)
QDOTZ=RMAGZ*GC*SIN(2.%3.1416*(1./(2.*DURRZ))*TIME)

IF{TIME.GT.DURAX)GDOTX=0.0
IF(TIME.GT.DURAY)GDOTY=0.0
IF{TIME.GT.DURAZ}GDOTZ=0.0
IF{TIME.GT.DURRX)QDOTX=0.0
IF(TIME.GT.DURRY)QDOTY=0.0
IF(TIME.GT.DURRZ)QDOTZ=0.0

GO TO 12

J Je v g de ke Ak ok de e A e %k Je de ok e e % ke e ok oy ok de ok odr ok de vk o e e ek e e ok Ak ek ok do ke e etk e ek gk ok e e e ke e e ok ke i ol ok e e ok e o o ok ok ok ok

*

18

EXTRAPOLATION ROUTINE FOR HANDLING EXPERIMENTAL AND NAPLAB DATA *
Ye ok o de e de se vtk v dk ve de tr e b v vk vk vk ok dk o sk vk vk v d vr e vk ok ok etk ok e e e v dk dr sk i vk e ok vk o ok dr ik %k o ok dr ok o e e e vk dr koo kb ok ok ok sk o g ok o ok e gk ok
TMOD=TIME-DTIME/1000. !TMOD WAS ADDED IN CASE TIME PICKED
IF(T(IJ).GE.TMOD)GO TO 320 {UP A BIT ALONG THE WAY
IJ=I1J+1
GO TO 18
IK=IJ~1

320

DTX=(TIME-T(IK))/(T(IJ)-T(IK))
QDOTX=AX(IK)+(AX(IJ)-AX(IK))*DTX -
QDOTY=BX(IK)+(BX(IJ)~-BX(IK))*DTX
QDOTZ=CX(IK)+(CX(IJ)-CX(IK))*DTX
GDOTX=DX(IK)+(DX(IJ)-DX{IK))*DTX
GDOTY=EX(IK)+(EX(IJ)-EX(IK))*DTX
GDOTZ=FX(IK)+(FX(IJ)-FX(IK))*DTX

IEEEEESESERESEERERE RS ERRR R RS R R RS RRRRRERERERERR]

*

CALCULATE CORRECTED OUTPUTS *
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12 WDOTX=-EM{1,1)+C(1,1)*GDOTX+C(1l,2)*GDOTY+C(1,3)*GDOTZ~
D(1,1)*WX**2-D(1,2)*WY**2_D(1,3)*WZ**2-D(1,4)*WX*WY-
D(1,5)*WX*WZ~-D(1,6)*WY*WZ+C(1,4)*QDOTX+C(1,5)*QDOTY+
C(1,6)*QDOTZ

WDOTY=-EM(2,1)+C{2,1)*GDOTX+C{2,2)*GDOTY+C(2,3)*GDOTZ~
D(2,1)*WX**2-D(2,2)*WY**2-D(2,3)*WZ**x2-D(2,4)*WK*WY~
D(2,5)*WX*WZ-D(2,6)*WY*WZ+C(2,4)*QDOTX+C(2,5)*QDOTY+
C(2,6)*QDOTZ

WDOTZ=-EM(3,1)+C(3,1)*GDOTX+C(3,2)*GDOTY+C(3,3}*GDOTZ~-
D(3,1)*WX**2-D(3,2)*WY**2-D(3,3)*WZ**2-D(3,4)*WX*WY-

T D(3,5)*WX*WZ-D(3,6)*WY*WZ+C{3,4)*QDOTX+C(3,5)*QDOTY+
C{3,6)*QDOTZ

FoNEETN ) el B

[V ]

C

C CALCULATE THE ESTIMATED LINEAR ACCELERATIONS

C

RX=—EM(4,1)+C(4,1)*GDOTX+C(4,2)*GDOTY+C(4,3)*GDOTZ~-
D(4,1)*WX**2-D(4,2)*WY**2-D(4,3)*WZ**2-D(4,4)}*WX*WY-
D(4,5)*WX*WZ-D(4,6)*WY*WZ+C(4,4)*QDOTX+C(4, 5}*QDOTY+
c{4,6)*QDOT2

--EM( 1)+C(5,1)*GDOTX+C(5,2)*GDOTY+C(5,3)*GDOTZ~

)*WX**Z—D(5,2)*WY**2—D(5,3)*WZ**2—D(5,4)*WX*WY-

)*WX*WZ-D(5,6 ) *WY*WZ+C(5,4)*QDOTX+C(5,5) *QDOTY+

) *QDOTZ

1)+C(6,1)*GDOTX+C(6,2)*GDOTY+C(6,3)*GDOTZ~

)

)

)

o b

1
5
6

Fu VWi N

{5
D 5
C(5

6
D(6
6

*WX**2-D(6,2)*WY**2-D(6,3)*WZ**2-D(6,4) *WX*WY-
AWX*WZ-D(6,6) *WY*WZ+C(6,4)*QDOTX+C(6,5) *QDOTY+

5
’
r
5
’
’
,6)*QDOTZ

(
(
RZ=~EM(
D
(
Cl

1
5
6

oSN 8]

RETURN
END

e v de s ok g ok o ok vk ok o o e b o g e de e vk ok ok ok e ke ok o ol e ok ke ok ok vk ok ke ok d ok o e e vk de gk ke ok o ok
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* WRITE OUTPUT FILE i *
de de de ot g sk de ok de de o dk ok % d o e ok e e ok de e ok ok e s e e ok e ok e v e ok e e ok vk e ok sk o e e ok

LA AR ERE SRS EREESEREEEEEREEELEEEESREEEREREEEREESELEEEESS]

SUBROUTINE OUTP

DOUBLE PRECISION RX,RY,RZ,WDOTX,WDOTY,WDOTZ,WX,WY,WZ,
* GDOTX,GDOTY,GDOTZ,QDOTX,QDOTY,QDOTZ, TIME, GC

COMMON/BLK2/TIME,DTIME

COMMON/BLK3/RX,RY,RZ,WDOTX,WDOTY,WDOTZ ,WX ,WY,WZ,GDOTX, GDOTY,
* GDOTZ,QDOTX,QDOTY,QDOTZ2

WRITE(2,100)TIME
WRITE(2,100)WX,WY, W2
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GC=386.089D0

RX=RX/GC {CONVERT TO G’S
RY=RY/GC ! "
RZ=RZ/GC ‘ ! "
WRITE(2,100)RX,RY,R2,WDOTX,WDOTY,WDOTZ

100 FORMAT(1X,9(G12.4,1X))

QDOTX=QDOTX,/GC ICONVERT TO G'S
QDOTY=QDOTY/GC ! "
QDOTZ=QDOTZ/GC ! "
WRITE(2,100)}QDOTX,QDOTY,QDOTZ,GDOTX,GDOTY, GDOT2Z

RETURN
END
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NAPFLDRK, FOR

PROGRAM TO CORRECT THE FIELD MEASURED LINEAR AND ANGULAR
ACCELERATIONS OF A NINE-ACCELEROMETER HEAD IMPACT MEASUREMENT
SYSTEM WITH A 3-2-2-2 CONFIGURATION.

YOU ARE REQUIRED TO INPUT AN ARRAY FOR THE NAPLAB SYSTEM

COEFFICIENTS (THE [A+I], [B] AND [BI]} MATRICES ). YOU ARE THEN
REQUIRED TO SELECT AN ANALYTICAL, NAPLAB OR EXPERIMENTAL INPUT
PULSE. THE PROGRAM WILL CREATE THE [C], [D] AND [(EM] MATRICES FOR

THE NAPFLD CALCULATIONS.
PROGRAM USES RUNGE~KUTTA METHOD

THE QUTPUT CONSISTS OF THE FOLLOWING PARAMETERS:

STIME = START TIME {SECONDS)
DTIME = INTEGRATION STEP TIME (SECONDS)
FTIME = FINISH TIME {SECONDS)

TIME = TIME (SECONDS) -
WX = ESTIMATED ANGULAR VELOCITY ABOUT THE X-AXIS (R/S)

WY = ESTIMSTED ANGULAR VELOCITY ABOUT THE Y-AXIS (R/S)

WZ = ESTIMATED ANGULAR VELOCITY ABOUT THE Z-AXIS (R/S)

RX = CORRECTED LINEAR ACCELERATION ALONG THE X-AXIS (G'S)

RY = CORRECTED LINEAR ACCELERATION ALONG THE Y-AXIS (G’S)

RZ = CORRECTED LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)

QDOTX = MEASURED LINEAR ACCELERATION ALONG THE X-AXIS (G'S)

QDOTY = MEASURED LINEAR ACCELERATION ALONG THE Y-AXIS (G’S)

QDOTZ = MEASURED LINEAR ACCELERATION ALCNG THE Z-AXIS (G'S)

WDOTX = CORRECTED ANGULAR ACCELERATION ABOUT THE X-AXIS {(R/(S5*S))
WDOTY = CORRECTED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S))
WDOTZ = CORRECTED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S*5))
GDOTX = MEASURED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(S*S))

GDOTY = MEASURED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S))

GDOTZ = MEASURED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(5*S5))

EXTERNAL FCN1
INTEGER N,IND,NW,IER
REAL*8 Y(6),C(24),W(6,9),X,TOL,XEND,YPRIME(6)

CHARACTER*16 INFIL,INFILZ2,INFIL3,0UTFIL,ANS1*1,QLAB*21,
RLAB(5)*60

DOUBLE PRECISION RX,RY,RZ,WDOTX,WDOTY,WDOTZ,WX,WY,WZ,

INMAGX, INMAGY, INMAGZ , DURAX, DURAY,DURAZ , RMAGX , RMAGY , RMAGZ , DURRX,
DURRY,DURRZ ,GDOTX,GDOTY,GDOTZ,QDOTX,QDOTY, QDOTZ ,A,B,CI,D,EM,BI,
TIME,STIME,DTIME, FTIME,ETIME,T,AX,BX,CX,DX,EX,FX,AAQ,BAD, CAD,
ALO,BLO,CLO,V,R’

DIMENSION A(6,6)
T{4000),AX(4000)
EX(4000),FX(4000

+B(6,6), ),D(6,6),EM(6,1),BI(6,1),Q(100},
,BX (4000 000),DX{4000),
)
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20
21

9
1

Government *’)

COMMON/BLK1,/1J

COMMON,/BLK2/TIME, DTIME

COMMON/BLK3/RX ,RY,RZ ,WDOTX ,WDOTY,WDOTZ , WX, WY ,WZ,GDOTX, GDOTY,

GDOTZ, QDOTX, QDOTY, QDOTZ .
COMMON/BLK4/INMAGX, INMAGY , INMAGZ , DURAX, DURAY, DURAZ , RMAGX,

RMAGY, RMAGZ , DURRX, DURRY, DURRZ

COMMON/BLXS/CI,D,EM

COMMON/BLK6 /ANS1

COMMON/BLK7/T,AX,BX,CX,DX,EX,FX

TYPE 9

FORMAT(/////)
TYFE 1

FORMAT(1X,"’ L R R R R e T T E T TR

&***i*'*i*******t‘*"‘)

TYPE 2
FORMAT(1X, " .
*! )
TYPE 3
FORMAT(1X,' * NOTICE
*1) :
TYPE 2
TYPE 4
FORMAT(1X,’ ‘ * This program is disseminated under the
sponsorship *!)
TYPE 5
FORMAT(1X,' * of the Transportation Systems Center in the
interest *')
TYPE 6
FORMAT(1X,’ * of information exchange. The United States .

TYPE 7
FORMAT(1X, ' " * assumes no liability for its contents or

use thereof. *')

TYPE 2
TYPE 1
TYPE 9

TYPE 20 . )
FORMAT(/,1X,'ENTER NAPLAB SYSTEM COEFFICIENT FILE NAME (Al6)’)
ACCEPT 21, INFIL

FORMAT(ALSG)

OPEN(UNIT=1,STATUS='OLD’ ,FILE=INFIL)

DO I=1,6

READ(1l,*)(A(I,J),Jd=1,6) IREAD ([A+I] MATRIX
END DO ' '

CALL MATINVSUB(A,INFIL)
DC 1=1,6

Do J=1,6

CI(I,J)=A{(I,J) 1[CI} = INVERSE OF [A+I] MATRIX
END DO »
END DO

READ(1,10)

D24



10 FORMAT(1X)

DO I=1,6
READ(1l,*)(B(I,J),J=1,6) IREAD [B] MATRIX
END DO :

READ(1,10)
READ(1, *)AAO,BAO,CAQ,ALO,BLO,CLO !READ BIAS VALUES

BI(1,1)=AA0Q !CREATE [BI]
BI(2,1)=BA0
BI(3,1)=CA0
BI(4,1)=AL0
BI{5,1)=BL0
BI(6,1)=CLO

AR AR ERREREREEREEEEEERRR RS ERRESEEERERERELEREEEREEESEEEELERZ)

L] FIND THE PRODUCT (D] = [CI)*[B] ’ *
Ry e e T Ty

DO I=1,6

DO J=1,6

D(I,J)=0.0

DO K=1,6
D(1,J3)=D(I,J)+CI(I,K)*B(K,J)
END DO

END DO

END DO

LA AR EEREREREEEREEEEEREREEERERREREEREEESEEERERERERERERERERENESE S

* FIND THE FRODUCT (EM] = ([CI)*[BI] ' *
KRk kR kR KA AR R IR R R TR R ARk Rk Ak Rk Rk Rk ARk kAR R R Rk Ak H

DO I=1,6

EM(I,1)=0.0

DO K=1,6
EM(I,1)=EM(I,1)+CI(I,K)*BI(K,1)
END DO

END DO

de dr e de e dr ok dr vk e Jr ok e Jo e v de de v dr ok e e e vk Ar e e v e it e o e o e ok v ok gk ok o ke i o e ok o o ok o e A ok

30 TYPE 31

31 FORMAT(,/,1X, "ANALYTIC, EXPERIMENTAL OR NAPLAB INPUT? (A, E OR N)')
ACCEPT 32,ANS1

32 FORMAT(AL)

IFP(ANS1.EQ.'A’")GQO TO 413
IF(ANS1.EQ.'N")GO TO 35
IF(ANS1.EQ.’E')GO TO 60

GO TO 30
35 TYPE 36
36 FORMAT(/,1X,’'ENTER NAME OF NAPLAB FILE')

ACCEPT 21,INFIL2 _
OPEN(UNIT=3,STATUS='QLD' ,FILE=INFILZ)
TYPE 44

ACCEPT 45,NS

TYPE 47
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55

57

ACCEPT *,STIME,FTIME
TYPE 46

ACCEPT *,DTIME
READ(3,55)QLAB
FORMAT(A21) = -
READ(3,*)(Q(I),I=1,67)
READ(3,57)(RLAB(I),I=1,5)
FORMAT(A60)

GC=386.089D0

DO II=1,NS

READ(3,*)T(II)

READ( 3, *)WXL,WYL,WZL

READ{ 3, *)RXL,RYL, RZL ,WDOTXL , WDOTYL , WDOTZL
READ(3,*)AX(II),BX(II),CX(II),DX(II)},EX(II),FX(II)

AX(II)=AX(II)*GC , " ICHANGE TO INCHES/S*S
BX(II)=BX{II)*GC ‘ ! "
CX(II)=CX{II)*GC ! "

END DO

GO TO 50

de st de e s de e e e sk de e ke e gk vk e ok sk sk ke A e sk vk o v de ok ok ok et ok e ok dr e e e e ok e e e ok o ok ok sk e e e ok ok ke e ok ok ok ok ok ok e e ok ok ok ok ok e

43
44

45
47

46

72

73

74

76

77

78

80

81

82

TYPE 44 ~
FORMAT{,/,1X, ENTER NUMBER OF OBSERVATIONS (SAMPLES)’)
ACCEPT 45,NS

FORMAT(1)

TYPE 47 , .
FORMAT(/,1X,'ENTER PULSE START AND FINISH TIMES IN SECONDS (2F)’)
ACCEPT *,STIME,FTIME

TYPE 46

FORMAT(/,1X, 'ENTER INTEGRATION TIME STEP (SEC)’)

ACCEPT *,DTIME

TYPE 72

FORMAT(/,1X,  ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')

TYPE 73

FORMAT(1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')
TYPE 74

FORMAT(1X, ACCELERATION ABOUT THE X-AXIS. (2F)’)

ACCEPT *,INMAGX,DURAX

IF (INMAGX.EQ.0.)DURAX=0.1 !AVOID DIVIDE BY ZERO
TYPE 76

FORMAT(/,1X,’ENTER PEAK MAGNITUDE(RAD/(S*S)) AND’)
TYPE 77

FORMAT(1X, ' DURATION(SECONDS) 'OF HALF SINE PULSE FOR ANGULAR')
TYPE 78 '

FORMAT(1X, 'ACCELERATION ABOUT THE Y~AXIS. (2F)’')

ACCEPT *,INMAGY,DURAY

IF (INMAGY.EQ.0.)DURAY=(,1 TAVOID DIVIDE BY ZERO
TYPE 80

FORMAT(,/,1X,’ENTER PEAK MAGNITUDE(RAD/{S*S)) AND')
TYPE 81

FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')

TYPE 82

FORMAT(1X, “ACCELERATION ABOUT THE Z-AXIS. (2F)'")

ACCEPT *, INMAGZ ,DURAZ .
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89
50

91
92
93

IFf {(INMAGZ.EQ.(.)DURAZ=0.1l !AVOID DIVIDE BY ZERO

TYPE 84

FORMAT{/,1X,’ENTER PEAK MAGNITUDE(G'’'S) AND’)

TYPE 85

FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR’)
TYPE 86

FORMAT(1X, 'ACCELERATION ALONG THE X-AXIS. (2F)')

ACCEPT *,RMAGX,DURRX

IF (RMAGK.EQ.0.)DURRX=0.1 !AVOID DIVIDE BY ZERO
TYPE 88

FORMAT(/,1X,'ENTER PEAK MAGNITUDE(G'’S) AND')

TYPE 89

FORMAT{1lX, 'DURATION(SECONDS) OF HALF SINE PULSE FOR iINEAR’)
TYPE 90

FORMAT(1X,’ACCELERATION ALONG THE Y-AXIS. (2F)')

ACCEPT *,RMAGY,DURRY

IF (RMAGY.EQ.0.)DURRY=0.1 'AVOID DIVIDE BY ZERO
TYPE 91 _

FORMAT(/,1X,’ ENTER PEAK MAGNITUDE(G'’S) AND’)

TYPE 92

FORMAT(1X, 'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR’)
TYPE 93

FORMAT(1X,'ACCELERATION ALONG THE Z-AXIS. (2F)')

ACCEPT *,RMAGZ,DURRZ '

IF (RMAGZ.EQ.0.)}DURRZ=0.1 !AVOID DIVIDE BY ZERO

GO TO 50

***************************ﬁ****i*****************-*****i******************

Q.

61

300

TYPE 61 :

FORMAT{/,1X,’ENTER NAME OF EXPERIMENTAL DATA FILE')
ACCEPT Z21,INFIL3

TYPE 44

ACCEPT 45,NS

TYPE 46

ACCEPT *,DTIME

OPEN(UNIT=14,STATUS="0OLD’ ,FILE=INFIL3)

DO 380 1I1=1,NS
READ(14,*)T(II),AX(II),BX(II),CX(II1),DX(ILl},EX(II),FX(II)
STIME=T(1)

FTIME=T(NS)

ARk AT A A A AR A AR AR A AR A AR AR AN AR AR AR AR AR ARARA R A AR AR AR R AR AR R AR AN AR AR AR AR A

50
51

TYPES]

FORMAT{/,1X,'ENTER NAME OF OUTPUT FILE TO BE CREATED.')
ACCEPT 21,0UTFIL :
QPEN(UNIT=2,STATUS='NEW’ ,FILE=QUTFIL)

WRITE(2,98)

FORMAT(1X,"’ STIME DTIME FTIME R")
v=0.D0

R=1.5D0

WRITE(2,100)STIME,DTIME,FTIME,R

DO 1=1,9
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WRITE(2,100)V,V,V,V,V,V,V
: END DO
100 FORMAT(1X,9(F9.4,1X))

WRITE(2,105)
WRITE(2,101)
WRITE(2,102)
WRITE(2,103)
WRITE(2,104)
105 FORMAT{1X,’ ')
101 FORMAT(1X, ' TIME')
102 FORMAT(1X, ' WX WY Wz')
103 FORMAT(1X,' RX RY RZ WDOTX WDOTY
& WDOTZ ') ;
104 FORMAT(1X,"’ QDOTX QDOTY QDOTZ GDOTX GDOTY
& GDOTZ')

INITIALIZE ANGULAR VELOCITY TERMS, TIME, OTHER CONSTANTS

[pXe e NR]

WX=0.DJ0
WY=0.D0

TIME=STIME
I1J=2 :
Tk Ak A KRR AT R ARk Rk R AR Rt h A dde ok ek Kt sk ek A d e A sk ke ke ko kR o

NW=6

N=6
X=STIME
XEND=STIME
Y(1)=0.D0 -
Y(2}=0.D0
Y{3)=0.D0
Y(4)=0.D0
¥Y{5}=0.D0
Y{6)=0.D0
TOL=.0001
IND=1

200 CALL DVERK(N,FCN1l,X,Y,XEND,TOL,IND,C,NW,W,IER)
IF{IND.LT.0.0R.IER.GT.0) GO TO 210
WX=Y(1)
WY=Y(2)
WZ=¥(3)
CALL QUTP
TIME=TIME+DTIME !UPDATE TIME
XEND=TIME
ETIME=FTIME+DTIME//1000.

IF{TIME.GT.ETIME)GO TO 210
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GOTO 200

210 STOP
END

*'k*********{********-‘********************************************
***********t****i***i**********i****i****i****i***i*t*ii***ii***
* CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS *
% de ve A ok v vk e o % % % v de e o vle o e gk gl dk sy oy ok de e v ok ol ol ol o dr o o e ol o ol e de o o ok dir e o d e dr ol i ol ke ol de ol Ok o e e ok
ITEEXEZEEEZEEEREEERE RS R ERREEREESA SRS R 22 R X X Rl s R R AR R R E R R R B 81

SUBROQUTINE FCN1(N,X,¥Y,YPRIME)

INTEGER N
REAL*8 Y(N),YPRIME(N),X

CHARACTER ANS1*1l

DOUBLE PRECISION RX,RY,RZ,WDOTX,WDOTY,WDOTZ,WX,WY,WZ,
* INMAGX, INMAGY, INMAGZ,DURAX,DURAY,DURAZ, RMAGX, RMAGY, RMAGZ ,DURRX,
DURRY,DURRZ,GDOTX,GDOTY, GDOTZ ,QDOTX, QDOTY, QDOTZ,CI,D,EM,
* TIME,T,AX,BX,CX,DX,EX,FX,GC,TMOD

*+

DIMENSION CI(6,6),D(6,6),EM(6,1),T(4000),AX(4000),BX(4000),
* CX(4000),DX(4000),EX(4000),FX(4000)

COMMON/BLK1/1IJ

COMMON/BLK2/TIME,DTIME

COMMON/BLK3/RX,RY,RZ ,WDOTX,WDOTY,WDOTZ ,WX,WY,WZ ,GDOTX,GDOTY, .
* GDOTZ,QDCTX,QDOTY,QDOTZ

COMMON,/BLK4 /INMAGX, INMAGY, INMAGZ, DURAX, DURAY,DURAZ, RMAGX,
* RMAGY, RMAGZ,DURRX,DURRY,DURRZ

COMMON/BLKS5/CI,D,EM

COMMON,/BLKGE /ANS1

COMMON/BLK?7/T,AX,BX,CX,DX,EX,FX

WX=Y(1)
WY=Y(2)
WZ=Y(3)

GC=386.089D0

IF(ANS1.NE.’A'")GO TO 18

LR RS EREASEREEE AR SRR R RS SdRERRREEREERRRE R ERRRRER R R RRERS XN

* CREATE HALF SINE PULSE INPUT FUNCTIONS *

IZEXEEEES RS EEE RS RS ES R REEEREEREERRRRERRERRREER SRR RS ERES SN

GDOTX=INMAGX*SIN(2.%3,1416+*(1./(2.*DURAX))*TIME)
GDOTY=INMAGY*SIN(2.*3.1416#*(1./(2.*DURAY))*TIME)
GDOTZ=INMAGZ*SIN(2.%3,1416*(1./(2.*DURAZ))*TIME)
QDOTX=RMAGX*GC*SIN(2.#3.1416*(1./(2.*DURRX))*TIME)
QDOTY=RMAGY*GC*SIN(2.%3.1416*(1./(2.*DURRY) )*TIME)
QDOTZ=RMAGZ*GC*SIN{(2.%3.1416*(1./(2.*DURRZ))*TIME)

IF(TIME.GT.DURAX)GDOTX=0.0
IF{TIME.GT.DURAY)GDOTY=0.0
IF{TIME.GT.DURAZ)GDOTZ=0.0
IF{TIME.GT.DURRX)QDOTX=0.0
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IF(TIME.GT.DURRY)QDOTY=0.0
IF(TIME.GT.DURRZ)QDOTZ=0.0

GO TO 12

Je e ke A e Jud de A Je v du ok Tr ok dr s dr e e ok o vk v de vk ok o o ok e ok vl o e ok i vk e ok ol e ale vk ok ol e ok ol o e o ok vle ol e e o vk ok ok ok e ke o ok o vl s o ok de o O ok o

%*

EXTRAPOLATION ROUTINE FOR HANDLING EXPERIMENTAL AND NAPLAB DATA

*

% d v % dc i ko % dr e kv e o ot e o ok ok dr vt ok ok ol ok e dke e vk e vk o kol ok o v ake ok ok s sk v ol v g de ok o de o vk d i d o o e ok b dk o ke e ok o o e ok o e ok

18

320

TMOD=TIME-DTIME/1000.
IF{T(IJ).GE.TMOD)GO TO 320
I1J=1J+1

GO TO 18

IK=IJ-1
DTX=(TIME-T(IK))/(T(IJ)-T(IK})
QDOTX=AX(IK)+{AX(IJ)-AX(IK))*DTX
QDOTY=BX(IK)+(BX(IJ)-BX(IK))*DTX
QDOTZ=CX{IK)+(CX(IJ)-CX(IK))*DTX
GDOTX=DX{ IK)+(DX(IJ)-DX(IK))*DTX
GDOTY=EX(IK)+(EX(IJ)-EX(IK))*DTX
GDOTZ=FX{IK)+(FX(IJ)-FX(IK))*DTX

!UP A BIT ALONG THE WAY

ve v v de ok sk e o ¥r de o v ok vk s g vk dk o Jr d dr e v o g ot ol o e ok ol Y vk ok dir i d ok ok de ok vt oo ke o ok ok e ok

*

CALCULATE CORRECTED OUTPUTS *

IR R RN ESAREESREERERERERRRERAERREERRERSEREREEEEREREEEREDR.]

12

C

[ - VIR O [~ VYR V]

o L N

WDOTX=-EM(1,1)+CI(1,1)*GDOTX+CI(1,2)*GDOTY+CI{1l,3)*GDOTZ-
D(1,1)*WX**2~D(1,2)*WY**2-D(1,3)*WZ**2-D(1,4) *WX*WY-
D(1,5)*WX*WZ-D(1,6) *WY*W2+CI(1l,4)*QDOTX+CI(1,5)*QDOTY+

CI(1,6)*QDOTZ

WDOTY=-EM(2,1)+CI(2,1)*GDOTX+CI(2,2)*GDOTY+CI(2,3)*GDOTZ2-
D(2,1)*WX**2-D(2,2) *WY**2-D(2,3)*WZ**2-D(2,4)*WX*WY-
D(2,5)*WX*WZ-D(2,6)*WY*WZ+CI{2,4)*QDOTX+CI(2,5)*QDOTY+
CI(2,6)*QDOT2

WDOTZ=-EM(3,1)+CI(3,1)*GDOTX+CI{3,2)*GDOTY+CI(3,3)*GDOTZ~
D(3,1)*WX*%x2-D(3,2)*WY**2-D{(3,3)*WZ**2-D(3,4)*WX*WY-
D(3,5)*WX*WZ-D(3,6)*WY*W2+CI(3,4)*QDOTX+CI(3,5)*QDOTY+
CI(3,6)*QDOT2Z

C CALCULATE THE ESTIMATED LINEAR ACCELERATIOCNS

C

Y N WY N

[PV ]

J+CI(4,1)*GDOTX+CI(4,2)*GDOTY+CI(4,3)*GDOTZ~

4,1
D(4,1)*WX**2-D(4,2)*WY**2_-D(4,3)*WZ**2-D(4,4) *WX*WY-
D(4,5)*WX*WZ-D(4,6)*WY*WZ+CI(4,4)*QDOTX+CI(4,5)*QDOTY+
CI{4,6)*QDOTZ )

RY=-EM(5,1)}+CI(5,1)*GDOTX+CI{(5,2)*GDOTY+CI{(5,3)*GDQTZ~
D(5,1)*WR**2_D(5,2)*WY**2_D(5,3)*WZ**2-D(5,4 ) *WXAWY-
D(S5,5)*WX*WZ-D(5,6)*WY*WZ+CI(5,4)*QDOTX+CI(5,5)*QDOTY+
CI(5,6)*QDOT2 -

RZ=-EM(6,1)+CI(6,1)*GDOTX+CI(6,2)*GDOTY+CI{(6,3)*GDOTZ-
D(6,1)*"WX**2-D(6,2)*WY**2~D(6,3)*WZ**2-D(6,4)*WX* WY~
D(6,5)*WX*WZ2-D(6,6 )} *WY*WZ+CI(6,4)*QDOTX+CI(6,5)*QDOTY+
CI{6,6)*QDOTZ

YPRIME(1l)=WDOTX
YPRIME( 2 y=WDOTY

D2-10
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YPRIME(3)=WDOTZ
YPRIME(4)=RX
YPRIME(S5)=RY
YPRIME(6)=RZ

RETURN
END

I EEEEEEEEEE RN R RERZE AR EEERE YRR R EEEYEEEEE FE X
Pt v e e v de v e o e de ok e dr % vl ke Je oy e o ok dr ok e e e ol e ok e o e ok o e e ok e e ok ek ek e ke e
* WRITE OQUTPUT FILE *
I3 XERRESRREERRREESARE RIS R REEESSRRERREE Y X 2
hkhkdhkhdkkhhdddhkdrhddedkdhdhdkdhddbdkkddrdhkrekikrkhhkkirk

SUBROUTINE QUTP

INTEGER N,IND,NW,IER
REAL*8 Y(6),C(24),w(6,9),X,TOL,XEND,YPRIME(6)

DOUBLE PRECISION RX,RY,RZ,WDOTX,WDOTY,WDOTZ ,WX,WY,WZ,
* GDOTX,GDOTY,GDOTZ,QDOTX,QDOTY,QDOTZ, TIME,GC

COMMON/BLK2/TIME,DTIME
COMMON/BLK3/RX,RY,RZ,WDOTX,WDOTY ,WDOTZ ,WX,WY,W2,GDOTX,GDOTY,
*  GDOTZ,QDOTX,QDOTY,QDOTZ

WRITE(2,100)TIME
WRITE(2,100)WX,WY,WZ

GC=386.089D0

RX=RX/GC ! CONVERT TO G'S
RY=RY/GC ! "
RZ=RZ/GC ! "

WRITE(2,100)RX,RY,RZ,WDOTX,WDOTY,WDOTZ

100 FORMAT(1X,9(G12.4,1X))

QDOTX=QDOTX/GC !
QDOTY=QDOTY /GC !
QDOTZ=QDOTZ /GC !
WRITE(2,100)QDOTX,QDOTY,QDOTZ,GDOTX,GDOTY, GDOT2

CONVERT TO G'S

RETURN
END

D2-11/D2-12






APPENDIX E

ERROR TERM MATRICES
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Error matrices have the following format:,

STIME,DTIME.FTIME. R
EQ10,E011, EOQ12, E013, 8011, 5012, 5013
EO20, EQ21, EOR22, ECR23, 5021, S022, 8023
EO30, EO31. EQ32, EO33, 5031, S032, S033
Ei120.E121,E122,E123, 5121, 85122, 5123
E130,E131,E132,E133,5131,5132, 5133
E210, E211, E212, E213, 5211, 5212, 5213
E230: E231, E232, E233, 5231, 5232, 5233
E310, E311,E312, €313, 8311, 8312, 5313
E320, E321. E322, E323, §321, 8322, §323

Where:

STIME = The start time of the input pulse.

DTIME = The sample interval of the input pulse.

FTIME = The finish time of the input pulse.

EIJK = Eijk which is error type k (0 - bias plus noise, 1l =
uncertainty in scale factor, 2,3 = cross axis
sensitivity) for accelerometer measuring in the
j direction (l=x, 2=y, 3=2) situated at locaticn.i
(see Figure 1.1).

SIJX = aijk which is location error in k direction for accelerometer

measuring in 3} direction situated at location i.

E-3



0,0.001,0.1,1.5
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
6,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
* ERTERMO0QO.DAT

* NULL SET ASSUMES PERFECT MOUNT AND PERFECT TRANSDUCERS

0,0.001,0.1,
0,0,0,0,-.09,.25,.20
0,0,0,0,.25,-. 09, 20
¢,0,0,0,.25,.25,-.09
0,0,0,0,.25,-.09,.20
0,0,0,0,.25,.25,-.09
0,0,0,0,-.09,.25,.20
0,0,0,0,.25,.25,-.09
0,0,0,0,-.09,.25,.
0,0,0,0,.25,-.09,.20

* ERTERMOO1.DAT

* STANDARD ENDEVCO MOUNT
* PRINCIPAL AXES COINCIDE WITH EDGES .OF MOUNT
* ORIGIN IS AT APEX OF MOUNT

* R=1.5"

* ASSUMES PERFECT ACCELEROMETERS
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* ERTERM0O02.DAT

* STANDARD ENDEVCO MOUNT
* PRINCIPAL AXES ARE ALONG THE LINES OF ACTION OF THE THREE
TRANSDUCERS AT THE ORIGIN. THE ORIGIN IS AT THE INTERSECTION

OF THESE LINES OF ACTION.

* Re=l.5

* ASSUMES PERFECT ACCELEROMETERS
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1,0.1,1.5
0,-.025,-.025,0
0,-.025,-.025,0
0, 025,0,-.025
0,. 025 -.025,0
0,.025,0,- 025
0,—.025,.025,0
0,
0,
0,

QOO0 O0OOOO0

L I . T T T S S

-.025,-.025,0
—;025.--02510

[eNelololaloNeRol ol
- - - - - - - - ~ -
OCCOOOCOOOOO

* ERTERMQOQ3.DAT

* MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS
FROM ENDEVCO BLUEPRINT

* ALL DIMENSIONS ARE INCREASED FOR MAXIMUM UNCERTAINTY

* THE ggCERTAINTY IS5 WITH RESPECT TO THE NULL SET

* R v

* ASSUMES PERFECT TRANSDUCERS

,0.1,1.5
.- 115,.225 .20
' 225 -.115,.20
' 225,.25,-.115
y+275,-.115,.20
r-275,.25,-.115
P= 115 275 .20
;- 225, 25 - 115
,—.115,.225,.20
y+225,-.115,.20

OO0 COO0O0O0O
B T T T TR )
COOCCOOODOOO0OOD0O
- wm om omom N ow o owm o ow s

* ERTERMOO04.DAT .

* MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS
FROM ENDEVCO BLUEPRINT

* MATRICES ERTERMOOl + ERTERH003

* R=1.5"

* ASSUMES PERFECT TRANSDUCERS

0,0.001,0.1,1.5
0,0,0,0,-.115,.225,.
386.089,0,0,0,.225,-.115,.20
0,0,0,0,.225,.25,-.115
0,0,0,0,.275,-.115,.20
0,0,0,0,.275,.25,-.115
0,0,0,0,-.115,.275,.
0,0,0,0,.225,.25,-.115
0,0,0,0,-.115,.225,.20
0,0,0,0,.225,-.115, .20

*

ERTERMOO S .DAT

MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS
FROM ENDEVCO BLUEPRINT

MATRICES ERTERMO01l + ERTERMO03 WITH THE ADDITION OF
E020 = 386.089 = 1G

* R=1.5"

* ASSUMES PERFECT TRANSDUCERS

*

*
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* ERTERM0O06.DAT

* NULL SET ASSUMES PERFECT MOUNT AND PERFECT TRANSDUCERS
WITH THE EXCEPTION OF A 1G BIAS ON THE Y-TRANSDUCER AT THE ORIGIN.

0,0.001,0.1,1.5
0,0,0,0,-.365,-.025,0
0,0,0,0,-.025,-.365,0
0,0,0,0,-.025,0,-.315
0,0,0,0,.025,~.365,0
0,0,0,0,.025,0,-.315
0,0,0,0,-.365,.025,0
0,0,0,0,-.025,0,-.315
0,0,0,0,-.365,-.025,0
0,0,0,0,-.025,-.365,0

* ERTERMQ07.DAT

* MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS

FROM ENDEVCO BLUEPRINT

* ALL DIMENSIONS ARE INCREASED FOR MAXIMUM UNCERTAINTY

* MATRICES ERTERMO0OZ + ERTERMO0O3
* R=1.5"
* ASSUMES PERFECT TRANSDUCERS
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* ERTERMO0S8.DAT

* MATRIX WITH AXES PASSTNG‘THROUGH'THE SEIZMIC CENTERS IN THE X-Z PLANE

FROM ENDEVCO BLUEPRINT
* R=1.5" _ ‘ ‘
* ASSUMES PERFECT TRANSDUCERS
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* ERTERMO09.DAT

* MATRIX WITH ALL THREE PLANES PASSING THROUGH SEIZMIC CENTERS
FROM ENDEVCO BLUEPRINT ‘

* R=]l_5"

* ASSUMES PERFECT TRANSDUCERS

0,0.001,0.1,1.5

0,0,0,0,.203,0,0
0,0,0,0,0,.203,0
0,0,0,0,0,0,.203
0,0,0,0,0,.203,0
0,0,0,0,0,0,.203
0,0,0,0,.203,0,0
0,0,0,0,0,0,.203
0,0,0,0,.203,0,0
0,0,0,0,0,.203,0

* ERTERM010.DAT |

* PRINCIPAL AXES ARE ALONG THE LINES OF ACTION OF THE THREE
TRANSDUCERS AT THE ORIGIN. THE ORIGIN IS AT THE INTERSECTION
OF THESE LINES OF ACTION.
DEFAULT GEOMETRY FROM ROBERT DENTON BLUEPRINT

* R=1.5" (FOR THE SAKE OF COMPARISON WITH OTHER MATRICES)

* ASSUMES PERFECT TRANSDUCERS

0,0.001,0.1,1.5

0,0,0,0,0,-.203,-.203
0,0,0,0,-.203,0,-.203
0,0,0,0,-.203,-.203,0
0,0,0,0,-.203,0,-.203
0,0,0,0,-.203,-.203,0
0,0,0,0,0,-.203,-.203
0,0,0,0,-.203,~-.203,0
0,0,0,0,0,-.203,-.203
0,0,0,0,-.203,0,-.203

* ERTERMO11l.DAT

* MATRIX WITH ORIGEN OF THE SYSTEM MOVED +.203X, +.203Y AND +.2032
FROM ROBERT DENTON BLUEPRINT .

* R=1,5" (FOR THE SAKE OF COMPARISON WITH OTHER MATRICES)

* ASSUMES PERFECT TRANSDUCERS



0,0.001,0.1,1.5
0,0,.05,.05,0,0,0 N
0,0,0,0,0,0,0
e,0,.05,.05,0,0,0
6,0,0,0,0,0,0
0,0,.05,.05,0,0,0
9,0,0,0,0,0,0

0,0,0,0,0,0,0
¢,¢,.05,-.05,0,0,0
0,0,0,0,0,0,0

* ERTERMO12.DAT

* ASSUMES PERFECT MOUNT GEOMETRY

~ * FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES
OF 5% IN BOTH DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR

* R = 1,5"
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* ERTERM013.DAT

* ASSUMES PERFECT MOUNT GEOMETRY

* FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES
OF 4% IN BOTH DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR

* R =1,5"

0,0.001,0.1,1.5
0,0,.03,.03,0,0,0
6,0,0,0,0,0,0
¢,0,.03,.03,0,0,0
o,0,0,0,0,0,0
0,0,.03,.03,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,.03,-.03,0,0,0
OIOIOIO'IOIOvIO

* ERTERMQ14.DAT
* ASSUMES PERFECT MOUNT GECMETRY
* FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES
OF 3% IN BOTH DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR L
* R = 1.5"
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0,0.001,0.1,1.5
0,0,.02,.02,0,0,0
0,0,0,0,0,0,0
0,0,.02,.02,0,0,0
0,0,0,0,0,0,0
0,0,.02,.02,0,0,0
¢,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,.02,-.02,0,0,0
,0,0,0,0,0,0

* ERTERM015.DAT

* ASSUMES PERFECT MOUNT GEOMETRY

* FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES
OF 2% IN BOTH DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR

* R = 1.5"

0,0.001,0.1,1.5
0,0,.01,.01,0,0,0

0,0,0,0,0,0,0

0,0,.01,.01,0,0,0

0,0,0,0,0,0,0

0,0,.01,.01,0,0,0

0,0,0,0,0,0,0

0,0,0,0,0,0,0

0,0,.01,-.01,0,0,0

0,0,0,0,0,0,0

* ERTERMO16.DAT

* ASSUMES PERFECT MOUNT GEOMETRY

*

FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES
OF 1% IN BOTH DIRECTICNS - SIGNS SET FOR MAXIMUM ERROR
* R =1,5"

.,.0005,.01,2.5
.0.,0.,0.,.203,0.,0.
.,0.,0.,0.,0.,.203,0.
.,0.,0.,0,,0.,0.,.203
«,0.,0.,0.,0.,.203,0.
e;0.,0.,0.,0.,0.,.203
«;0.,0.,0.,.203,0.,.04
,9.,0.,0.,0.,0.,.243
.,0.,0.,0.,.203,.04,0.
«0.,0.,0.,0.,.243,0.

COO0ODOOCOOO0O

*

ERTERMA.DAT

Experimental matrix

Rotation corresponding to .04 inch at one end of 2.5 inch arm
(0.92 degrees) :

* %



P T S T A .

* *

*+

. s
L T T I R

.0005,.01,2.5
0.,0.,0.,0.,0.,0.
0.,0.,0.,0.,0.,0.
0.,0.,0.,0.,0.,0.
0.,0.,0.,0.,0.,0.
0.,0.,0.,0.,0.,0.
0.,0.,0.,0.,0.,.04
0.,0.,0.,0.,0.,.04
0.,9.,0.,0.,.04,0.
0.,0.,0.,0.,.04,0.

ERTERMB..DAT

Experimental matrix
Rotation corresponding to
(0.92 degrees)

Otherwize presumes perfect locations for transducers (no geometric
offsets)

.04 inch at one end of 2.5 inch arm
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MATRTX INVERSION SUBRCUTINE
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LS RS RS EEEREREEAEREARER AR EREERREEERSRRIEREERERR R R

* MATINVSUB.FOR N
* *
* SUBROUTINE TO CALCULATE THE INVERSE OF THE 6 BY 6 *
* [A+I] MATRIX. . *
* *
***i***i**t**.********************************ti*i*i*i**********

SUBROUTINE MATINVSUB(A,INFIL)

DIMENSION A(6,6)
DOUBLE PRECISION A,X

|

DO L=1,6
X=A(L,L)
IF(X.NE.0.0)GO TO 200
TYPE 170

170 FORMAT(///,1X,'SINGULAR MATRIX!')
STOP

200 A(L,L)=1.0
DO J=1,6 .
A(LIJ)EA(LIJ)/X
END DO
DO I=1,6
IF(I.EQ.L)GO TO 220
X=A(I,L) :
A(I,L)=0.0
DO J=1,6
A(I,J)’A(IfJ)‘X*A‘L:J)
END DO

220 END DO
END DO

RETURN

END
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APPENDIX G

COMPUTER FPROGRAM FOR CREATTING
LABORATORY SYSTEM MATRICES FROM

ERROR TERM MATRICES

G-1/G-2






A 2R R R R R R R R R R R R A T R R S R R e
CREATMAT.FOR

*

»*

* PROGRAM TO CREATE NAP SYSTEM MATRICES [(A+I], [B] AND (BI]
* AS WELL AS [(C), [D] AND [E] FROM AN ERROR FILE.
*
¥
*
4

THE (A+1}, [B], [BI], (C], (D] AND (E] MATRICES WILL BE

WRITTEN TO A SINGLE FILE IN THAT ORDER.
KANTRFIRRAR R AR A RN ARRTdkdhhdhhk kR kdhh ARk hhkhhnrahhdrhdmhdnn

*
*
*
*
x
L
*
*
CHARACTER*16 ERFIL,QUTFIL

DIMENSION A(6,6),B(6,6),BI{(6,6),C(6,6),D(6,6),E(6,6)
DOUBLE PRECISION A,B,BI,C,D,E,X

ol ERROR FILE
TYPE 30
30 FORMAT(1X, 'ENTER NAME OF ERROR FILE DESIRED.' )
: ACCEPT 31,ERFIL
31 FORMAT(AlS)
OPEN{(UNIT=1,FILE=ERFIL, STATUS='0LD')
TYPE 32
32 FORMAT(1X,' ')
TYPE3?
37 FORMAT(1X,’ENTER NAME OF QUTPUT FILE TO BE CREATED.’)

ACCEPT 31,0UTFIL
OPEN(UNIT=2,FILE=QUTFIL,STATUS="NEW')

READ(1l,*) STIME,DTIME,FTIME,R

ERROR TERMS

0oan

READ(1,*) EO10,E011,E012,E013,5011,5012,5013
READ(1,*) E020,E021,E022,E023,58021,5022,5023
READ(1,*) E030,E031,E032,E033,5031,5032,5033
READ(1,*) E120,E121,E122,E123,5121,58122,5123
READ(1,*) E130,E131,E132,E133,8131,8132,5133
READ(1,*) E210,E211,E212,E213,8211,5212,5213
READ(1,*) E230,E231,E232,E233,5231,5232,5233
READ(1,*) E310,E311,E312,E313,58311,8312,8313
READ(1,*) E320,E321,E322,E323,5321,5322,58323

C -

C CALCULATE THE A,B,C VALUES FOR ANGULAR ACCELERATION

C
AAQ0=(E230-E030-E320+E020)/(2*R)
AAl=(E233+E322)/2+(S232-5032+8323-5023)/(2*R)
AA2=-E321/2+((8231-S031)/(2*R})
AA3=-E231/2-((8321-S021)/(2*R))
AAqd=(E323-E232)/2+((S5322-5022+5033- -5233)/(2*R)),
AAS=E323/2+{5033-8233)/(2*R) -
AA6=-E232/2+(8322-5022)/(2*R)
AA7=E231/2+{5021-5321)/(2*R)
AAB=-E321/2+(8231~-S031)/(2*R)
AA9=(E233-E322)/2+(5232-5032-5323+5023)/(2*R)
AAl10=(E231-E031-E321+E0Q21)/(2*R)
AAl1=(E232-E032-E322+E022)/(2*R)
AAl2=(E233-E033-E323+E023)/(2*R)
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aOOOn

BAO=(E310-E010-E130+EQ30)/(2%R)
BAl=E312/2+(58032-S132)/{(2*R) _
BA2-(E311+E133)/2+(5313f5013+5131-5031)/(E*R)
BA3=-E132/2+(8Q012-5312)/(2*R) .
BA4=-E313,/2+(8133-5033)/(2*R)
BAS5={E131-E313),/2+{(S5011-5311+5133-5033)/(2*R)
BA6=E131/2+(5011-58311),/(2#*R)
BA7=-E132/2+(8312~-5012)/(2*R)
BAS=(E311-E133)/2+(8313-5013-5131+5031)/(2*R)})
BA9=E312/2+(5032-58132)/(2*R)
BAl0=(E311-E011-E131+E031)/(2*R)
BAll=(E312-E012-E132+E032)/(2*R)
BAl12=(E313-E013-E133+E033)/(2*R)

CA0={(E120-E010-E210+EC10)/(2*R)
CAl=-E213,/2+(5023-5123)/(2*R)
CA2=~E123/2+(8013-58213)/(2*R)
CA3=(E122+E211)/2+(8121-5021+5212-5012)/{2*R)
CA4=E212/2+(5022-5122)/(2*R)
CA5=-E121/2+(8211-58011)/(2*R)
CA6=(E212-E121)/2+(8022-8122+5211-S011)/(2*R)
CA7=(E122-E211)/2+(8121-5021-S212+5012)/(2*R)
CAB=E123/2+(5013-8213}/(2*R)
CA9=-E213,/2+(8123-5023)/(2*R)
CAlQ=(E121-E021-E211+E011)/(2*R)
CAll=(E122-E022-E212+E012)/(2*R)
CAl2=(E123-E023-E213+ED013)/(2*R)

CALCULATE THE A,B,C VALUES FOR LINEAR ACCELERATION

ALO-ALl12,BLO-BL12,CLO-CL12

"ALO=EO01Q

ALl=-~S013*E012+S5012*EQ13
AL2=5013+5S013*E011-S011*E013
AL3=-5012-5012*E011+S011*E012
AL4=-5012*E012-S013*E013
AL5=-5011-S011*E011-S013*EQ13
AL6=-5S011-S011+EQ11-S012*EQ12
AL7=S5S012+5012*E011+S011+E012
ALB=5013+5013*E011+S011*E013
AL9=5013*E012+S012+EQ13
AL10=EOQ11l

AL11=EQ12

ALl12=E0Q013

BL0=E020

© BL1=-S023-S023*E022+S022+E023

BL2=5S023*E021-5021*E023
BL3=-5022*E021+S021+S021+*EG22
BL4=-5022-S022%E022-5S023+*E023
BL5=-5021%E021-S023%E023 -
BL6=-5021*E021-5022-S022*E022
BL7=5022*E021+5021+S021*E022
BL8=S023*E021+S021+E023 A
BL9=5023+5023%E022+5S022*E023
BL10=E021 '

BL11=E022

BL12=E023



CLO=EOQ30 :
CL1=-S033%E032+5032+5032%E033
CL2=5033*E031-5031-S031*E033
CL3=-5032*E031+5031*E032
CL4=-S032%E032-5033-S033*E033
CL5=-5031*E031-5033-5033*E033
CL6=-S031%E031-5032%E032
CL7=5032*E031+5031%E032
CL8=S033*%E031+5031+5031+E(33
CL9=S033%E032+5032+5032*E033
CL10=E031

CL11=E032

CL12aE033

AAIl=AAl1+1.0
BAIZ=BA2+1.0
CAI3=CA3+1.0
ALI10=AL10+1.0
BLI1l=BL11+1.0
CLI12=CL12+1.0

C WRITE FILE FOR [A+I] MATRIX

WRITE(2,100}AAIl,AA2,AA3,AAl10,AR11,AA12
WRITE(2,100)BAl,BAIZ2,BA3,BA10,BA1l,BAl2
WRITE(2,100)CAl,CA2,CAYI3,CALlQ,CAlLl,CAL2
WRITE(2,100)ALl,ALZ2,AL3 ,ALI10,ALl1l,ALL2
WRITE(2,100)BL1,BL2,BL3,BL10,BLIl1l,BL12
WRITE(2,100)CLl,CL2,CL3,CL10,CL11,CLI12
WRITE(2,110) '
110 FORMAT{1X)

c WRITE FILE FOR (B] MATRIX

WRITE(2,100)AA4,AAS,AR6,AAT,AA8 ,AND
WRITE(2,100)BA4,BAS,BAG,BAT,BAB,BAY
WRITE(2,100)CA4,CA5,CA6,CAT7,CAB,CAS
WRITE(2,100)AL4,ALS5,AL6,AL7,ALS8,ALS
WRITE(2,100)BL4,BL5,BL6,BL7,BLB,BLY
WRITE(2,100)CL4,CL5,CL6,CL7,CL8,CLY
WRITE(2,110)

c WRITE FILE FOR THE BIAS TERMS ([BI]

DO I=1,6

WRITE(2,100)BI(I,1)
* END DO

WRITE(2,110)



100

PP PpPpPBB b

FORMAT(6F8.3)

A(l,1)=AATl
A(l,2)=AA2
A(l,3)=AA3
A{1,4)=AAl10
A(l1,5)=AAll
( )=AALl2

— o — S, —

1
2
(2
2
2
2
2
3
3
3
3
3
3

A(4,2)=AL2
A(4,3)=AL3
A(4,4)=ALI1O0

A(4,5)=AL1l

A(4,6)=ALl2

A(5,1)=BL1

A(5,2)=BL2

A(5,3)=BL3
A(5,4)=BL10
A(5,5)=BLI1l
A(5,6)=BL12
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%*

CALCULATE THE INVERSE OF THE 6 BY 6 [A+I] MATRIX. *

. LRSS ESEEERREREAREREREERESREEEREREEEEEEREREREREEEREREREESEESEREEEEEEESEHS]

170
200

220

DO L=1,6

X=A(L,L)
IF(X,NE.0.0)GO TO 200
TYPE 170
FORMAT(,///,1X, ' SINGULAR MATRIX!’)
STOP

A(LIL)=1-0

DO J=1,6
A(L,J)=A{(L,J)/X

END DO

DO I=1,6

IF(I.EQ.L)GO TO 220
X=A(I,L)

A(I,L)=0.0

DO J=1,6
A(I,J)=A(I,J)-X*A(L,J)
END DO

END DO

END DO

DO I=1,6

DO J=1,6
C(I,J)=A(I,J)
END DO

END DO

WRITE FILE FOR [C] = INVERSE OF [A+I] MATRIX

07



DO I=1,6
WRITE(2,100)(C(I,J),J=1,6)
END DO

WRITE(2,110)

'Y 22222222 XSX RS XXX SR X R R RS XX R R o R AREERESERSEERES SR,

s vk v o vy vk oy s e e v vk e vk ol g A vk ok vl ok o v e o ke e e o o ok sk db o e ok e ok ok o dr ok ok o o e ok vk e ok

* FIND THE PRODUCT [D] = [C]*[B] *
Ade s de ke e e ok ok et e de ek de e ok dededede ok e s g vk ok ok ok ke o ok ok o o ok vk e ek ok

Do I1=1,5%6

DO J=1,6

D(I,J})=0.0

DO K=1,6
D(I,J)-D(I,J)"’C(I;K)*B(KrJ)
END DO

END DO

END DO

[ WRITE A FILE FOR THE [D] MATRIX

DO I=1,6 ‘
WRITE(2,100)(D(I,J),Jd=1,6)
END DO

WRITE(2,110)

dr e A de de dr v s vk e kv e d o ke ok sk o v ok e o e v ok de o o ok e e ok o o kv e ok o vk e ok ok o e ok e S ok el ok o ke ok

(X R ER R EEEEREREEEREENERERSERREREREEREREEREEREERREEEYXSERERERR]

* FIND THE PRODUCT [E] = {C|*{BI] *

LA R A RS R SR RS ESERERERERERRERSEREE RS EREEREEEEERERRESERER]

DO 1=1,6

E(I,J)=0.0

DO K=1r'6
E(I,1)=E(I,Ll}+C{I,K)*BI({K,1)
END DO

END DO

C WRITE FILE FOR [E} MATRIX
DO I=1,6
WRITE(2,100)E(I,1)

END DO

STOP
END

§=8
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CQOMPUTER PROGRAM FOR CONVERTING TABORATORY AND
FIEID SYSTEM CUTPUTS TO FILES CONTAINING

SINGLE FARAMETER TIME HISTORIES
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*
*
*
4
*
*
¥
%*
*
*

100
110
120
130
175

L8o
181
182
183
L84
-85
.86
=87
188
189
190
191
192
193
194

CONV.FOR

PROGRAM TC CONVERT OUTPUT DATA FROM THE NAP PROGRAM INTO A FILE

FOR THE SPECIFIC PARAMETER DESIRED.

PARAMETER VALUES ARE WRITTEN TO THE NEW FILE. THE NEW FILE
IS WRITTEN IN DOUBLE PRECISION AND MAY THEN BE USED AS INPUT

TO METAGRAPH. .

*
*
»*
4
SAMPLE TIME AND THE *
*
%*
%*
*
%

IZ R X EEEESEREEREER RS ERERE SRS ER SR ESERRRERRR XX RERERRRRSSEEEEERSRRERRXERESRZE,]

DIMENSION Y(-40000:40000),C(-4000:4000)
CHARACTER INFIL*16,OUTFIL*16,CLAB*21,YLAB{5)*60

“FEYPE 100

FORMAT(1X, 'ENTER NAME OF INPUT DATA FILE {Al6)’)

ACCEPT 110,INFIL

FORMAT(Al6)
TYPE 120

FORMAT(1X,"ENTER NUMBER OF POINTS (SAMPLES IN TIME) (I)}')

ACCEPT 130,N
FORMAT(1I)
TYPE 175
FORMAT(1X,’ ')
TYPE 175

TYPE 180
FORMAT(1X,’2
TYPE 181
FORMAT({1X,"3
TYPE 182
FORMAT(1X,’4
TYPE 183
FORMAT(1X,’5
TYPE 184
FORMAT(1X,’'6
TYPE 185
FORMAT(1X,"7
TYPE 186
FORMAT(1X,’8
TYPE 187
FORMAT(1X,’9
TYPE 188
FORMAT(1X,'1l0
TYPE 189
FORMAT(1X,'11
TYPE 190
FORMAT(1X,"12
TYPE 191
FORMAT(1X,713
TYPE 192
FORMAT(1X,'14
TYPE 193
FORMAT(1X,'15
TYPE 194
FORMAT(1X,°16
TYPE 175

TYPE 196

WX')
WY')
W2')
RX')
RY')
RZ7)
WDOTX' )
WDOTY’ )
WDOTZ ')
QDOTX ')
QDOTY’ )
QDOTZ')
GDOTX' )
GDOTY')

GDOTZ ' )}



196 FORMAT{1X,’ENTER A NUMBER FOR THE OUTPUT FILE DESIRED.')
ACCEPT 130,L
TYPE 140

140 FORMAT(1X,'ENTER NAME OF QUTPUT DATA FILE (Al6)’)
ACCEPT 110,0UTFIL .

OPEN(UNIT=1,STATUS='OLD’ ,FILE=INFIL)
OPEN(UNIT=22,S5TATUS='NEW’ ,FILE=QUTFIL)

READ(1,150)CcLap =
READ{1,*){C(I),I=1,67)
READ(1,160)(YLAB(I),I=1,5)
DO K=0,N-1
READ({1,*)Y(R*16+1)
READ{1l,*){Y({K*16+1),I=2,4)
‘READ(1,*)(Y(K*16+I),1I=5,10)
READ{1,*)(Y(K*16+I),I=11,;16)
END DO
DO Ke0,N-1
WRITE(22,172)Y{(K*16+1),Y(K*16+L)
END DO

150 FORMAT(A21)

160 FPORMAT(AB0)

172 FORMAT(1X,2(D23.16,1X})
STOP
END

B-4



APPENDIX I

COMPUTER PROGRAM FOR CONVERTING UDS FIIES

TO ASCIT FIIES
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FROGRAM UDS2ASCII John E. Nickles

Transportation Systems Center
20-March-1985

Short program to read UDS file and write a i
Link with UDSIO. n ASCII file.

*
*
*
*
*
*
********i*************************ii***i*t*************i*_*******

*
*
*
*
*
*
*

DIMENSION ¥Y(-1000:10000)
CHARACTER*80 INFIL,OUTFIL

C .
INCLUDE '[ASGPROG]COMVAR.LIS'
c
TYPE 100
ACCEPT 110,INFIL
TYPE 120
ACCEPT 110,0UTFIL
C
OPEN(UNIT=2,STATUS='NEW’,FILE=OUTFIL)
C .
CALL UDSIO{’R’,?F’,INFIL,1,Y,I0S)
C , _
TYPE *,’FORM=’,FORM,’, NFP=’,6NFP,’, NLP=',NLP,!, DEL=’,DEL
TYPE *,’PREF=’,PREF,’, FCUT=',FCUT,’, FCOR=’,FCOR,’, FSTP=',FSTP
TYPE *,'Y0=',Y0,’, ¥YD=',', YCAL=',6YCAL
WRITE(02,130)(¥Y{I),I=NFP,NLP)
CLOSE(UNIT=1)
CLOSE(UNIT=2)
STOP
100 FORMAT(’ ENTER UDS INPUT FILE NAME. {A3.A3)’)
1190 FORMAT (A)
120 FORMAT(’ ENTER ASCII OUTPUT FILE NAME. .(A9.A3)')
130 FORMAT(1X,6{G12.5,1X))
_END

I-3/1-4
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APPENDIX J

OMPUTER PROGRAM FCOR FORMATTING ASCII FIIES
FOR PROCESSING WITH THE ILABORATORY

AND FIELD MODELS

J-1/J-2
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* EXPERFILE *

* ‘ *
.* PROGRAM TO READ ASCII FORMAT OF UDS FILES AND CREATE A FILE THAT *
* CAN BE READ BY -NAPLAB, NAPFLDEUL OR NAPFLDRK. *

® *

*

XA EERER R AR AR REERRERRRREERRRRRSRRRRARRRlERRRARARREERESERRREERRREREERRREEEEEEDX,]

CHARACTER*16 INFIL1l,INFILZ2,INFIL3,INFIL4,INFILS5,INFIL6,0UTFIL,ANS

DIMENSION T(5000),A(5000),B(5000),C(5000),D(5000),E(5000),
* F(5000)

GC=386.089

- TYPE 10 _
10  FORMAT(/,1X,'ENTER MINIMUM NUMBER OF SAMPLES IN RECORDS (I)’)
ACCEPT 20,NS
20 FORMAT(I)

21 TYPE 22

22 FORMAT(/,1X,’USE EVERY DATA POINT? (Y OR N)}’)
ACCEPT 25,ANS

25 FORMAT(A)

IF(ANS.EQ.'Y")GO TO 37
IF{ANS.EQ.'N’)G0O TO 27
GO TO 21

. 27 TYPE 28

28 FORMAT(,/,1X,  ENTER N FOR EVERY NTH POINT (I)')
ACCEPT 20,N

NSS=NS/N

29 TYPE 30,NSS
30 FORMAT(/,1X,’A FILE OF',I5,’ POINTS WILL BE WRITTEN')

37 TYPE 38

38 FORMAT(,/,1X, " ENTER SAMPLE TIME INTERVAL (SEC)')
ACCEPT 40,DTIME

40 FORMAT(F)

TYPE 50

50 FORMAT(/,1X,’ENTER NAME OF FILE FOR QDOTX(A)')
ACCEPT 60,INFIL1

60  FORMAT(Al6)
IF(INFIL1.EQ.’ ')GO TO 80
OPEN(UNIT=11,STATUS="OLD’ ,FILE=INFILI)

DO I=1,NS

A{I)=GC*A(I) !CHANGE TO INCHES/S*S
END DO

70 FORMAT(1X,6G12.5)
’ GO TO 90



A(I)=0.0
END DO

90 TYPE 100 -

100 FORMAT(/,1X, 'ENTER NAME OF FILE FOR QDOTY(A)')
ACCEPT 60,INFIL2
IF(INFIL2.EQ.’ ’')GC TO 110
OPEN(UNIT=12,STATUS='OLD’ ,FILE=INFIL2)

READ(12,70)(B(I),I=1,NS)

DO I=1,NS
B(I)=GC*B(I) !CHANGE TO INCHES/S*S
END DO

GO TO 120
110 - DO I=1,NS

B{I)=0.0

END DO

120 TYPE 130 o

130 FORMAT(/,1X, "ENTER NAME OF FILE FOR QDOTZ(A)')
ACCEPT 60, INFIL3
IF{INFIL3.EQ.' f)GO TO 140
OPEN(UNIT=13,STATUS="0QOLD’ ,FILE=INFIL3)

READ(13,70)(C(I),I=1,NS)
DO I=1,NS

C(I)=GC*C(I) !CHANGE TO INCHES/S*S
END DO

, GO TO 150

140 DO I=1,NS
C(I)=0.0
END DO

150 TYPE 160 ,

160  FORMAT(/,1X,'ENTER NAME OF FILE FOR GDOTX(A)’)
ACCEPT 60, INFIL4
IF(INFIL4.EQ.’ ’')GO TO 170
OPEN(UNIT=14,STATUS='OLD’ ,FILE=INFIL4)
READ{14,70){D(I),I=1,NS)
GO TO 180

170 DO I=1,NS
D(1)=0.0
END DO

180 TYPE 190

190 FORHAT(/,IX,'ENTER NAME OF FILE FOR GDOTY(A)")
ACCEPT 60,INFILS
IF(INFILS.EQ.’ ")GO TO 200
OPEN(UNIT=15,STATUS='0OLD’ ,FILE=INFILS)
READ(15,70)(E(I),I=1,NS)
GO TO 210 -

200 DO I=1,NS
E{I)=0.0
END DO




210 TYPE 220

220 FORMAT(/,1X,'ENTER NAME OF FILE FOR GDOTZ{A)’)
ACCEPT 60,INFIL6
IF(INFIL6.EQ.’ ’')GO TO 230
OPEN{UNIT=16,STATUS='OLD’ ,FILE=INFIL6)
READ{(16,70)(F(1I),I=1,NS)
GO TO 240

230 DO I=1,NS
F(I)=0.0
END DO

240 TYPE 250
250 FORMAT(/,1X,'ENTER DESIRED NAME OF QUTPFUT FILE (A)’)
" ACCEPT 60,0UTFIL
OPEN(UNIT=~20, STATUS='NEW’ ,FILE=QUTFIL)

TIME =0.0

DO I=1,NS
T(I})=TIME
TIME=TIME+DTIME
END DO

DO I=1,NS
D(I)=D(I)*1000.

!
E(I)=E(I1)*1000. !
F(I)=F(I}*1000. !

SCALE ANGULAR ACCELERATION
END DO
IF(ANS.EQ.'N")GO TO 255
DO I=1,NS
WRITE(20,260)T(I),A(I),B(I),C(I),D(I),E(I),F(I)
END DO

260 FORMAT(1X,7G13.6)
STOP

255 DO K=0,NSS-1
I=N*K+1
WRITE(20,260)T(I),A(I),B(I),C(I),D(I),E(I),F(I)
END DO

STOP
END

J=5/3-6
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