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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 calibration,

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 detail. 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 .to 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 comparisons 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 a.nd a methodology for laboratory calibration of a

six-degree-of-freedom device.
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METRIC I ENGLISH CONVERSION FACTORS

ENGLISH TO METRIC

LENGTH (APPROXIMATE)

1 inch (in) = 2.5 centimeters (em)

1 foot (ft) = 30 centimeters (em)

1 yard (yd) = 0.9 meter (m)
1 mile (mi) = 1.6 kilometers (km)

AREA (APPROXIMATE)

1 square inch (sq in, in2) = 6.5 square centimeters (cm 2)

1 square foot (sqft. ft2) = 0.09 square meter (m 2)

1 square yard (sq yd. yd2) = 0.8 square meter (m2)

1 square mile (sq mi. mi2) = 2.6 square kilometers (km 2)

1 acre = 0.4 hectares (he) = 4,000 square meters (m 2)

MASS - WEIGHT (APPROXIMATE)

1 ounce (OZ) = 2S grams (gr)
1 pound (fb) = .45 kilogram (kg)

1 short ton =2,000 pounds (lb) =0.9 tonne (t)

VOLUME (APP;OXIMATEI

1 teaspoon (tsp) = 5 milliliters (ml)

1 tablespoon (tbsp) = 15 milliliters (m!)

·1 fluid ounce (fl oz) = 30 milliliters (ml)
1 cup (c) = 0.24 liter (I)

1 pint (pt) = 0.47 liter (I)

1 quart (qt) = 0.96 liter (I)

1 gallon (gal) = 3.8 liters (I)

1 cubic foot (cu ft. ftl) =' 0.03 cubic meter (ml )

1 cubic yard (eu yd. yd l ) = 0.76 cubic meter (m l )

TEMPERATURE (EXAcn

(x - 32)(5/9)]·F = Y·C

METRIC TO ENGLISH

LENGTH (APPROXIMATE]

1 millimeter (mm) = 0.04 inch (in)

1 centimeter (em) = 0.4 inch (in)
1 meter (m) = 3.3 feet (ft)

1 meter (m) = 1.1 yards (yd)

1 kilometer (km) = 0.6 mile (mi)

AREA (APPROXIMATE)

1 square centimeter (cm 2) = 0.16 square inch (sq in, in2)

1 square meter (m2) = 1.2 square yards (sq yd. yd2)

1 square kilometer (km2) = 0.4 square mile (sq mi. mi2)

1 hectare (he) =10,000 square meters (m2) =2.5 acres

MASS - WEIGHT (APPROXIMATE)

1 gram (gr) = 0.036 ounce (oz)

1 kilogram (kg) = 2.2 pounds Ob)

1 tonne (t) =1.000 kilograms (kg) =1.1 short tons

VOLUME (APPROXIMATE)

l milliliter (ml) = 0.03 fluid ounce (fl oz)

1 litedl) = 2.1 pints (pt)
1 liter (I) = 1.06 quarts (qt)

1litedl) = 0.26 gallon (gal)

1 cubic meter (m3) = 36 cubic feet (cu ft. ftl)

1 cubic meter (m3) = 1.3 cubic yards (cu yd. ydl )

TEMPERATURE (EXAcn

((915) y +32 J·C = x·F
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QUICK INCH·CENTIMETER LENGTH CONVERSION

INCHES 0 2 3 4 5 6 7 8 9 10

CENTIMETERS 0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1S 19 20 21 22 23 24 25
25.40

QUICK FAHRENHEIT-CELCIUS TEMPERATURE CONVERSION

·F -40· -22" -4. 14· 32" SO· 6S· 86· 104· 122" 140· 158· 176· 194· 212·

I I I I I I I .- I 'n I I I
'c ·40· ·30· ·20· -10· O· 10· 20· 30· 40· 50' 60· 70' 80· 90· 100·

For more exact and/or other conversion factors, see NBS Miscellaneous Publication 286. Units of Weights and
Measures. Price 52.50. SO Catalog No. (13 10286.
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1. INTRODUCTION

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, it would be of great benefit in the

development of improved protective headgear for motorcyclists, design of

advanced crash test dummies, and safer automotive interiors. These data

would greatly enhance the biomechanics data base, and be of great value to

po licy makers and the engineering community and would contribute

significantly to the Departmental goal of reducing the frequency and severity

of head injuries in motor vehicle accidents. In 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 tests4

however J 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.

1



Another device developed for use in studies of l1uman rl;!~P9n$e 1:'9

5 hevents used technology derived from fiber optic gyrosG()p~,s, -- 're
tmpgct;

qeviG~ ••
consisted of a fiber optic coil with countercirculating light beams cr~g~ed

by a laser. When the coil was rotated, there was ~ ph~,s~ ,s~~f.t b~twe~~ ~he

two beams causing a measurable intensity change in the interf~r~~ge p~tt~~n

on a detector surface. Acoustic and thermal noise proble~s pr9V~d tQ9 g~eat

to produce a reliable device.

The most reliable and widely used methodology has been severab Gonft~~r~~ions

of linear accelerometer arrays used to measure the head CiCCe~er§lt:~l;>n Qf

primates, cadavers, human volunteers and anthropomorphic duromtes, The thre~

principal configurations that have been psed to date are, (1) the

nine-accelerometer coplanar 6 (3-3-3 configurati<:>n), (2) the

nine-accelerometer non-coplanar7 (3-2-2-2 configuratioIl) ami (3) the

six-accelerometer non-coplanar (8 9) (3-2-1 configuration). It ha.s been

shown in other studies? and confirmed here (see Appendix A) that the J~3:~

configuration and the 3-2-1 configuration are mathemati~ally un?tCibl~ ~Dd~r

certain circumstances and their use should be limit~d.

1.2 SUMMARY

The purpose of the work reported her.ewas t9 devel9p .a rnethp9-o1ogy fp";L

•
calibration of, and data acquisition with,

acceleration measurement device. To accomplish this, an examtna:Hon o.f thg

most commonly used linear accelerometer arrayswasconctucted.

this portion of the work can be found in Appendix A, "~ompaJJ"s,0n oJ

Accelerations ofa' Rigid Body".

Translational Accelerometer Configur.tions

configuration was de'termined tp be the most ,l:",eliable .arrCl:Y" :~o,!Jr.c:::es 9:f .e;r~,()r

wex-e identifiedandequatioirls.ofmo,ti9n ,we.rede:y,~~op,ep.tP \des.cr;i.];J.e ',s'y;Sitem

behavior. The e qua.t ions '.of motion ,con~;ist ,of sixequatipnsfor It.hr,e~ ·m.eCis'J.ir,ed

angular accele'l:'ations .and three 'measured !linear .accele'r.a,tio,ns -when ,the ?Clt!:1"a).

an:guil.ar and U:ne.ar inputs are known.

Software 'was developed to implement the :system ,e,ql1a,tio.ns i:r:t ;Phe '~p:rJ~

.deiscrib.ed abov.e. 'The Jirslt pha-seof ;sof:tw,ar~e .d.e:v'ie'loprnen;t is ,dis,c,~s:s.ed ,tin

2
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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 of the work presented

here, the acceleration pulses used 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 stability. However,

estimates 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 of

the NAP. It was also found that data sample rate was one of the most

important parameters with regard to system accuracy. The choice 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 vibrating 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.

3



2. MEASUREMENT SYSTEM DEFINITION

2.1 SYSTEM GEOMETRY

A comparison of three different configurations of linear accelerometers used

for measuring linear and angular head acceleration is given in Appendix A.
I

The three 'configurations considered were the nine-accelerometer coplanar

•
configuration), the nine-accelerometer non-coplanar (3-2-2-2

configuration), and the six-accelerometer non-coplanar (3-2-1 configuration).

Th~ results of this comparison show that the most stable and reliable of the

configurations tested was the 3-2-2-2 configuration.

2.2 3-2-2-2 CONFIGURATION

allows the algebraic elimination of velocity squared termS and velocity cross

The geometry of this configuration

has the advantage

accelerations with

The geometry of the 3-2"2"2 configuration is shown in

configuration, developed mainly at Wayne State University7

of providing signals directly proportional to the angular

no need to estimate angular velocities.

Figure 1. This

•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 cases. 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 located accelerometers such that their seismic centers are at

the same point in space (the origin). In theory, this can be achieved with a

. 1 d d' 10. . f k d . 1 bspec~a trans ucer es~gn ~ncorporat~ng or e cant~ ever earns 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 introducing geometric errors.

Deviations from the ideal case of perfect geometry and perfect transducers

result in errors that must be accounted for. System equations (hereafter

4
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FIGURE 1. 3-2-2-2 CONFIGURAnON (ID EAL CASE)

FIGURE 2. EXPERIMENTAL 3-2-2-2 SYSTEM
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referred to as the "laboratory system equations") were developed to account

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

acce lera tion information (i. e. , an array of linear accelerometers,

differentiated velocity transducers, etc.). The report reproduced in Appendix

A derives the system coefficient 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 little 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 is, as long as the coefficients remain constant

across the test conditions, then the errors encountered will be compensa

table. If the coefficients are not constant, if they vary with frequency for

example, then the issue is much more complex and error compensation becomes

very difficult. The extent to which this type of problem exists will become

.apparent as experience grows with the calibration methodology.
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3. THE lABORATORY MODEL
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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 MODEL

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 accelerometer characteri~tics such as bias, cross-axis

sensitivity, scale factor and accelerometer location errors. The program then

gives the user 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 is chosen such that the

intervals are not multiples of the sampling rate, an extrapolation subroutine

is used to estimate values between sample points. The resulting output is an

array of data containing the actual 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 remove these errors.

7
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FIGURE 3. LABORATORY SYSTEM EQUATIONS
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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 is different from previous work
ll

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 utilizes 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 valid in either case, as it evaluates the system coefficients

without regard to the system characteristics that generate these coefficients.

9



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

suggested 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 matrix form with the laboratory 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 NAPFLDRK 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., Houston, Texas - Supplier of scientific and mathematical FORTRAN
subroutines.
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FIGURE 5. FIELD SYSTEM EQUATIONS
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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 step desired, and the name desired for the

resulting output file. The output file produced will then contain data on 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

specific 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.

13



5. MODEL VERIFICATION

Model verification was performed by putting known input signals into the

laboratory 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 Model) 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 is representative, however, of a 3-2-2-2 mounting configuration using

typical miniature piezoresistive accelerometers and is 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 illustrated

in Appendix E. The error term matrices are used to generate laboratory system

coefficient matrices for use in parametric sensi tivi ty analysis or algori thm

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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NAPLA.BG allows you to choose a half-sine or experimental pulse as

the input 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 NAPLA.BG output).

c. Choose an integration time step.

•

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 thert EXPERFILE

(Appendix J). This will convert a UDS file to ASCII format and then to a file

that can be read by NAPLA.BG, NAPFLDEUL or NAPFLDRK.

The output created should be

NAPLA.BG. Discrepancies are

identical to the original input to

a measure of the fidelity of the

•
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,the notnenclature 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

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

section and the error matrix ERTERM009. OAT 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 components, there exists an apparent

16
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• measurement of

ideal) of the

linear accelerations due to the geometry offsets (from the

accelerometers 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 large (>2000g) but after

correction become insignificant ( < 109).

•

wx
WY
WZ
RX
RY
RZ 
QDOTX
QDOTY
QDOTZ
WDOTX
WDOTY
WDOTZ
GDOTX
GDOTY
GDOTZ

ESTIMATED ANGULAR VELOCITY ABOUT THE X-AXIS (R/S),
ESTIMATED ANGULAR VELOCITY ABOUT THE Y-AXIS (R/S»)
ESTIMATED ANGULAR VELOCITY ABOUT THE Z-AXIS (R/S)
ACTUAL LINEAR ACCELERATION ALONG THE X-AXIS (G'S)
ACTUAL LINEAR ACCELERATION ALONG THE Y-AXIS (G'S)
ACTUAL LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)

ESTIMATED LINEAR ACCELERATION ALONG THE X-AXIS (G'S)
ESTIMATED LINEAR ACCELERATION ALONG THE Y-AXIS (G'S)
ESTIMATED LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)
ACTUAL ANGULAR ACCELERATION ABOUT THE X-AXIS (Rj(S2)
ACTUAL ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S2)
ACTUAL ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S2)
ESTIMATED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(S2)
ESTIMATED ANGULAR ACCELERATION ABOUT THE Y-AXIS (Rj(S2)
ESTIMATED ANGULAR ACCELERATION ABOUT THE Z-AXIS (Rj(S2)

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 also 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 would be more pronounced when using a noisy (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 to NAPLAB.

x - V0200AAOO. 001

Y - V0200AAOO.002

Z - V0200AAOO.003

17



..
ex - V020lAAOO.001

By - V020lAAOO.002

.ex - V020lAAOO. 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 the data

set (1,993 points). As with the half-sine inputs, the error matrix used was

ERTERM009. 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 dwnmy (i.e., the head

would rotate more than 360 degrees). Nonetheless, the signals were used as

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 and

z linear accelerations and the final corrected values after processing with

NAPFLDRK are shown in Figure 12. It can be seen that the original unputs and

corrected outputs are virtual overlays. These same variables processed in the

same manner but using 250 data points are shown in Figure 13. It can be seen

that the error after correction is ~ignificant in this case. Further tests to

examine the effect of 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

precision output; the modified version being designated NAPLABD. It was

thought that this output, used as input 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:

Yn+1- Yn +.ll.X(:)n
This formulation was used in NAPFLDEUL. (Appendix D-l). 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 if

one or the other of these techniques is more accurate. Inputs for these

tests are shown in Figure 14. The error term matrix used was ERTERM004.DAT

and 250 points were sampled. A low sample rate was used to make integration

errors more pronounced. The results of processing with NAPLAB and then

correcting with NAPFLDEUL for the X, Y and Z axes are shown in Figures IS, 16

and 17, respectively. The results of processing with NAPIAB and then

correcting with NAPFLDRK are shown in Figures 18, 19 and 20, respectively. On

close inspection, it appears that NAPFLDRK corrected the data slightly better

than NAPFLDEUL. The differences were slight, however, and as is shown in

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 SELECTION AND SAMPLE RATE

6.1.1 ENDEVCO Configuration

If 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 located 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
r

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

ERTERMOOI (axes along the edges of the mount), ERTERM002 (axes along the

sensitive axes of the three centrally located transducers) and ERTERM009

(seismic centers located in the three planes formed by the coordinate system)

Two simple input situations were used; (1) angular acceleration about the

y-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

rad/sec 2 peak) were used. The results of these exercises (Tests 1 through 7)

are shown in Figures 21 through 41.

After 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

ERTERM002 smaller errors when using the error term ERTERMOOI and even smaller

errors when using error term ERTERM009. This is because choosing the axes

such that the 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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contributor to the errors seen with the other two axes selections.

be seen from the following equations.•
the y-axis) to go to zero. This velocity squared term is the' maj or

This may

For input about the y-axis only:

QDOTX

QDOTZ

ALO + AL2*WDOTY + AL5*WY*WY

CLO + CL2*WDOTY + CL5*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 ALO = AL2 = AL5 =

o and CLO = CL2 = CL5 = O. They are small if ALS = 0 and CL5 = 0 which is the

case when the axes are chosen such that seismic centers are located in the

residual errors to essentially zero.

three planes formed by the coordinate system. In addition, the residual error

after correction with NAPFLDRK appears to be proportional to wy*WY so if AL5

and CL5 are non-zero the errors have the potential for becoming relatively

The advantage to choosing one coordinate system over another is not as

apparent when equal angular accelerations are input about all three axes

(Tes ts 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/sec 2 about

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

•
large. When AL5 o and CL5 = 0, the correction algorithm reduced the

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/sec 2) with linear accelerations

equal to zero would not be expected in a crash. The use of a worst case input

allows us to more easily compare the options with regard to coordinate

appears to be that in which the seismic centers of the accelerometers are

•
selection. In this regard, for the given test scenarios, the best choice

29



located in the three planes formed by the coordinate system (e.g. error term

matrix ERTERM009).

For the given test scenario, if the angular acceleration is reduced by an

order of magnitude (to 2,000 rad/s~c2). the residual errors are reduced

by two orders of magnitude (to less than 19) as shown in Figures 39-41. This

is to be expected, given the relationship of angular 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 Figures 47

and 50. The NAPLABD outputs in Figures 48 and 51 are seen to be proportional

to the input as expected, since th~ 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 all three axes (Figures 53 and 56).

The NAPLABD 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 apparent 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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inversely proportional to the integration sample rate and in general, the

errors appear to be governed by the following relationship:•
corrective algorithm.

2
M T

E K
R

where:

:",' .

It is also apparent that the residual error is

E Residual error (g)

M Peak value of half-sine pulse (rad/sec 2 )

T Duration of half-sine pulse (sec)

R Data sample rate (samples/sec)

K constant

For the ENDEVCO configuration and error matrix ERTERM009:

•

•

K
-4

7.2 x 10
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FIGURE 40. TEST 117 - APPARENT

LINEAR ACCELERATIONS
MEASURED BY NAPLABD
SYSTEM

FIGURE 41. TEST 1/7 - RESIDUAL ERRORS
AFTER CORRECTION WITH
NAPFLDRK
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FIGURE 47. TEST 1116 - FIELD DATA INPUT
PULSE (250 POINTS) END EVCO
MOUNT. ERROR TERM
MATRIX = ERTERM009
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FIGURE 48. TEST 1116 - APPARENT

LINEAR ACCELERATIONS
MEASURED BY NAPLABD
SYSTEM

FIGURE 49. TEST 1116 - RESIDUAL ERRORS
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6.1.2 VRTC Head Configuration

The Vehicle 'Research 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 VRTC 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 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

ERTEMROlO which ~~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
M T

E - K
R

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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FIGURE 60. RESIDUAL ERRORS VS. SAMPLE RATE VRTC CONFIGURATION,
INPUT =20,000 rad/sec 2
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FIGURE 61. RESIDUAL ERRORS VS. SAMPLE RATE VRTC CONFIGURATION,
INPUT = 10,000 rad/sec2

INPUT IS HALF SINE PULSE OF 10,000 RAO/5 2 (PEAK)
ABOUT ALL THREE AXES

EQUAL MOMENT ARMS (R • 1.5")

ERROR TERM MATRIX • ERT~RM010

8.07.06.0

DURATION •. 1 SEC
DURATION.

3.0 4.0 5.0
SAMPLE RATE (KHz)

2.0

9 RATION· \01 SEC

1.0

12.0

11.0

10.0

9.0

8.0

7.0

RESIDUAL ~.O

ERROR

(PEAK G's
5.0

ALONG X-AXIS) 4.0

3.0

2.0

1.0

0

•
55



6.1.2 VRTC Head Configuration

The Vehicle Research 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 VRTC 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 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 res idual errors measured. The error term matrix used was

ERTEMR010 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:

2
M T

E K
R

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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• 7.1

7. PARAMETRIC SENSITIVITY INVESTIGATION (PERFECT SYSTEM GEOMETRY)

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

sing1e-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 zero 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 bandwidth
12

. This will insure operation in a

region with virtually constant 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 manufa9turing process is the

primary cause of cross-axis sensitivities. This error may also b~ introduced

when the accelerometer is mounted in its fixture. Tests were run to determine

sensitivity with regard to. cross-axis errors in individual ac.c.ele~om~1;ers.

The geometry of the system with regard to the placement of the transd~cer~ was

assumed to be ideal (no positional offsets). The input excitation was a

simple case of angular acceleration in a single plane and linear accelera~ion

along a sing;le axis in the same plane. An error matri.x. (ERTERMOl2 - see

Appendi~ F) was constructed to represent a 5% cross-axis error in th~

transducers. The signs of the terms were chosen to give ma~imum error for the

selected test condition. The inputs and affected transducers Cire shown in

Figure 62. The moment arms are presumed to be 1.5", The follow~ng half-sin~

pulses were used as inputs:

z

WDOTY

•

•
-
LC"I

X- .....1--.........-71..

y

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 67. Additional error matrices ERTERM013 through ERTERM016 were

constructed to represent 4%, 3%, 2% and 1% cross-axis errors in the

transducers and similar tests were run. The results of these tests are shown

in Figur~s 68 through 76.

The significant outputs from NAPLABD using ERTERM012 are shown in Figures 65

through 66. It is obvious that the uncorrected estimate for the angular

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 looks exactly like the original input of Figure 63.

The actual peak value of this corrected pulse was 9,989 rad/sec2 compared to

10,000 rad/sec2 for the original pulse, representing a residual error of .1%.

In a similar manner, ERTERM013 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

sensitivity of the individual accelerometers is reduced. The peak values of

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 achieved

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

8.1 CONCLUSIONS

1. The laboratory and field models are valid representations of a

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

2. 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 high (i.e., 8,000 ~amples/sec.).

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

residual error observed after correcting field data with NAPFLDRK.

•

4. Runga - Kutta integration techniques were only slightly more accurate

than simple Euler integration.

5. Coordinate system location has a significant effect on measurement

accuracy and the reduction of residual errors. •
6. 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.

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

integration routines of the corrective algorithm.

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

the relationship:

2
M T

E K
R
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where:

• E

M

T

R

K

Residual error (g)

Peak value of half-sine pulse (rad/sec2)

Duration of half-sine pulse (sec)

Data Sample Rate (samples/sec)

Constant

•

•

9. Cross-axis sensitivities on the order of 5% may result in

significant error before applying the corrective algorithm.

8.2 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 configuration, choose the coordinate system where

the seismic centers of the centrally located transducers are

located in the three planes formed by the coordinate system

(ERTERM009).

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 accelerometers 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

OOMPARISON OF TRANSIATIONAL ACCELEROMETER

CONFIGURATIONS FOR MEASURING ANGUI.AR ACCELERATIONS

OF A RIGID OODY

Transportation Systems center
cambridge, MA 02142
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PREFACE

The Transportation Systems Center (TSC) is currently engaged in a number of
activities in support of the Crashworthiness 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 accelerations of anthropomorphic
dummies. Comparisons are made among the three arrays that have been used for
these measurements; a $ix-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 .

A-3/A-4



/

•

•

•



•
TABLE OF CONTENTS

SECTION

1.

2.

3.

4.

SUMMARY

MEASUREMENT CONFIGURATIONS

TRANSDUCER SYSTEM ERRORS

ERROR GROWTH DUE TO NUMERICAL INTEGRATION

4.1 Effects of Neglecting Angular Velocity Terms

4.2 Zero Acceleration With Bias Errors

4.3 Sinusoidal Angular Acceleration About a
Single Axis With Sensitivity, Crosstalk
and Location Errors

4.4 Sinusoidal Noise Errors

A-9

A-12

A-18

A-28

A-3l

A-33

A-36

A-4l

•

•

4.5 Translational Impulse With Sensitivity Errors

5. INITIALIZATION AND CALIBRATION OF MEASUREMENT SYSTEMS

REFERENCES

APPENDICES

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

A2 DERIVATION OF EQUATIONS FOR ESTIMATED ANGULAR ACCELERATIONS
FOR NINE ACCELEROMETER, COPLANAR CONFIGURATION

A3 DERIVATION OF EQUATIONS FOR ESTIMATED TRANSLATIONAL
ACCELERATIONS FOR NINE ACCELEROMETER, NON-COPLANAR
CONFIGURATION

A4 DERIVATION OF EQUATIONS FOR ESTIMATED TRANSLATIONAL
ACCELERATIONS FOR NINE ACCELEROMETER, COPLANAR
CONFIGURATION

A-5

A-4l

A-47

Al-l

A2-l

A3-l

A4-l



LIST OF ILLUSTRATIONS

FIGURE

A-1. THE THREE CONFIGURATIONS OF TRANSLATIONAL
ACCELEROMETERS USED TO MEASURE ANGULAR
ACCELERATIONS OF A RIGID BODY A-21

A-2. ERRONEOUS ANGULAR ACCELERATION SIGNALS DUE TO
CONSTANT BIAS ERROR OF 100 rad/sec2 AND THE EFFECT OF
INTEGRATION TIME STEP SIZE ON ERROR GROWTH IN ~x
FOR 9-ACCELEROMETER IN-PLANE CONFIGURATION A-34

A-3. ERROR AFTER 1 SECOND INTEGRATION VERSUS INTEGRATION
STEP SIZE FOR 9-ACCELEROMETER IN-PLANE CONFIGURATION A-35

A-4. HYPOTHETICAL SINUSOIDAL ANGULAR ACCELERATION ABOUT
Y-AXIS STARTING AT T + 50 MSEC. - AMPLITUDE = 11,580 rad/sec2 A-37

A-5. ESTIMATE OF ANGULAR ACCELERATION ABOUT X-AXIS FOR
6-ACCELEROMETER CONFIGURATION WITH SINUSOIDAL
ANGULAR ACCELERATION ABOUT Y-AXIS A-38

•

A-6.

A-7.

A-8.

A-9.

A-lOa.

A-lOb.

A1-1

ESTIMATED ~ x FROM 9-ACCELEROMETER COPLANAR
CONFIGURATION DUE TO SENSITIVITY ERRORS WITH
SINUSOIDAL ANGULAR ACCELERATION ABOUT Y-AXIS

.
ESTIMATED ~ x FROM 9-ACCELEROMETER COPLANAR
CONFIGURATION DUE TO SENSITIVITY ERRORS WITH SINUSOIDAL
ANGULAR ACCELERATION ABOUT Z-AXIS
.
~ x RESULTING FROM 60 HERTZ NOISE BIAS ERROR

OF 80 rad/sec2 - INTEGRATION TIME STEP = 10- 4 SECONDS
.

ANGULAR ACCELERATION TIME HISTORY FOR ~ x FROM
9-ACCELEROMETER, COPLANAR CONFIGURATION WITH 100G,
10 MSEC.TRANSLATIONAL PULSE AND SENSITIVITY ERRORS.
~ x TIME HISTORY RESULTING FROM 100G TRANSLATIONAL
PULSE LASTING 100 MSEC. WITH TRANSDUCER SENSITIVITY
ERRORS FOR 9-ACCELEROMETER, COPLANAR CONFIGURATION

~ TIME HISTORY RESULTING FROM 100 rad/sec 2 HALF SINE
PULSE LASTING 100 MSEC. WITH TRANSDUCER SENSITIVITY ERRORS,
FOR 9-ACCELEROMETER, COPLANAR CONFIGURATION

COORDINATE SYSTEM FOR NON-COPLANAR ACCELEROMETER
CONFIGURATION

A-6

A-39

A-40

A-42

A-43

A-44

A-45

Al-2

.'

•



LIST OF TABLES

• TABLE PAGE.

AI-I ANGULAR ACCELERATION ESTIMATES, 3-2-2-2
CONFIGURATION AI-8

AI-2 ANGULAR ERROR COEFFICIENTS, 3-2-2-2
CONFIGURATION AI-9

A2-I ANGULAR ACCELERATION ESTIMATES, 3-3-3
CONFIGURATION A2-4

A2-2 ANGULAR ERROR COEFFICIENTS, 3-3-3
CONFIGURATION A2-S

A2-3 STANDARD DEVIATIONS OF ERROR COEFFICIENTS A2-9

A2-4 EXAMPLE CALCULATION OF ERROR COEFFICIENTS A2-13

A3-1 TRANSLATIONAL ACCELERATION ESTIMATES, 3-2-2-2
CONFIGURATION A3-2

A3-2 TRANSLATIONAL ERROR COEFFICIENTS, 3-2-2-2
CONFIGURATION A3-3

• A4-1 TRANSLATIONAL ACCELERATION ESTIMATES, 3-3-3
CONFIGURATION A4-2

A4-2 TRANSLATIONAL ERROR COEFFICIENTS, 3-3-3
CONFIGURATION A4-3

•
A-7/A-8



\ '.

\
'\
'\

"

t
I

f

J,:~i

•

•

•



•

•

•

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 problem

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 velocity squared (centripetal) and angular velocity

cross pro~uct acceleration components. If the motions of the body are small

(compared to say, ISo 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 angular

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,

Rx • Ry , Rz • the three rotational accelerations w x ' w y ' Wz and the three

angular velocity components wx, wy ' wz . If the angular velocities are

not known, a minimum of 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).

A-9



Other configurations containing the required nine independent measurement

locations and 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 acceleration, the errors due to location errors and

accelerometer 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/sec 2 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 estimates 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

2

3

4

Configurations of transducer locations and directions to

measure angular acceleration.

The influence of transducer location errors and imperfections

on signal measurement accuracy.

Rate of growth of angular acceleration measurement errors due

to numerical integration.

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:

•
A-l

A-2

A-3

where Axi. Ayi. Azi are the x, y, z components of acceleration at location i;

Rx ' Ry , Rz are the components of th~rigid body acceleration at point 0; wx •

. .
wy • wz are the angular accelerations; wx' wy' w z are the angular velocity

components; and rxi. ryi, rzi 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 ;z. direction are mounted at locations that permit

the accelerations to be independent, we'have nine equations in nine unknowns

manipulation.

A-12
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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 (rx - 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 (rz = 0).

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

With 3 independent locations for each measurement direction, this set of

•

•

equations can be solved for the nine unknowns by linear operations.

locate Axl' Ayl and Azl at 0,0,0, we have:

Locating Ax 2 at O,O,r, provides:

Ax2 = Rx + r(wy - wywz)

and Ax 3 at O,r,O, yields:

A-13
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If we
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which provides
Ax2 - Axl

(wy - wxwz) = ------ = Qyl
r

Slmilarily if we locate Ay2 at r,O ,0 , we have:

r

and Ay3 at 0 ,0 ,r, we have:

(wx + wyWz) = - [_A_Y_3_-_
r

A_y_J} -Qx2

A-IO
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A-13

•

•
completing the nine measurements we locate Az 2 at r,O ,0 I and Az3 at 0,0 ,r

to obtain:

and

Az2 - AzI
-(Wy + wxwz) = ------ = Qy2

r

Az3 - AzI
(wx - wywz) = ------ = Qxl

r

A-14
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permitting solutions for w x' w y' w z as:

WZ =------

• .
Wx =

.
wy =

Qxl - Qx2

2

Qyl - Qy2

2

QZl - Qz2

2

A-16

A-17

A-18

•

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-axis 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-I, A-2 and A-3 become:

•

A-l9
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A-21 •
Appropriate placement of 3 accelerometers in the x direction and 3

accelerometers in the y direction permits the use of equations A-19 and A-20

to determine Rx • Ry and z without apriori knowledge of the angular

velocities. However. it is not possible with a configuration with all

measurement locations coplanar to separate x and y z by simple algebraic

operations. (Although it is possible to use equations A-19 and A-20 to

develop quartic solutions for x. y. and z the solutions are multi-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:

Qz = WZ
A-22

•.
.Qy = wy + wxw~ A-23

.
Qx = Wx - wywz A-24

In theory, these equations could be solved by numerical integration to

determine the angular velocities.

•
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•

The simplest integration scheme would be:

.
0Yi = Qy - OXi-lOzi-l

.
OXi = Qx - OYi-lOzi-i

·OXi = OXi-l + OXi_l~t

·OYi = OYi-l + OYi-l ~t

·OZi = OZi-l + OZi_l~t

where rc r is the estimated angular acceleration at the r th time step on

A-25

A-26

A-27

A-28

A-29

A-3D

•

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.

A-17



3. TRANSDUCER SYSTEM ERRORS

Errors are introduced to the measurement system by imperfections in the

accelerometers and by inaccuracies in transducer location and direction.

Typical accelerometers have output signals that are given by:

•

Q = R u + f 1R u + f2R y + f3R w + fO

2+ f4Ru + fSRUY + f6R uR w

A-3l

where Ru is the acceleration along the transducer axis and Rv and Rw are the

accelerations in the directions perpendicular to the sensitive axis,

the combination of the accelerometer bias term and noise signals that the •
transducer system may generate,

accelerometer scale factor and

E 1 represents the uncertainty in the

E 3 are accelerometer cross axis

sensitivities due to accelerometer imperfections and mounting misalignments.

The terms ES and E 6 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 Cyi and C zi the estimated angular

accelerations of the 3-2-2-2 transducer configuration are derived in Appendix

Al as: .
Ox = Wx + AO + Alwx + A2Wy + A3Wz

A 2 2 2 A+ 4wx + Aswy + A6wz + 7W xW y

A-18
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•



•
.. .
Oy = Wy + BO + Blwy + B2wx + B3wz

+ B4Wx2 + Bswi + B6Wz2 + B7WxWy

+ Bgwxwz + B9Wywz + BlORx + BIIRy + Bl2Rz

.. ...
Oz = Wz + Co + Clwz + C2Wy + C3wx

+ C4W~2 + cswi + c6wi + C7WxWy

+ Cgwxwz + C9Wywz + ClORx + CllRy + Cl2Rz

A-33

A-34

where for the estimated angular acceleration n x we have, neglecting terms

of 2nd order (i.e.

AO =
E2z0 - EOZO - E3yO + EOyO

• 2r

E2z3 + E3yz 02zy - OOzy + 03yz - 00yz
AI= +

2 2r

E3yl o2zx - 50zx
A2 = +

2 2r

-E2z1 53yx - 00yx
A3 =

2 2r

-(E2z2 - E3z3) "(03yy - 00yy + 50zz - 52zz)
A4 = +

2 2r

E3y3 50zz - °2zz
AS = +

2 2r

-E3y3 03yy - 00yy
A6 = +

2 2r

•
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f2zl 00yx - 03yx
A7 = + f',.c42

2 2r •-f3yl 02zx - 0O:zx
AS = + A"4?

:2 2r

f2z3 - f3yz (o2zy ,. OOzy'" 03yz. + oQy:z)
A~44A9 = +

2 2r

f2yl - f3yl
A-45AlO =

2r

f2z2 - foa - f3y2 - ~Oy2

All = A~.46

2r

~2z3 - fO z3 - f3y3 +fOY,3
Al2 = A=47

2r

where the notation I: 2z0 refer~ to the bias errpr ( a~ :i,nci!.<:a,t~4 by tn!'!

subscript 0) in the accelerometer measur:i.ng in the z Qi~ect:::i.pn. 8,t :J,.()~ati.9:n .2

defined in Figure A-lc. The notation

of the accelerometer at location 2, for an ac<:el,~r.ome:ter llleasJ.lri·pl?; ::l.1:l. th~ z

direction, with the error in ,the y directii::>n.

If we assume .that ,the errors are s.ta,tisti,caHy j.ndep~'n.<;ient ,(g.1= :I,gast: t:P 1=h~

,the signo.f the othe:r terms), the stand.ard $ieyiatiopsoft;he ..t?~!'@!"

coefficient's, AO - Al 2., are giYen by:

r

A-20
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•

z

/
/

r

1
0J-t r__i--:::i..... X

a. SIX ACCELEROMETER COPLANAR

z
3-2-2-2 c. NINE ACCELEROMETER NONPLANAR

•
FIGURE A-I. THE THREE CONFIGURATIONS OF TRANSLATIONAL

ACCELEROMETERS USED TO MEASURE ANGULAR ACCELERATIONS
OF A RIGID BOD Y
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o(AS) = o(AS)

A-50

A-51

A-52

A-53

A-54

A-55

A-56

A-57

•

•

o(AIO) =

A-22

o(fJ)

</2 r
A-58

•



• a(All) =----
r

a(A12) =---
r

A-59

A-60

•

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 (AIO All, ,

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

reasonable to assume error coefficients standard deviations of:

•

aCq) = 5% of signal

A-23

A-6l

A-62
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and assuming r ... 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:

•
(]AO = 96.5 rad/sec2

(]Al == 3.54% of signal

(]A2 = 1.51 % of signal

A-24

A-64

A·65

A-66

A-68

A-69

A-10

•

•



(JA7 = 1.51% A-71

•
(JAS = 1.51% A-72

(JA9 = 3.54%

(JA 10 = 0.53%

A-73

A-74

0'All = 1.03% A-75

• 0'A 12 = 1.03% A-76

•
A-25



For the six accelerometer system, defined in fig4re J\-l,a, th,e cOlllb.ine.cl

signals will provide:

To estimate the angula7 acceleration we set

so that

•

•

A-26

A.~.8.4

•



• While for the coplanar location of nine transducers, defined in Figure A-lb,

we have:

A-86

A-87

A-88

•

•

As shown in appendix A2, Ex. Ey and Ez will have the same form as the error

terms for the nine accelerometer package of reference 1 .

A-27



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-I.

•

As previously discussed, a transducer configuration which does not provide

nine independent translational acceleration measurements i.e. J the

six-accelerometer system and the nine-accelerometer coplanar system, requires

an estimate of the angular velocities in order to obtain the angular

acceleration 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: •
A-89

A-90

A-91

•
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where Ex. Ey • and Ez are errors due to transducer and transducer location• imperfections. If the angular velocities are estimated from integration of

•

the estimated angular accelerations by the algorithm:

.
OXI = OXI-l + OXI_l(at)

.
0YI = OYI-l + OYI-l (at)

A·92

A-93

A-94

The errors in the estimated angular acceleration may grow with time. The

errors that develop are a function of the transducer errors (Ex. Ey ' and Ez ),

the integration time step (6t) 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 signal equally are

given by:

•
. .
Oz = Wz + E z

A-29
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. .
Oy = W y + WxWz - 0xOz + E y

.
Ox = Wx - wywz - OyOz + Ex

A-96

A-97

•

The error ~erms due to transducer and location errors are derived in Appendix

A2 as:

Ex = Co + Clwx + C2wz + C3Wy + C4Wx
2 + Cswi + C6Wz2

+ C7W xW y + Cgwxwz + C9wywz + C IORx + C II Ry

+ CI2R z

Ey = BO + BIwy + B2wx + B3wz + B4Wx2 + Bswy
2 + B6Wi

+ B7WxWy + Bgwxwz + B9Wywz + BIORx + BII Ry

+ BI2R z

E z = AO + Alwz + A2wx + A3Wy + A4Wx2 + Aswi + A6Wz2

+ A7WxWy + Agwxwz + A9Wywz + A IORx + A II Ry

+ AI2R z

A-98

A-99

A-100

•

The relationship between the error coefficients and the transducer

paragraphs describe the errors that would be obtained for selected rigid body

imperfections and mislocations are given in Appendix A2.

A-3D
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•

•

acceleration time histories and transducer errors.

4.1 EFFECTS OF NEGLECTING ANGULAR VELOCITY TERMS

During the integration of the angular accelerations, errors may accumulate in

the angular velocity crossproductterms. 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 velocity 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

instab1ities. 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 rotations are about axes in the x-y plane, then the

configuration should be positioned in the x-y plane.

For cases that include arbitrary angular accelerations and velocities about

•
each of the three principal axes, the importance

A-31

of estimating the angular



velocities depends on the amount of angular displacement taking place. As an

example, consider the case of the constant angular acceleration, a, about an

~xis, q which has equal components in the x, y, and z directions. The angular

accelerations and velocities about each axis may be written as:

•

Wx = wy = Wz = 1/J'3 a t

The velocity crossproduct terms are then:

A-lOl

A-102

A-103

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

produces:

Wq = a A-104

Wq = a t A-lOS

Oq=1/2at2 A-106

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

crossproduct terms expression produces:

•

A-107

•
A-32



•

•

•

\

If the angular displacement is less then 15 degrees, the error that will

result from assuming the angular velocities to be zero will be less than 20%

of the angular acceleration. However, if the displacement is 85 0 , 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 body 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, erroneous constant angular acceleration

signals, Ex = Ey = Ez = 100 rad/sec 2 would be produced. The non-coplanar,

3-2-2-2 configuration1 would report a constant angular acceleration error,

while the nine coplanar 3-3-3 configuration2 would report angular

accelerations which grow, in an oscillatory manner, with time. Figure A-2

shows the acceleration estimate ~ 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

acceleration about the y axis with an amplitude of 11,580 rad/sec2 and a

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 seconds for certain

conditions. The nine-accelerometer, non-coplanar configuration is stable. The

estimate of the angular accelerations about the x axis from the

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

nine-accelerometer, coplanar configuration is also, for these conditions.

stable over the one second integration period with a one thousandth of a

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

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

accelerometer, coplanar configuration is unstable even for a 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.

A-36

•

•

•



o
0'

•

•

o
1O-
o
o.
o

N C\J
0--•

o
NO* .* 0U CO
W
U')
.........
Q
c:::(o
0:::

0

o
'¢

z::
o......
~O

~O
W .
.-JO
W
U
U
e::t: 0
0::: 0
c:::( •
.-JO
::::>~
~ I
z::
c:::(

.-J O
c:::(o
U •
...... 0
~co

~I
~
o
~O
>-0::r::: •

o
C\J-

, " ft "
,

V

'0.00 0.20 0.40
TIME

0.60
SECONDS

0.80 1 .00 1 .20

•
FIGURE A-4. HYPOTHETICAL SINUSOIDAL ANGULAR ACCELERATION ABOUT Y

AXIS STARTING AT T+50 MSEC. AMPLITUDE = 11580 rad/sec2

A-37



a
o

o
o

o
o

I'l •

00
...... co
lIE

o
o
o
to

N

**U 0
L.LJ 0
C/) •

.......... a
0'<1'
~
0:::

zO
00....... .

,

)

•

•
o
N

I

o
o
o
'<1'
I

0.0 0.2 0.4 0.6 0.8
TIME SECONDS

1 .0 1 .2

FIGURE A-5. ESTIMATE OF ANGULAR ACCELERATION ABOUT X AXIS FOR SIX
ACCELEROMETER CONFIGURATION WITH SINUSOIDAL ANGULAR
ACCELERAnON ABOUT Y AXIS

A-38

•



1 .201 .000.60 0.60
SECONDS

0.40
TIME

0.20

I r
INTEGRATION TIME STEP

10:":3 SEC
------- 10-4 SEC

, • I • ,
\

l

o
~

'0.00

o
o.

o
o

z: 0
00- .r-O
e:::r:::N
0:::
W
.--J
W
L.>
L.>
e:::r:::O

o
0::: •
e:::r:::O
.--J
::::::>
tD
z:e:::r:::0

o
o
N

I

o
o.

-o
o
o

o
co

-

·0o

NO
'" to

'"L.>
W
(/)

.......... 0
00e:::r::: •
0:::0

~

~

.~

•

•
FIGURE A-G. ESTIMATEDrl FROM 9 ACCELEROMETER COPLANER

CONFIGURAtION DUE TO SENSITIVITY ERRORS WITH SINUSOIDAL
ANGULAR ACCELERAnON ABOUT Y AXIS

A-39



o
o

0-r----~~---___r_--_+_-_r_---__,~---__r_---__,
W I

INTEGRATION TIM£ STEP
. 10-5 SEC

------- 10-4 SEC
•

... O-l----~I__----4-_I+__*_+_-_+_---__lI__---_+_---___I

a V-•
Ng ~ ~,
* . . :1 Q II II
*O+----__lI__----1~_f#_++__++_+_-+_---_+i-~____tr_1M__+t_--___1

UN 1 ,I ~ ,I II ,I II
.~ P 'I rl II II II II ,I II
Cl 1\ ;1 II :I I\ II I: II I \ II
« ~ r rill 11I I 1111,111 III I III
e::::: o A ," 1\ 1\1 1 1\1 1 '\1\ ,11 1 111 1o . A. . A .t' I , I,,, II I ,I I I I I, , I ,I I' , I I I,

o V \) I'\; \' \ -~ ; I, I I I I I I I I I V,; 'I 1\ I I I I I I I I;
I~ I I 1/ II 'I II II ,,', II U U'I: \'80 I IJ II II II', II II II II I'

~o 'I ~ I, II Ii " II II II
« " ~ I, ~ II 1/ !I II II
E5 ~-1-----I__--~+--H+-++-++--_+_--":"'~ -.....r;i1r---;'-..J+111 _-M-11+-11,.;.-1---~
---l I ~ II'"
tj , I~
U ~
«0 1
e::::: 0
«"
-1 0
~~-1-----t------+--#--++---+-------1t------+------t
<.!:l 1
z: .
c:::(

•
o
o
o
tD+-------1t------t---tt---+-------t-----t----___I
I

1 .21 .00.6 0.8
SECONDS

0.4
TIME

0.2

o
o
o
aJ-+----~f__----+----+-------if__----+-------i
I

0.0

FIGURE A-7. ESTIMATED Ilx FROM NINE ACCELEROMETER COPLANER
CONFIGURATION DUE TO SENSITIVITY ERRORS WITH SINUSOID AL
ANGULAR ACCELERATION ABOUT Z AXIS •

A-40



•

•

As is 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/sec 2

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

acceleration 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 ~ilt!-l it 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 1%

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-lOa and A-lOb the estimated angular acceleration time histories for similar
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translational pulses, in this case lasting 100 msec., are shoWn. 'i'hefirst •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 estimate if

In both these cases the angular velocity terms

the 100 msec. pulse has ended to produce

there were no error build up.

are sufficiently large after

significant erroneous angular acceleration estimates. The angular

acceleration estimates oscillate after the signal has ended and in each 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 VRx • VRy • VRz ' VWx. vWy. and VWz • where the quantities, VRx • VRy ,

and VRz are estimates of the translational components of acceleration Rx • Ry •

and Rz and the quantities VWx, VWy, and VWz are from the nine independent

accelerometer package estimates of the angular accelerations wx ' wy • and wz .

For the six accelerometer package the V~x' vWy • and vWz are estimates of the

quantities (~h + Wy*Wz) , (Wy - Wx*wz ) , and (wz + Wx*Wy). For the nine

accelerometer, coplanar configuration the VWx. VWy, and vWz are estimates of

(~ - ~*UZ), (Wy + Wx*Wz) , and (Wz). In all cases the errors in the

estimates are of the form:

2 C 2 C w2
E = Co + C} Wx + C2Wy + C3wz + C4wx + 5Wy + 6 z

+ C7Wx·Wy + Cswx*wz + C9wy*wz + ClORx + C}}Ry

A-lOB

•
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 equipment to produce the translational accelerations and

turntables, to produce angular velocities. Once the coefficients are known

several options are available for improving the estimate. One is to examine

the relationship between the transducer errors, location errors and the

coefficients to correct accelerometer sensitivities and distances. A second

is to use the estimates of the angular velocities and accelerations to correct

the output computation. A third would be to use the coefficients measured in

the laboratory to algebraically solve for improved estimates in terms of

combinations of VRx ' VRy ' VRz ' VWx, VWy' and v0z. The relative benefits of

these approaches depends on the size of the error coefficients and the

particular mechanizations used to combine the signals.

Since the accelerometer errors may drift with time it would be desirable to

calibrate the instrumentation package as near to the test as possible. Most

tests do provide some level of redundant information, through photographic

coverage or the use of redundant accelerometers. Improved estimates of the

error coefficients and the accelerations can be achieved with the use of the

independent knowledge of the states, such as the position, velocity and

acceleration immediately before and after the test. Through more

sophisticated techniques, use of average accelerations estimated from

velocity changes combined with an understanding of 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 integration.

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 typical transducer packages.
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• APPENDIX Al

DERIVATION OF EQUATIONS FOR ESTIMATED ANGULAR ACCELERATIONS

FOR NINE ACCELEROMETER, NON-COPLANAR CONFIGURATION

In this Appendix, the estimated angular accelerations are derived in

terms of accelerometer location error 8 and accelerometer output error E .

Figure AI-I shows the fixed coordinate system Ixyz with unit vectors ijk, and

the moving coordinate system oiyz with unit vectors ulu2u3' Point P is an

arbitrary point representing the transducers. The components of the position

-
vector Rof the moving coordinates Oxyz are,

•
- -

R = Xi + Yj + Zk (AI-I)

(AI-2)

resolved in the direction of the fixed and moving coordinate axis

respectively . Similarly , the components of the position vectorr of point P

relatjve to the fixed coordinates are,

-r xi + yj + zk (AI-3)

(AI-4)

•

and the components of the position vector p

moving coordinates are,

Al-l

of point P with respect to the

(Al-5)



I

•

(fixed)

p

•

FIGU~E AI-I. COORDINATE SYSTEM FOR NON-COPLANAR ACCELEROMETER
CONFIGURATION

Al-2
•



angular velocity• The

components ¢, e

vector w is

and \j! as follows:

expressed in velocity

w

-w
ej + \j!"k

eo~2 + \j! oU3

(AI-6)

(AI- 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 is necessary to have nine independent linear acceleration

measurements. For a nine-accelerometer technique, a set of three

•
accelerometers is located at the origin 0 which measures the three orthogonal

directions' (xo ' Yo' zo) , two accelerometers are located on the x-axis at

position 1 which measures in the y and z directions (YI,ZI), two on the y-axis

at position 2 (X2,Z2), and two on the ~-axis at position 3 (~3'Y3).

The angular accelerations can be obtained from the general kinematic

equation of relative motion for the absolute acceleration of point P,

r=R+
. -

p+('D XP)+
- - - --
w X( w X p ) + (2 W X P ) (AI-8)

The components of the acceleration vector r

P at each of the accelerometer locations are:

and relative position vector

- -r o xoul + You2 + zou3

- -
rl Ylu2 + zlu3

- -
r2 = x2u I + z2u 3

•

-
p 0

-
P I

AI-3

o (AI- 9)

(AI-IO)

(AI-H)



.. -
r3 = x3u1·+ Y3u2

-
P 3 = P 3u3 (Al-12) •

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

coordinate, p =0,
.
p =0, and Equation Al-8 reduces to,

r =
-

R+(WXP)+ WX(WXP) (Al-B)

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

equation (Equation A1-B) and solving for the angular velocities yields the

following:

..
(13CPo (z'2 . Zo)/2 P 2 - - Yo)/2P 3 (Al-14)

.. .. ..
eo (x3 - Xo)/2 P 3 - (zl - Zo)/2 P 1 (A1-1S) •.. ..
'¥ 0 = (Y1 - Yo)/2 P 1 - (x2 - Xo)/2 P 2 (Al-16)

If perfect transducers were located at precisely the specifi.ed

locations, the angular acce1era·tion estimates ,would be exactly obtained fr,om':

.
nep= (Q2z - QOz)/2P2 - (Q2y - QOy)/2'P3 (Al-17 )
.
ne = (Q3x - QOx)/2P3 - {Q1z - QOz)/2:Pl .(Al-l8)
.
£"2'¥= (Qly -QOy)/2P1 - (Q2x - QOx)/2P2 (Al-19)

•
Al-4



•
where' Qix' and Qiz are the output signals of the accelerometers. However,

errors in the indicated accelerations come about as a result of errors in

locating the accelerometers and inability to locate multiple accelerometers

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

expec ted 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 signal in terms of the

be identified in a measurement: accelerometer location error 8 ijk' and

accelerometer output error £ ijk, Where,•
actual rotational variables and error parameters. Two sources of errors can

•

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)

E ij 0 - bias error

( 8 lx2 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)

Al-S



Due to uncertainties in accelerometer location. each accelerometer can

deviate from its nominal location p by a location error cS The position •
vectors

are:

q ij of each accelerometer at the ith position in the j -direction

- -
qix = PiUi + cSixlul + cS ix2u2 + cS ix3u3 (i=O,2,3) (Al-20)

-
+ cS iy2

U
2 + . cS iy3U3qiy - Piui + <5 iy1U1 (i-O,l,3) (Al-21)

qiz = Piui + cS izlUl + 6 iZZuZ + cS iZ3U3 (i=0.1.2) (Al-22)

(at i=O. Po"'O)

In an actual accelerometer. the output signal Q is 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 ith position in the j-direction are: •
Qix ... x ix + EixO + Eixlxix + Eix2Yix + Eix3 z ix (i=0.2,3)

Qiy = Yiy + EiyO + Eiyixiy + Eiy2Yiy + Eiy3Ziy (i=0.1.3)

Qiz ziz + EizO + Eizlxiz + Eiz2Yiz + Eiz3 ziz (i=O,2,3)

(Al-23)

(Al-24)

(Al-'25)

Since it's the angular acceleration that's of interest. the output

signal Q in Equations Al-23 I Al-24, Al-25 must be expressed in terms of

rotational variables. From Equation A1-l3. the equation of relative motion

is,

r = R + ( W Xq ) + W X ( W Xq )

Al-6

(Al-26)

•



• The components of acceleration in the x, y, and z directions for the
..

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

.. .. - .. - (i=O,2,3)rix x ixul + Y ixu2 + z ixu3 (AI-27)

- + y - (i=O,I,3) (AI-28)riy x iyUI iyU2 + z iyU3

- + y (i=O,I,2) (AI-29)riz x izul izu2 + z izu3

Substituting Equations AI-20, AI-21, AI-22 and AI-27, AI-28, AI-29 into

AI-26, the linear acceleration components X, ..
y. z, for all the

accelerometers can be expressed in terms of the angular variables ¢ , 8 ,

and ~, and the location error 0:

.. .. •

• x' . = f(Xo ' 8 0 I ~o, 80' '¥ 0' oijk) (AI-3O)
~J

..
f(Yo , oijk) (AI-31)Yij ¢o' '¥ 0' ¢o' '¥ 0 '

.. .. . .
Zij f(Zo' ¢o' '¥ 0 , ¢o' 80' oij k) (AI-32)

By substituting Equations AI-30, AI-31, AI-32 into Equations AI-23, AI-24,

AI-25, the output signal Q can be expressed in terms of the rotational

variables and error parameters. The estimated angular

accelerations D¢ , D8 I and rl '¥ can then be evaluated from Equations AI-17,

AI-18, AI-19 as follows:

rl¢= (Q2z - QOz)/2 P2 - (Q2y - QOy )/2 P 3 (AI-33)

rl e = (Q3x - QOx) /2 P 3 - (Qlz - QO z ) /2 P 1 (AI-34)

rl~= (Qly - QOy) /2 PI - (Q2x - QOx)/2P 2 (AI-35)

•
Al-7



Table Al-l
Angular Acceleration Estimates

~-2-2-2 Configuration •
· · · · Z
n W + AO + Alwx + AZwy + A3wz

+ A4wx" x x

A w2 2 + A
7
w W + ASww+ + A

6
w

zS y x y x z

+ Agw W + A10X + AllY + AlZZy z

· . · · · Z
0 W + B + B W + BZWY

+ B3w
z + B

4
w

xy y 0 1 x

2 Z + B7WW + Baw W+ BSWY
+ B6wz x y x z

+ BgWyWz + BlOX + B1IY + BIZZ

· · · · Z
0 '" W + Co + Clwx + CZwy + C3wz + C

4
w

xz
, z

Z Z C ww Caw W •+ CSwy + c6wz + +7 x y x z

+ CgWyWz + C10X + CnY + Cl2Z

Al-S



•
Table Al-2

Angular Error Coefficients
3-2-2-2 Configuration

•
°2zl£2z3 °Ozl£Oz3

2P Z

°3y3 E3yl - °Oy3 EOyl
ZP 3

OZzZEZzl - °OzZEOzl
ZP Z

+ 0ZzlEZzZ - 00zlEOzZ + °3yZE3yl - °OyZEOyl
ZP Z ZP 3

°3ylE3YZ - °OylEOy2
2P 3

°2zZ E2z2 - °Oz2 EOz2
2P Z

°2z3E2z3 - °Oz3 EOz3
2P Z

•
Al-9



°2zl£2zI - °Ozl£Ozl
2P2

a £ - a £ a £ - a £2z3 2z3 Oz3 Oz3 + 3yI 3yI Oyl Oyl
2P 2 2P3

a £ - a £3y3 3y3 Oy3-0y3+ _L.::-~--=--_~'--~_

2P 3

•
I 03 2 - 00 2

A = £ + Y Y.
6 - ~ 2z2- 2P

3

°2z1£2zI - °Ozl£Ozl
2P2

03 I - 00 I
y y +

2P3

°2zl£2z2 - °Ozl£Oz2
+----""-::,.------'--

2P2

°3yl£3y2 - °Oyl£Oy2
2P 3

•
°2zl£2z3 - °Ozl£Oz3

+---'---"--"-::--'-----'--""-"-
2P 2

°3yl£3y3 - °Oyl£Oy3
2P 3

AI-IO

•



• A
IO

E2z1 - E
Ozl E3yl - E

Oyl
2P2 2P

3

E - E E3y2 - E
Oy2

All
2z2 Oz2

2P2 2P 3

I:: - E 1:: 3y3 - E
Oy3A12 =

2z3 Oz3
2P 2 2P 3

•

•
Al-ll



°3x3E3xZ - °Ox3£OxZ
ZP 3

•
°3xZ E3xZ - °OxZEOxZ °lz3ElzZ - °Oz3EOzZ+ + -----::-----

ZP 3 ZP 1

°lzZElz3 - °OzZEOz3
ZP

1

° - ° °lzl - °Ozl(E + E ) + 3x3 Ox3 + _
3xl lZ3 ZP 3 ZP

1

°3xI E3x3 - °OxIEOx3
2P3

1
- "2 E1z2 -

°3xZ E3xl - °OxZEOxl
ZP

3 •°3xI E3xZ - °Oxl£Ox2 °lzZElzl - °OzZEOzl+ + -=--~---:::----:...;=--~--:..

ZP 3 ZP
1

°lzlElzZ - °OzlEOzZ
ZP 1

°3x2£3xZ - °OxZEOxZ
ZP 3

°3xlE3xl - °OxIEOxl
ZP 3

°3x3E3x3 - °Ox3EOx3
ZP 3

°lz3Elz3 - °Oz3 EOz3
ZP 1

•
AI-IZ



•
°3xlE3xl - °OxlEOxl

2P3

°3x2 E3x2 - °Ox2 EOx2 °lzlElzl - °OzlEOzl___----;:--_..::..::c....----'-_+ __----'-'---::-------"..:::;..:::----'-_
2P3 2P 1

°lz2 Elz2 - °Oz2 EOz2
2P 1

1 °3x3 - °Ox3 °lzl - °Ozl
BS = 2 (E 3x1 - E1z3 ) + 2P

3
- 2P

1

°3x3 E3xl - °Ox3 EOxl °3xl E3x3 - °Oxl EOx3+ + -=-=---=";=-::-------"-=-=----'-----'-
2P 3 2P 3•

°3xlE3x2 - °Oxl EOx2+ -----;:---..:..:..-----'--
2P

3

°lzlElz2 - °OzlEOz2
2P 1

°lz3Elzl - °Oz3 EOzl
2P 1

°lz2 Elzl - °Oz2 EOzl
2P 1

°lzlElz3 - °OzlEOz3
2P 1

°3x2 E3x3 - °Ox2 EOx3+ ----'----=--------
2P 3

°lz2 Elz3 - °Oz2EOz3
2Pl

°lz3£lz2 - °Oz3£Oz2
2P 1

•
E E:3x2 - Ox2

2P3

E: 3x3 - ~Ox3

2P3

E Elzl - Oz2
2Pl

Al-13



1
- - E -Z Zx3 •
+ °lyZE1j3 - °OyZEOy3 + °Zx3EZx2 - °Ox3EOxZ

ZP 1 ZP Z

°ZxZ EZx3 - °OxZ EOx3
ZP Z

1 °1 1 - °0 1 °ZxZ - °OxZ
C = - (E + E ) + . y y + --~----:=

3 Z lyZ Zxl ZP 1 ZP Z

°lyZE1yl - °OyZEOyl + °lylE1yZ - °OylEOy2
ZP l ZP l

°ly1E1y3 - °Oyl EOy3
ZP 1

°ZxI EZx3 - °Ox1 EOx3+ ---'---'=-::--"'-'=---="'::"::'='"
ZP Z

°Zx3EZxl - °Ox3EOxl
ZP Z

°ZxlEZxZ -oOxlEOxZ
ZP Z

°1 ZE I 2 - °0 ZEOyZY y.. Y

•

° - °1 + 2xl Ox1
- 2 Elyl zPz

°ly3E1Y3 -~OY.3EOY3 + °ZxIEZxl ~. °Oxi EOxl
zP 1 2P Z

°Zx3EZx3 - °Ox3 EOx3+. ..
zP z

Al-14
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• °lylElyl - °OylEOyl _ °ly2 Ely2 - °Oy2 EOy2
2Pl 2P l

° E ° E2x2 2x2 - Ox2 Ox2
2P2

°2xlE2x2 - °OxlEOx2
2P2

+ °lY3 Elyl - °Oy3EOyl
2P

l

°2x2 E2xl - °Ox2 EOxl
2P 2

1 °2x3 - °Ox3
C8 = 2 Ely3 - 2P

2

•
°lylEly3 - °OylEOy3

2P l

°2xlE2x3 - °OxlEOx3
2P 2

°2x3 E2xl - °Ox3 EOxl
2P 2

+ °ly2 Ely3 - °Oy2 EOy3
2P l

°2x2 E2x3 - °Ox2 EOx3
2P 2

°2x3 E2x2 - °Ox3 EOx2
2P 2

•
AI-IS/!6
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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 I

coplanar configuration are derived in terms of the accelerometer location and
output errors. The development closely follows the discussion in Appendix AI.

The configuration for the nine accelerometer configuration analyzed is
shown in Figure A2-1.

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

A2-l Ax1
R

/3
(w

2 w2) 1
(~ w w )- - r + +-r

x 2 y z 2 Z x Y

A2-2 AX2 R - r (~ - 'w w )x z x y

A2-3 A
X3

R +/3 (w
2

+ w
2

) 1
(~ w w )r +-rx 2 y Z 2 Z x Y

A
y1

R +/3 (~ + w w ) +.!. (w
2 + w2)A2-4 r ry 2 Z x y 2 x Z

• A2-S A
y2

R :If- r (w 2
+ w2)y x Z

Ay~ R
/3

(~ + w w ) +.!. (w
2

w
2

)A2-6 2
r r +y z x y 2 x Z

A2-7 A
Z1

R /3
(~ - w w )

1
(~ w w )r - r +

z 2 y x z 2 x y Z

A2-8 A
Z2 R + r (~ + w w )

Z x y z

A2-9 Az3
R +/3 (~ - w w ) 1

(~ + w w )r - r
z 2 y x z 2 x Y Z

Eliminating the angular velocity squared terms through algebraic
manipulation or solving for the angular accelerations in a least squared
sense produces:

. A
XI

+ A
x3

- 2A A 1 - A 3
A2-l0 ro x2 + y y

Z 6r u'3 r
A - A

zlA2-11
. z3
rl + rl rl

• Y x z /3r

A2-l



•

y

•\
\

a Y2

t
~2 .. a X2

I \
I \
r

I
I

A.......

/
I

z

FIGURE A2-1. NINE ACCELEROMETER, COPLANAR CONFIGURATION

•
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• A2-l2
.

S1 - S1 S1
x y z

•

where Axl 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
devia~ions of the error coefficients are shown in Table A2-3.

As an example, if we assume r = 4 inches, location errors = 0.01 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
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r2

z

Table A2-l
Angular Acceleration Estimates

. ... 3~3<3 Configuration

W • A wZ 2W + AO + AlWZ + A + A W + + A Wz 2 x 3 y 4 x 5 y

•

n: + r2 r2 = W + W w-- + B + Bl~Y + B2~x + B3~z
Y x z Y x Y 0

2 2 2 + B7w W Baw W+ B
4

w
x + BSUly + B

6
w

z +x y . x z

Ox - OyOz = Wx - wywz + Co + Clwx + C2W y + C3wz

+ C4W / + Cswi + c6wi + C7WxW y + Cswxwz

+ Cgwywz + ClORx + CllRy + Cl2Rz

A2-4

•

•



•
Table A2-2

Angular Error Coefficients
3-3-3 Configuration

/3 1
A - -- (£ - £ + £ - £ ) + -- (3£ + £ + £ + 4~ )1 - 12 xly x3y y1x y3x 12 y2y x1x x3x ~x2x

A
2

- 11
2

(/3 £ - 13 £ - 4£ - £ - e: )+ _1_ (0 - 0 )
y3z y1z x2z x3z xlz 2/3r y3z y1z

A
4

1 (13 £ - /3 e: - 4£ 2 - e: - e: ) +_1_
(0 1 - 0 3 )= 12 y3y yly x y x3y x1y 2/3r y y y y

• /3
(£ 1 - e: 3 ) +! (e: + e: )

1
(0 1 + 0 3 - 20 2 )AS = -- + --12 x x x x 4 ylx y3x 6r x x x xx x

- 6
1
r (0 3 + 0 1 - 20 2 ) + _1_ (0 3 - 0 1 )

x Y x Y x Y 213r y x y x

• 1 (£ 1 + £ 3 + 4£ 2 + /3 £ 1 - 13 £ 3 ) + _1_ (0 - 0 )Ag = 12 x z x z y z y z y z 213r y3z y1z

A2-S



1
+ E: 3 - 2£ 2 )

1 (£ - £ )A
10 = 6r (£x1x +--

x x x x U'3r y1x y3x· •
All

1
(£ 1 + £3 - 2£ 2 )

+_1_ (£ - £ )=-
6r x y x y x y 213r y1y y3y

1 (£ + £ - 2£ ) +_1_
(£y1z - e: -)A12

= -
6r x1z x3z x2z 213r y3z

•

•
A2-6



B
O

1 (E
z30 - E

z10
)= --

/3r

• 1 1
B

1 = "2(Ez1z + E 3 ) (8 1 + 8 3 )z z j3r z x z x

B
Z

/3
(E - E )

1
(8 3 - 8 1 )= - +-6 zlz z3z /3r z y z y

B)
13

(E'3 - E' l )
1

- 8 )
6

+ - (8
z x z x /3r zly z3y

B4
/3 (E - E ) + _1_ (8 3 - 8 1 )6 zly z3y /3r z z z z

B
S

1
(E 1 + E 3 )= -"2 z x z x

1
(E 1 + E 3 )

1
(8 - 8 )B

6 -"2 +-z x z x I3r z3y zly

• B
7

13
(E 3 - E 1 ) +1:- (E 1 + E 3 )=-

6 z x z x Z z y z Y

1
(E 1 + E 3 )

1
(8 1 + 8 3 )BS - --Z z z z z /3r z x z x

/3
(E - E ) 1

(8 1 - 8 3 )Bg =- +-
6 z3z zlz l3r z y z Y

1
(E 3 - E 1 )B

1G
= --

/3r z x z x

•

B
ll

1
(E 3 - E 1 )

v'3r z y z Y

1
(E 3 - E 1 )B

1Z
=-

/3r z z z z
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1
(2 E 2

1 1 1
(26 - 6 - 6 )C1

= - + 2" Ez1z
- ~ E ) +-3 z z 2 z3z 3r z2y zly z3y

C2
13 (E - E ) +1:.- (6 1 + 6 3 - 26 )=-
6 zlz z3z 3r z x x x x2x

1 (-2E
1 1 13 13C

3
= - -~E -- E + 2 Ez1y + 2 Ez3y)3 z2x 2 zlx 2 z3x

•

(2 6 - 6 - 6 )z2z zlz z3z

C7
1 (-2E 1 1 13 13
3 - - E - - E + 2: EzIy- 2: Ez3y )z2x 2 zlx 2 z3x

C8
I 13 13

E 3 ) +1:.- (-26 + 6 . - 6 )
3 ( T EzIz -2: z z 3r z2x xIz z3x

I 1 ·1 1Cg -
3 (2E 2 + 2" EzIz

- - E ) +- (26 - 6 - 6 )
z z 2 z3z 3r z2y zly z;3y

CIO
1

(2 E - e: - E: z3x )=-
3r z2x zlx
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Table A2-4. EXAMPLE CALCULATION OF ERROR COEFFICIENTS

• R = 4 inches

19 5% of signal

<5 = 0.01 inches

£2 = 3% of signal

•

•

AO 55.7 rad/sec 2 BO 78.8 Co 78.8
A1 2.34% ~ B1 3.54 C1 3.54
A2 1. 23% B2 2.05% C2 2.05%
A3 1.23% B3 2.45% C3 2.45%
A4 1.48% B4 1.24% C4 2.13%
A5 1.48% - B5 2.12% C5 1.22%
A6 1.80% B6 2.13% C6 2.46%
A7 2.17% B7 2.45% C7 2.45%
A8 1.23% B8 3.54% C8 2.05%
Ag 1. 23% Bg 2.05% Cg 3.54%
Ala 0.60% B10 0.61% C10 0.61%
All 0.60% Bll 0.61% Cll 0.61%
A12 0.60% B12 1.02% C12 1. 02%

A2-13/14



,
"'rf,
.~\

:1,

'r
('

. I~

'1~.
I;

t
"'l.

"

"'{.

"

/

•

•

•



•

•

•

APPENDIX A3

DERIVATION OF EQUATIONS FOR ESTIMATED TRANSLATIONAL
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:

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-l and the error coefficients are
given in Table A3-2 .

A3-l



Table A3-l
Translational Acceleration Estimates

3-2-2-2 Configuration ••

. . . 2
QOy = YO + BO + Blwx + BZwy + B

3
w

z
+ B4w

x

2 2
+ BSw W+ BSwy + B6wz + B

7
w W

x y x z

+ B
9

W W + BIOXO + BllYO + B12Z
0 •Y z

. . . 2
QOz = Zo + Co + Clwx + CZwy + C

3
wz + C

4
w

x

Z Z
+ CSw w+ CSwy + C6w

z
+ C7w wx y x z

+C
9

ww. + ClOXO + Cn YO + CIZZOY z

•
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•
Table A3-2

Translational Error Coefficients
3-2-2-2 Configuration

AS = - °Oxl - °OxlE:OxI - °Ox3E:Ox3

A6 = - °OxI - °OxIE:OxI - °Ox2E:Ox2

• A7 °Ox2 + 00x2 cOxl + °OxIE:Ox2

AS °Ox3 + °Ox3E:OxI +
0
OxlE:Ox3

Ag = °Ox3E:Ox2 + °Ox2E:Ox3

AIO = E:Oxl

An = E: Ox2

Al2 E: Ox3

• A3-3



BO = £OYO •
Bi GOy3 - GOy3 £OyZ + °OyZ£OY3

B2 = °OY3E:OYi - GOyiE:Oy3

B
3 GOyZ£Oyi + °Oyi + GOyiE:Oy2

B4 °OyZ °OyZE:OyZ °Oy3E:Oy3

BS = - °Oyi£Oyi - °Oy3E:Oy3

B6 °OyiE:Oyi °OyZ °Oy2E:Oy2

B7 = °OyZE:Oyi + °Oyi + °OyiE:OyZ

B
S °Oy3E:Oyi + °OyiE:Oy3 •

Bg °OY3 + °Oy3E:Oy2 + °OyZE:OY3

BiO = E:Oyi

Bll E: Oy2

BiZ = E:
Oy3

•
A3-4
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•

C1 = ~ °Oz3 EOzZ + °OzZ + °OZZEOz3

Cz = °Oz3 EOzl - °Oz1 - °OzlEOz3

C3 = - °OZZEOz1 + °OzlEOzZ

C4 - - °OZZEOZZ - °Oz3 - °Oz3 EOz3

C6 = - °Oz1 EOzl - °OZZEOZZ

C7 = °OzZEOzl + °Ozl EOzZ

Cs °Oz3 EOz1 + °Ozl + °Ozl EOz3

A3-5/A3-6
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APPENDIX A4

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

In this appendix, the estimated translational accelerations for the nine
accelerometer, 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: Rx Axl +

Ayl +

Azl +

Ax 2 +

3

Ay2 +

3

Az 2 +

3

Ay 3

Az 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-l and the error coefficients are

given in Table A4-2 .

A4-1



Table A4-l

Translational Acceleration Estimates

3-3-3 Configuration •

. . . Z
Q

OY
= YO + BO + B1wx + BZwy + B

3
w

z + B
4

w
x

Z Z
B7w W + BSw W+ BSWy + B6w

z + x y x z •+ Bgw W + B10XO + BllYO + B1ZZO.. Y z

. . . Z
Q

Oz Zo + Co + C1wx + CZwy + C
3

w
z + C

4
w

x

Z Z
+ CSw W+ CSwy + C6w

z + C1w Wx y x z

+ Cgw W + C10XO
+ CllYO + C1ZZoy z

•
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Table A4-2

Translational Error Coefficients

3-3-3 Configuration

1 1 1 _ )
+ 3 a(- ~lx3 + E2x3 - 2 E3x3

111
- 3 a (- ~lxl + E2x1 - ~3xl)

A4-3



AS = - ~(OlXl + °2xl + °3xl)

an
- --6--(E1x1 - E3x1 )

A4-4
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1
+ °ZyZ + °3yZ)B4 = - 3(olyZ•

- 1:. a(- l E 1
+ E

ZYZ - 2" E3yZ )3 Z lyZ

1
+ OZYZEZYZ + °3yZE3yZ)- 3(olyZElyZ

1
+ °Zy3 EZy3 + °3y3 E3y3)- 3(Oly3 Ely3

an 1 1
BS

= - -6- (2 E 1y1 - 2 E3y1)

1
- 3(olylElyl + °ZylEZyl + °3ylE3yl)

1
- 3(oly3 Ely3 + °Zy3 EZy3 + °3y3 E3y3)

•

1
- - a

.3

•
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c = 1(0 + 0 + 0 )
9 3 1z2 2z2 3z2
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APPENDIX B

SlliUlATION AND CALIBRATION OF NINE-ACCELEROMEI'ER

PACKAGE (NAP) FOR ANTHRORM:>RPHIC OOMMIES

Arthur D. Little, Inc.

Ashok B. Eo;Jhani
Katherine E. carlson

Martin L. Cohen
Richard H. Spencer

B-ijii



!}
!

I
JI

i'
I",

/'
,~

,<

I
!

f
/

!
l

J

!
/
!

I
!

/
/~

I
,/

,/
i

•

•

•



• TABLE OF CONTENTS

Page

1. INTROD UCTION B-1

1.1 Background B-1

1.2 Organization ~f the Report B-3/4

2. COMPUTER MOD EL OF 3-2-2-2 CONFIGURATION B-5

2.1 Set of Equations B-5
.

2.2 Computer Program Structure B-5

2.3 Input Format B-l1

2.4 Output Format B-12

2.5 Suggestions on Input B-13

3. METHODOLOGY FOR DETERMINING ERROR COEFFICIENTS B-15

• 3.1 Description of Tests B-20

3.2 Fixture Design and Mounting B-29

4. SUMMARY AND RECOMMENDATIONS B-33

References B-34

•

APPENDIX Bl: COMPUTER PROGRAM LISTING

B-iii

B1-1



Figure 1-1

Figure 2-1

Figure 2-2

Figure 2-3

Figure 3-1

LIST OF FIGURES

The 3-2-2-2 Configuration of the NAP

Set of Equations for Converting Actual
Accelerations to Measured Accelerations

Error Coefficient Equations

Structure of the Computer Program

Mounting for Test 5 and 6: Misaligned Axis

B-iv

B-2

B-6

B-7

B-lO

B-27

•

•

•



•

•

•

Table 3-1

LIST OF TABLES

Tests Required to Determine Error Coefficients

B-v/vi

Page

B-16



/
/

i
,/

",.
f

/

./
/

i
i

./

.J l

I
i

•

•

•



•

•

•

APPENDIX Bl

COMPUTER PROGRAM LISTING

Bl-1/Bl-2



":'.'.
"~;i~

:";\

•

]
~1

/
/

]/

•



•

•

1. INTRODUCTION

1• 1 BACKGROUND

In support of NHTSA requirements to expand the data base of

biomechanical information available for use in automotive safety

assessment. a proj ect to measure human and dummy head acceleration is

being conducted. lnstrumentation for the measurement of both linear and

angular acceleration will be developed for this purpose. The accurate

measurement of angular acceleration is 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 1 and 2. Reference 1 describes a system which

places the accelerometers 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 in most cases •

The work discussed in this report deals with two 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

sensitivity analyses for the package.

2. Develop a test procedure for determining

coefficients of the package and calibrating it.

the error

•

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 TTD No. 16,

contract DTRS-57-80-C-00132 .

B-1
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•

3 Accelerometers
(Loca t ion 0) ---..,

y~

!
2 Accelerometers

(Location 2)

Source: Endevco

~-- 2 Accelerometers
(Location 3)

2 Accelerometers
(Location 1)

•

FIGURE 1-1. THE 3-2-2-2 CONFIGURATION OF THE NAP
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1.2 ORGANIZATION OF THE REPORT

Chapter 2 describes a computer program developed to help determine

yhat accelerometer system parameters and characteristics are most

important in determining the angular acceleration measurement errors,

and yhat tolerance in these parameters and characteristics are required

to achieve specified accuracies in the measurement of angular

accelerations. This chapter also provides instructions to potential

users of the computer program.

Chapter 3 describes a methodology yhich 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 in the

package.

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

includes a listing of computer programs.

B-3/lt
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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 to measured accelerations. These equations have been

•

•

derived by TSC and reported in Reference 3. Figure 2.1 provides a

summary of the equations. In these equations:

.
wx ' wy ' wz ' are actual angular accelerations,

wx ' wy ' wz ' are actual angular velocities

~, y, ~, are actual linear accelerations

AAO ••. AAI2, are error coefficients

BAO •.• BAI2

CAO .•• CAI2

ALO ••• AI.12

BLO .•• BLI2

CLO ••. CL12

y y yare measured angular accelerations
.. x' y z..' ..
X , Y, and Z are measured linear accelerations

Here x, y, z are three axes fixed to the NAP. The relationships

between the error coefficients and errors of the individual

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 terms (6 ijk 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 •

B-5



'. .'~ + AAD .. AAlw +A:A2 w + AAJ w
Yx x x y z

+AA4 w a + AA5 w 2 + AA6 w a
x y z

+ AA7 ·w w + AA8 W w + AA9 w w
x y x z y z

+ ,uro X +AAll 'y '+- M12 Z • • •• (1) •

.
CAO CAl .. CA2 CAJYz

.. w + .. w w + w
z x y z

+ CA4 w a + CAS w a + CA6 'w a
·x y z

+ CA7 'w,w + CAB w w + GA9 w wx y ·x z y z

+ 'CAlO CAll CA12 " 0)x + y + z ... '.

,.
,"

X .. x + ALO + ALl w + AU w + AL3 W
x y ·z

+ AL4 'w 2 +AL5 W 2 + AL6 w 2
x y z

FIGURE 2-:1. SET OF 'EQUATIONS FOR CONVERTING ACTUAL ACCELERATIONS TO
MEASURED ACcELERAnONS

y
y

..
y

.. w +BAO + BAlw '+-BA2 w + BAJ wy x y z
+BA4 w a .. BAS ·w a + BA6w a

x y z

+BA7 w 'w +BA8 'w. w + BA9 w wxy x z y z

+ BAlO i ~ BAll j. BAl2 i

+AL7 w w + AL8 w w + AL9 w w
x y x z y z

+ALI0 X + ALll 'y + ALIZ'z

y + BLO + ·BLI 'w + B12 w + BL3 til
x y z

+ BL4 w 2 + ·BL5 'W 2 + BL6 ·w 2
x y z

+BL7 'ww + BL8 ww +BL9 'w w
xy X. 'Z. Y 7.

+BLtO X + BLll Y +BLlZ 'z

'0

• z+ CtO + CLI w • ~L2 ~ + 6L3 wx y Z

+ CL4 ~ 2 + CL5 ,w 2 + CL6 ~ 2
X Y z

+CL7 ww +eL8 W W +CL9 w w.
x yxz y ·z

+ CLl/a 'x + CLH y- + CLIZ 'i

.... (2)

." .. (4)

.... (5)

.. •. (6)

•

•
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EIJK •

SIJK =

AAO=(E230-E030-E320+E020)/(2*R)
AA1=(E233+E322)/2+(S232-S032+S323-S023)/(2*R)
AA2=-E321/2+«S231-S031)/(2*R»
AA3=-E231/2-«S321-S021)/(2*R»
AA4=(E323-E232)/2+«S322-S022+S033-S233)/(2*R»
AA5=E323/2+(S033-S233)/(2*R)
AA6=-E232/2+(S322-S022)/(2*R)
AA7=E231/2+(S021-5321)/(2*R)
AA8=-E321/2+(S231-S031)/(2*R)
AA9=(E233-E322)/2+(S232-S032-S323+S023)/(2*R)
AAI0=(E231-E031-E321+E021)/(2*R)
AAl1=(E232-E032-E322+E022)/(2*R)
AA12-(E233-E033-E323+E023)/(2*R)

BAO=(E310-EOI0-E130+E030)/(2*R)
BA1=E312/2+(S032-S132)/(2*R)
BA~=(E311+E133)/2+(S313-S013+S131-S031)/(2*R)

BA3=-E132/2+(S012-S312)/(2*R)
BA4=-E313/2+(S133-S033)/(2*R)
BA5=(E131-E313)/2+(S011-S311+S133-S033)/(2*R)
BA6=E131/2+(S011-S311)/(2*R)
BA7=-E132/2+(S312-S012)/(2*R)
BA8s (E311-E133)/2+(S313-S013-S131+S031)/(2*R)
BA9=E312/2+(S032-8132)/(2*R)
BAI0-(E311-EOI1-E131+E031)/(2*R)
BAll=(E312-E012-E132+E032)/(2*R)
BA12=(E313-E013-E133+E033)/(2*R)

CAO=(E120-EOI0-E210+EOI0)/(2*R)
CAl=-E213/2+(S023-S123)/(2*R)
CA2=-E123/2+(S013-S213)/(2*R)
CA3=(E122+E211)/2+(S121-S021+S212-S012)/(2*R)
CA4=E212/2+(S022-S122)/(2*R)
CA5=-E121/2+(S211-S011)/(2*R)
CA6=(E212-E121)/2+(S022-S122+S211-S011)/(2*R)
CA7=(E122-E211)/2+(S121-S021-S212+S012)/(2*R)
CAB=E123/2+(S013-S213)/(2*R)
CA9=-E213/2+(S123-S023)/(2*R)
CAI0=(E121-E021-E211+EOl1)/(2*R)
CA11=(E122-E022-E212+E012)/(2*R)
CA12=(E123-E023-E213+E013)/(2*R)

which is error type k (0 - bias pl~s noise, 1 •

uncertainty in scale factor, 2,3 • cross axis

sensitivity) for accelerometer measuring in the

j direction (l=x, 2=y, 3=z) situated at location i

(see Figure 1.1).

which is location error in k direction for accelerometer

measuring in j direction situated at location 1.

FIGURE 2-2. ERROR COEFFICIENT EQUAnONS
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ALO=E010
AL1=-S013*E012+S012*E013
AL2=S013+S013~EOi1-S011~E013

AL3=-S012-S012*EOll+SOll*E012
AL4=-S012*E012-S013*E013
AL5=-S011-S011*EOll-S013*E013
AL6=-SOI1-S011*E011-S012*E012

AL7=SOI2+5012*E011+5011*E012
AL8=S013+S013~E011+501i*E013

AL9=5013*E012+S012*E013
AL l()=EO 11
AL11=E012
AL12=E013

BLO=E020
BL1=-S023-S023*E022+S022*E023
BL2=S023*E021-S021~E023

BL3=-S022*E021+S021+S021*E022
BL4=-S022-S022~E022-S023*E023

BL5m-S021oE021-S023*E023
BL6=-S021~E021-S022-S022*E022

BL7=S022*E021+S021+S021*E022
BL8=S023*E021+S021*E023
BL9=S023+S023~E022+S022*E023

BL10=IE021
BL11a:E022
BL12mlE023

CLO=IE030
CL1=-S0330E032+S032+S032~E033

CL2-S033*E031-S031-S031*E033
CL3=-S032~E031+S0310E032

CL4=-S032~E032-S033-S033*E033

CL5=-S03~~E03i-S033-S033~E033

CL6=-S031~E031-S0320E032

CL7=S032*E031+S031~E032

CL8=S033*E031+S03!+S031~E033

CL9=S033*E032~S032~S032~E033

CL10=E031
CL11=E032
CL12=E033

FIGURE 2-2. ERROR COEFFICIENT EQUATIONS (cont.)
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• Ther~ are a couple of issues which add complexities to this simple

program.

• Usually, angular velocities are not provided as inputs, yet

they are required to calculate measured accelerations. 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. As

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 • f 1 (time), and

Acceleration 2 • f 2 (time),

are needed. If they are in a time series form, as what experimentally

obtained accelerations are likely to be t then the following type of

arrays are needed:

•

Time acceleration 1 acceleration 2

B-9



INPUT

Error Terms •°ijk, E: ij k

Time Step, Initial Time...
Final Time

..--

No
-

Actual Accelerations

Analytical?

Int.erpolation
I Routine Yes

Ii-"-'I'

Error Coefficient
Equations

(Figure 2 . .2)

•
Time Step

Integration
Routine

w, w
x y

w
z

!r

w , (~) , w
x x z
.. .. ,
x, y, z

AAO •.•• etc.

Set of Equations
(Figure 2.1)

. y x" y y' y z
lit X, Y Z

Measured Accelerations

OUTPUT

FIGURE 2-3. STRUCTURE OF THE COMPUTER PROGRAM

B-IO
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The_ integration routine (8 fourth order Runge-Kutta routine)

integrates_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 shown

in Figure 2.1. we calculate measured accelerations and print them as

output.

The actual acceleration values are obtained at every time step.

either from the analytical expression or through interpolation of values

provided in the array format. The process of integration, calculating

the measured accelerations and printing 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 in Appendix B. This program

needs several inputs from the user:

• Error terms 6ijk , £ljk

These are to be provided in the following format:

£010' £011' £012' £013' 6011 • 6012 , 6013 ,

£020·

£030'

£120'

£130'

£210·

£230'

£310'

£320'

• Value R, which represents distance of locations, 1, 2 and 3

from location O.

B-11



e eInput Index, IX, whi:(:h Jshouldbe ,set to z'ero if the

ac(:elerati'on terms are analytical, ·andto ,one,ifihey ,need to

;b'e interpolated.

•
'e :T1:me values: Irti'd:al time reS.TIME), t:ime ,'step (-DT,IME) " Final

'time (FTIME)..

An. thes'evalues ,are read by the ma'in program. The information 'on

·actualac'cderations iSobtalned by subrouclneSTEQU (see Appendix ,B) or

by subroutine .EXTRAP., depending onwh'ether theaccelera'tt'ons are

analyt-ical in form or provi:ded astlme series. If. th-ey are ~in

analyt:l.(:a1 form, the express::L'on has to :b'e provided 'under :comment

II·Analytical Inputs" in subroutineSTEQU.

,Anexamp,le 'otsuch anexpresslon 'is':

·w ·sa.5 S.tn 3"t, 'wh:L:ch 'bee'omes
x

WOOTX '. :5 .~O * 'SIN 0.0 * TIME)

In ,the other cstre, ,TN equals !ihe :number (o:fdata ~pointsinthetime

se,des,. Thesetle'shselfis of 'the cformaC,:

•

'.

2.4 :OUTPUT ,FORMAT

•

'The 'outpu't :cif ithe,programi~sa \prlntoutof ;t.ime:.the ·sc'tual

accelerations(i ,,·y,.·z, :w _,w, ,w },theactual .angular velocities
·~X ,y ~Z 'u 'f' "II :. "".

mea'suredaccelera·tlons ,(X" Y,Z, ';V :,v, "y. )at
'IX ':y :z

the;sctual acc'ele'rations 'wt-th ',the

(w " :w, "w ~,an'dth'ex ~y ,z .
'eve'ty-t"ime 'step. 'By 'compar1'rtg

iB-12
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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 instability,

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, if the

acceleration inputs incorporate a frequency of 100 Hz, the smallest

period will be 0.01 second and thus the time step should be, say, 0.001

second.

It is very difficult to handie frequency dependent error terms for

any but the unlikely situation of sinusoidal acceleration input.

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 than one

dominant frequency would, however, make even this method ineffective.

In such a case, there seems to be no clear cut analytical approach

available.

If an error term is 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 wx '

then term of the form:

B-13



1;120 ... K Wx or

E120 • AK * WDOTX

should be inserted above the set of equations which convert actual

accelerations to measured accelerations. Also, each error coefJicient

term which includes E120 should be transferred from its p.resent position

to under this equation for E120, so that it also changes according to

acceleration magnitude.

8-114
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• 3. METHODOLOGY FOR DETERMINING ERROR COEFFICIENTS

This section describes a methodology developed to determine the

error coefficients identified in equations (l) through (6) in Figure

2.1.

This methodology is 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 bias,

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 summar1~ed in table 3.1 and described in the

following subsection. Some thoughts on fixture design and mounting are

provided in subsection 3.2.

•
B-15
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3.1 DESCRIPTION OF TESTS

Test 1: 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)

Yx • AAO + AAlO g

and by inverting the NAP. ~ = - g will be applied.

Then.

AAO - MIa 8

We can solve the above equations simultaneously to get AAO and

AAIO. Similarly, from equations (2). (3). (5). and (6). we

can obtain BAD. BAIO. CAD, CAIO. BLO. BLIO. CLO and CLIO.

,<' -

To obtain ALO and ALIO, we need to solve the following two

equations:

for

x • + g..
X • ALO + (1 + ALIa) g

for x ._g

..
X • ALO - (1 + ALIa) g.

B-20
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• (b) Input to y axis

--
For input to y axis, 'y ..

= + g or y .. -g.

Then solving equations (1) through (6). we can get

AAll. BAll. CAll. ALll. BLll. and CLl1, plus we can

confirm values of AAO. BAO, CAO. ALO. BLO and CLO

obtained above.

(c) Input to z axis

In a similar manner. we can get AA12. BA12, CA12. AL12, 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:

•

(i) the acceleration input may be much greater than g.

therefore g can be neglected, and

(ii) 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 respect to

the NAP axes will generally change as a function of time. as

the package rotates. Thus, ....e .... i11 need to keep track of

rotational positon of the package .... ith respect to the g vector

and assign components of g to each acceleration measurement

B-2l



depending 'On the position of individual acceleromete.rs. While

this is not a very difficult task, it may create unnecessary

complications in .the program, which will continue prov.iding

accurate results as long a's the ,measured .accleration levels

are substantially higher than :g.

Test .2: Linear SinusoidalatDHferentFrequencies

(a) Input to x axis.

If the NAP is .mountedwith x axis receiving linear sinusoidal

inputs., of the form x = A sin wt <the other inputs are ,zero) ,

then, from equation (1):

yx = AAO + AAIO(A sin wt)

•

The output, y ,will be a sinusoidal sIgnal, with an offset of •x
AAO and amplitude (peak to ,peak) of2 AAIO(A),. Thus, ,both .AAO

and AAIO can be obtained. This is the same as for Test 1,

except now we can change the frequency,w, and iplot AAO and

MIO values at different frequencies,.

In a similar manner, we can obtain BAO,BAIO,CAO, CA10, BLO,

'BLlO, CLC ,and eLlO, each as function of frequency .•

To obtain ALO and ALTO, we need to solve a slightly different

equation:

••
X '" ALO +(1 + ALIO) A sin wt,.

Here, ',fhepeak to .peak 'amplitude of the out.putsine 'wave will

: ,be2(l+ALlO)A. 'This will give a value of ALIO .asfunction 'of

'frequency,.

•



•

•

(b) Input to y axis

In" a similar manner. by providing sinusoidal input to the y

axis. we can get AAll. BAll. CAll. ALII. BLll. and eLll. each

as a function of frequency. In addition. we can confirm

values of AAO ... etc.

(c) Input to z axis

Finally. by mounting the NAP on the z axis. we can get AA12.

BA12. CA12. ALl2. BL12. and CL12 as functions of frequency.

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

Test 3: Constant Angular Velocity with Aligned Axis

(a) Input to x axis

By rotating the NAP mounted along its x axis on a turntable.

we provide it the following input:

w constant.x

All other inputs will be zero. Then. from equation (1):

= AAO + AM w 2
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 AAS" BAS , CAS,

AL5 ,BL5 and CLS.

(c) Input to z axis

Finally, by rotating the NAP on its z axis, we can find AA6,

BA6, CA6, AL6, BL6, andCL6.

Test 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:

W .. a sin wt.
x

W = aw cos wt.
x

All other inputs will be z~ro. Substituting these inputs in

equation (I), we get:

= AAO + (l +AA1) aw cos wt + AA4 a 2 5in2 wt.

2
However, sin wt .. 1/2-1/2 cos 2wt.

So,

• 22'
'Y

x
= AAO + (l + AAl) aw cos wt + AA4 a 12-AA4(a 12)co5 2w.t.

Thus, Y will have three components:
x

B-24
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(b)

Constant bias • AAO + a2/2

Sinewave at w frequency a (1 + AAl) a w cos wt.

Sinewave at 2w frequency • AA4(a 2/2)cos 2wt.

By using simple filtering techniques, it is 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 is 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 AAl.

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 BA1,

CAl, ALl, BL1, and CL1, plus BA4, CA4, AL4, BL4 and CL4, all

at different frequencies. In 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

axis, we prOVide it with two inputs:

w = a s1n ClJr.
y

W = a w cos wt.
Y

Then, using a procedure similar to that described earlier, we

can get values of AA2, BA2, CA2, AL2, BL2, and CL2, plus AAS,

BAS, CAS, ALs, BLs, and CLs. These values can be obtained for

different frequencies. This test would give yet another

confirmation to the values of MO •. etc.
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(c) Input to z axis

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

CL3, plus,. AA6, BA6, CA6, AL6, BL6, and CL6 (fot" different

frequencies) by rotat.ing the NAP in a sinusoidal manner on its

z axis.

Test 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 0 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

centripeta'l acceleration,. which will give a non-zero value to x.

Assuming that the axis does pass through the origin, the. two

inputs to the NAP will be:

w = w cos 0
y

Wz = w sin 0 All other inputs will be zero.

Then, from equat.1on (1),

•

•

=

+

2 2 2 2
AAO + AAS w cos 0 + AA6 w sin 0

2
AA9 w sin 0 cos 6

Knowing, AAO ,. AAS, AA6, w, and 0, we can then find AA9.

Similarly, using equat.ions (2) through (6), we can determine

BA9, CA9,. AL9, BL9, and CL9.

(b) Simultaneous Inputs to x and z axis
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The way of analyzing: the

discussed under Test. 4.

Similarly, by mounting the NAP so that the rotation, axis is

perpendicular to y, axis, while making angle 0 with z axis', we can obtain

MS, BAS, CAS', ALB, BLS, and eLS.

(c) Simultaneous inputs to' x and y axes

Finally, by mounting the NAP so tha~ the rotation axia is

perpendicular to z axis while making angle 0 with x' axis, we can. measure

AA7, BA7, CA7, AL7, BL7 and CLl.

Test 6: Sinusoidal Rotation with Misaligned Axis at Different

Frequencies

One final test se·t 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 1n a' manner similar to that for Test 5,

except, instead' of constant angular velocity, we will prOVide' sinusoida,l

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 0'
Y

w a sin wt sin 0
z

W = a w cos wt cos 0
Y. = wt. sin~ 0w' a w cos
z

All other inputs will be zero.

output signal will be similar to that

E6~ example ~ will include cons~ant
x

terms, those at frequency wand' those at frequency 2w.

Without going into details, the 2w signal will be:
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2 2 2- a /2 cos 2 wt (AA5 cos 0 + AA6 sin 0 + AA9 sin 0 cos 6).

Ali 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) t we

can find values of BA9, CA9, AL9, BL9, and CL9, as functions

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 0 with the z axis,

and passing through the oriRin.

(c) 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 0 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

NAP on the fixture t otherwise it will be impossible to differentiate

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, c 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 in

appropriate locations to create a NAP.

In general, it will be easier to calibrate the NAP which comes as a

~eparable 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 the package. The linear accelerations we get out of the

package will be referenced to the origin of the package and the angular

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 location.

Similarly, any difference between actual and theoretical angular

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, if the mounting is 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 not 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 in the mounting. In that case, the

output of the package, corrected by the error coefficients (found from

calibration tests) will give accurate linear and angular accelerations •
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only they will refer to the axes and origin defined by mounting, and not

those defined by the package. As lonR as the two axes sets are

reasonably close to each other, this will be acceptable.

The problem arises when the package needs to be mounted more than

one time. In that case a new set of axes may be defined each time it is

mounted. The error coefficients obtained then will be inconsistent and

there will be no way of obtaining accurate linear and angular

accelerations--not for any set of axes. This is the situation with the

test plan we have proposed. Unfortunately, there is only one

recourse--mount the package as accurately as possible so that all the

error coefficients refer to one set of axes, even if 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, in case of the package machined inside the

dummy's head, and thereby inseparable, it will be extremely difficult to

mount the head on the tables accurately, unless the head is rigidly

packaged in a cube or rectangular box, or a rigid set of axes is fixed

on the head. Neither option is easily implementable. Another advantage

of the separable package is: once it is 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

sensitivity analyses of the package.

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

coefficients 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

accelerations. knowing error coefficients.

developed. This requires essentially inverting

equations provided in Reference 3 and used in this

to actual

should be

the set of

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
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
001S
0016
0017
0018
0019
0020
0021
002:2
0023

•

0024
025
026

0027
0028
0029
0030
0031
0032
0033
0034
003'
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048

•

DIMENSION Y(3),DYC3)

DIMEN5ION AC1000),BC1000),CC1000),OC1000),EC1000>,F(1000>
COMMON/5TATE/Y
COMMON/DYNM/TIME,DTIME,FTIME,DY, IX, I~, IL, IN
COMMON/ACCL/RX, RY, RZ,WOOTX,WDOTY,WDOTI
COMMON/EXT/A,B,C,D,E,F

C INPUT FILE
OPEN(UNIT=1,FILE='IN',5TATU8='OLD')

C OUTPUT FILE
OPEN(UNIT~2,FILE='OUTDATA',STATUS='NEW')

READ(l,.> STIME,DTIME,FTIME,R
WR ITE (2, 1 >

1 FORMATC1X, '5TIME,OTIME,FTIME,R ')
WRITE(2,100> STIME,DTIME,FTIME,R
WRITE(6,4)

4 FORMAT C1X, , INPUT INDEX ',.)
READ (5, • > I X
IF (IX. NE. 1) GO TO 23

2 WR I TE (6, 1 13 >
113 ~ormat(l11, 'input number of observations',S)

read (5,.) in
23 continue

100 FORMATC1X,9(F9. 4, 1X»
C
C ERROR TERM8
C

READ(l,.> E010,E011,E012,E013,S011,5012,S013
READ(1,.> E020,E021,E022,E023,5021,8022,8023
READ(l,.> E030,E031,E032,E033,S031,8032,8033
READ(l,.> E120,E12l,El:22,E123,SI21,8122,8123
READCl,.) E130,E131,E132,E133,8131,8132,8133
READ(1,.> E210,E211,E212,E213,S211,8212,5213
READC1,.) E230,E231,E232,E233,S231,5232,5233
READ<l,.> E310,E311,E312,E313,8311,5312,5313
READ ( 1, .) E32Q" E3a2..~,E323, 832-1,. 5322, 9323'

WR ITE( 2, 100) E010, EOll, E012,'E013, 8011, 8012, 8013.
WRITE(2,100) E020,E021,E022,E023,5021,8022,8023
WRITE(2,100) E030,E031,E032,E033,8031,8032,5033
WRITEC2, 100)' E120, El:21-. E122, E123, 5121, 8122,51:23
WRITE(2,100) E130,E131,E132,E133,8131,5132,8133
WRITEC2,100> E210,E211,E212,E213,8211,S212,8213
WRITE(2,100) E230,E231,E232,E233,5231,8232,8233
WRITE(2,100) E310,E311,E312,E313,8311,5312,5313
WRITEC2,100> E320,E321,E322,E323,S321,5322,S323
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C

C

CAO=(E120-E010-E210+EOI0)/C2*R)
CAI--E213/2+(S023-S123)/(2*R)
CA2=-E123/2+(S013-S213)/(2*R)
CA3=(E122+E211)/2+(S121-S021+S212-S012)/(2*R)
CA4.E212/2+~S022-S122~/(2*R)

CA5=-E121/2+(S211-S011)/(2*R)
CA6=(E212-E121)/2+(S022-S122+S211-S011)/(2*R)
CA7=(E122-E211)/2+(SI21-S021~S212+S012)/(2*R)

CA8=E123/2+(SOI3-S213)~(2*R)

CA9=-E213/2+(S123-S023)/(2*R)
CA10=(EI21-E021-E211+E011)/(2*R)
CAll=(EI22-~022-E212+E012)/(2*R)

BAO=(E310-EOI0-E130+E030)/(2*R)
BA1=E312/2+(S032-S1321/(2*R)
BA2-(E311+E133)/2+(S313-S013+S131-S031)/(2*R)
BA3~-E132/2+(S012-S312)/(2*R)

BA4--E313/2+(S133-S033)/(2*R)
BA5-(E131-E313)/2+(S011-S311+S133-S033)/(2*R)
BA6=E131/2+(S011-S311)/(2*R)
BA7=-E132/2+(S312-S012)/(2*R)
BA8=(E311-E133)/2+(S313-S013-S131+S031)/(2*R)
BA9=E312/2+(S032-6132)/(2*R)
lJAtct- ('£3'11'-£011-£131 +£031 ) / (2*R )
BA11=(E312-E012-E132+E032)/(2*R)
BA12=(E313-E013-E133+E033)/(2*R)

•

•

•

WOOTY

GOOTY

WOOTX

GOOTX

WZ' )
RZ

GOOTZ

WY
RY

OOOTY

WRITEC2, 105)
WRITE(2,101)
WRITE(2, 102)
WRITE(2, 103)
WRITE(2,104)

105 FORMAT(lX/")
101 FORMAT ( IX, 'TIME')
102 FORMATCIX,' WX
103 FORMAT ( IX,' RX

8c WOOTZ')
104 FORMATe IX,' OOOTX

8c GOOTZ')
C
C CALCULATE THE A/B,C VALUES FOR ANGULAR ACCELERATION
C

AAO=(E230-E030-E320+E020)/(2*R)
AA1=(E233+E322)/2+(S232-S032+S323-S023)/(2*R)
AA2=-E321/2+«S231-S031)/C2*R»
AA3=-E231/2-«S321-S021)/(2*R»
AA4=(E323-E232)/2+«S322-S022+S033-S233)/(2*Rl)
AA5=E323/2+(S033-S233)/(2*R)
AA6=-E232/2+(S322-S022)/(2*R)
AA7=E231/2+(S021-S321)/(2*R)
AA8=-E321/2+(S231-S031)/(2*R)
AA9=(E233-E322)/2+(S232-S032-S323+S023)/(2*R)
AAIO=(E231-E031-E321+E021)/(2*R)
AA11=(E232-E032-E322+E022)/(2*R)
AA12=(E233-E033-E323+E023)/(2*R)

0049
00'0
00'1
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
0081
0082
0083
0084
0085
0086
0087
Oosg
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101
0102
0103
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• 0104 C
0105 C CALCULATE THE A,B,C VALUES FOR LINEAR ACCELERATION
0106 C ALO-AL12,BLO-BL12,CLO-CL12
0107 C
0108 ALO=E010
0109 AL1=-S013*E012+S012*E013
0110 AL2=S013+S013*E011-S011*E013
0111 AL3=-S012-S012*EOll+S0ll*E012
0112 AL4--S012*E012-S013*E013
0113 AL5=-S011-S011*E011-S013*EOI3
0114 AL6=-S011-S011*E011-S012*E012

0115 AL7=S012+S012*E011+S011*E012
0116 AL8=S013+S013*E011+S011*E013
0117 AL9=S013*E012+S012*EOI3
0118 ALI0=E011
0119 AL11=E012
0120 ALI2=E013
0121 C
0122 BLO=E020
0123 BL1=-S023-S023*E022+S022*E023
0124 BL2=S023*E021-S021*E023

• 0125 BL3=-S022*E021+S021 +S021 *E022
0126 BL4=-S022-S022*E022-S023*E023
0127 BL5--S021*E021-S023*E023
0128 BL6=-S021*E021-S022-S022*E022
0129 BL7-S022*E021+S021+S021*E022
0130 BL8=S023*E021+S021*E023
0131 BL9-S023+S023*E022+S022*E023
0132 BL10-E021
0133 BL11-E022
0134 BL12-E023
0135 C
0136 CLO=E030
0137 CL1--S033*E032+S032+S032*E033
0138 CL2-S033*E031-S031-S031*E033
01~ CL3--S032*£031+S031*EQ32
0140 CL4=-S032*E032-S033-S033*E033
0141 CLS--S031*E031-S033-S033*E033
0142 CL6--S031*E031-S032*E032
0143 CL7-S032*E031 +S031 *E032
0144 CLB=S033*E031+S031+S031*E033
014' CL9=S033*E032+S032+S032*E033
0146 CL10=E031
0147 CL11=E032
0148 CL12-E033
0149 CA12-(EI23-E023-E213+EOI3)/(2*R)

•
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0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171

0172
0173
0114
0175
0116
0177
0178
0179
01BO
0181
0182
0183
·0184
0185
0180
0187
0188
0189
0190
0191
019:12
0193
0194
0195
0196

C
C INITIALIZE ANGULAR VELOCITY TERMS, TIME
C

V(l)-O.O
V(2)=0.0
Y(3)=O.0
TIME-STIME
I.J-2
IL-O
CALL STEGU
GO TO 11

10 IF(TIHE.GT. FTIME) GO TO 40

CALL RKOXF
11 WX=Y(l)

WY-Y(2)
WZ-V<3>

C
C CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS
C

QDOTX=WOOTX+AAO+AA1*WDOTX+AA2*WDOTV+AA3*WOOTZ+
2 AA4*WX**2+AA5*WV**2+AA6*WZ**2+AA7*WX*WV+

3 AA8*WX*WZ+AA9*WV*WZ+AA10*RX+AAll*RV+AAI2*RZ
GDOTY=WDOTV+BAO+BA1*WDOTX+BA2*WDOTV+BA3*WDOTZ+

2 BA4*WX**2+BA5*WY**2+BA6*WZ**2+8A7*WX*WY+
3 ' BAB*WX*WZ+BA9*WY*WZ+BA10*RX+BA11*RY+BAI2*RZ

QDOTZ-WDQTZ+CAO+CA1*WDOTX+CA2*WDOTY+CA3*WDOTZ+
2 CA4*WX~*2+CA5*WY**2+CA6*WZ**2+CA7*WX*WY+

3 CA8*WX*WZ+CA9*WY*WZ+CA10*RX+CA11*RY+CAI2*RZ
C
C CALCULATE THE ESTIMATED LINEAR ACCELERATIONS
C

GDOTX-RX+ALO+AL1*WDOTX+AL2*WDOTY+AL3*WDOTZ+
2 AL4*WX**2+AL5*WV**2+AL6*WZ**2+AL7*WX*WV+
3 AL8*WX*WZ+AL9*WY*WZ+AL10*RX+AL11*RV+AL12*RZ

GDOTY-RY+BLO+BL1*WDOTX+BL2*WDOTV+BL3*WOOTZ+
a 9l.....X'!3"P2. 8L~.~.IP2'P'Bt.~l1N2-f"!tL 7.wX.w.
3 8L8~WX.WZ+BL9*WY*WZ+BL10*RX+BL11*RV+BL12*RZ

ODOTZ-RZ+CLO+CL1*WDOTX+CL2*WDOTY+CL3*WDOTZ+
2 CL4*WX*.2+CL5*WY**2+CL6*WZ**2+CL7*WX*WY+
3 CL8*WX*WZ+CL9*WV*WZ+CL10*RX+CL11*RY+CL12*RZ

WRITE(2, 100)TlME
WRITE(2,100)WX,WY,WZ
WRITE(2,100)RX,RV.RZ,WDOTX,WOOTV.WDOTZ
WRITE(2.100)ODOTX,ClOQTY,GDOTZ,QDOTX,GDOTV,GOOTZ
GOTO 10

40 END
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c
C ANALYTICAL INPUTS
C

C********************************************************
C********************************************************

WDOTX=5*SIN(31.4*TIHE)
WDOTY-O.O
WDOTZ = O. 0
RX=O.O
RY=O. 0
RZ=O.O
GOTO 12

SUBROUTINE STEGU
DIMENSION V(3),DYC3)
COMMON/STATE/Y
COMMON/DYNM/TIME,DTIME,FTII1E,DV, IX, I,"" IL, IN
COMMON/ACCL/RX,RY,RZ,WDOTX,WDOTY,WDOTZ

IF (IX. EG. 1) GO TO 17
c

17 CONTINUE
C EXPERIMENTAL INPUTS

CALL EXTRAP
12 DY(1)-WDOTX

DV(2)=WDOTV
DY(3)-WDOTZ
RETURN
END

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
002!5
0026
0021
0028
0029

•
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0001
0002
0003
0004
000'
0006
0007
0008
0009
0010
0011
0012
0013
0014
001'
0016
0017
0018
0019
0020
0021
0022
0023
0024
002'
0026
0027
0028
0029
0030
0031
0032
0033
0034
003'
003b

C************************************************************
C************************************************************

SUBROUTINE RKDIF
C FOURTH ORDER RUNGE KUTTA NUMERICAL INTEGRATION SUBROUTINE

DIMENSION Y(3),5Y(3),YO(3),Yl(3),Y2(3),OY(3)
COMMON/DYNM/TIME,DTIME,FTIME.DY. IX. I~, IL. IN
COMMON/STATElY

c
H=DTU1E/2
DO 1=1.3

SY(I)-=y(I)
YO(I)=DY(I)
Y(I)=H*DY(I)+YCI)

END DO

TIME=TIME+H
CALL STEQU
DO 1=1.3

Y1(I)=DY(I)
Y(I)=SY(I)+H*DYCI)
Y2 ( I ) =DY ( I) .
Y(I)=SY(I)+DTIME*DY(I)

END DO

TU1E-TIME+H
H-H/3.0
DO 1-1.3

PRT1-2.0*<Y1(I)+Y2(I»
PRT2-YO(I)+DY(I)
Y(I)·SV(I)+H*PRT1+H*PRT~

END DO

CALL. STEQU
RETURN
END
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*******************************************~**********************************.

*

•*
*
*

NAPLABG.FOR
I

jPROGRAM 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 OUTPUT 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 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/(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/(S*S)) *
* GDOTY = ESTIMATED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S)) *
* GDOTZ = ESTIMATED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S*S)) *
* *
*******************************************************************************

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

CHARACTER*16 ERFIL,OUTFIL,ANS*l,INFILl

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

C

•
ERROR FILE
TYPE 9

9 FORMAT(/////)
TYPE 1

1 FORMAT(lX,'
&****************')

*******************************************
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TYPE 2
2 FORMAT ( IX, , *

& *, ) •TYPE 3
3 FORMAT ( IX, , * NOTICE

& * , )
TYPE 2
TYPE 4

4 FORMAT(lX,' * This program is disseminated under the
& sponsorship *')

TYPE 5
5 FORMAT(IX,' * of the Transportation Systems Center in the

& interest *')
TYPE 6

6 FORMAT(lX,' * of information exchange. The United States
& Government *')

TYPE 7
7 FORMAT(lX,' * assumes no liability for its contents or

& use thereof. *')
TYPE 2
TYPE 1
TYPE 9

TYPE 10
10 FORMAT(/,lX,'ENTER NAME OF ERROR FILE DESIRED.')

ACCEPT 20,ERFIL
20 FORMAT(AI6)

OPEN(UNIT=l,FILE=ERFIL,STATUS='OLD')
30 TYPE 40
40 FORMAT(/,lX,'WILL INPUT PULSE DATA BE EXPERIMENTAL

* OR ANALYTICAL? (E OR A)')
ACCEPT 20,ANS
IF (ANS.EQ.'A') GO TO SO
IF (ANS.EQ.'E') GO TO 280
GO TO 30

SO TYPE 60
60 FORMAT(/,lX,'ENTER NUMBER OF OBSERVATIONS (SAMPLES)')

ACCEPT 70,NS
70 FORMAT(I)

TYPE 80
80 FORMAT(/,lX,'ENTER PULSE START AND FINISH TIMES IN SECONDS (2F)')

ACCEPT *,STIME,FTIME
TYPE 90

90 FORMAT(/,lX,'ALL ANALYTICAL INPUTS WILL BE POSITIVE
* HALF SINE PULSES.')

TYPE 100
100 FORMAT(/,lX,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')

TYPE 110
110 FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')

TYPE 120 .
120 FORMAT(IX,'ACCELERATION ABOUT THE X-AXIS. (2F)')

ACCEPT *,INMAGX,DURAX
IF (INMAGX.EQ.O.)DURAX=O;l lAVOID DIVIDE BY ZERO
TYPE 130

130 FORMAT(/,lX,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')
TYPE 140

140 FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')
TYPE 150

150 FORMAT(lX,'ACCELERATION ABOUT THE Y-AXIS. (2F)')
ACCEPT *,INMAGY,DURAY
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160

170

180

190

200

210

220

230

240

250

260

270

IF (INMAGY.EQ.O.)DURAY=O.l lAVOID DIVIDE BY ZERO
TYPE 160
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')
TYPE 170 .
FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')
TYPE 180
FORMAT(lX,'ACCELERATION ABOUT THE Z-AXIS. (2F)')
ACCEPT *,INMAGZ,DURAZ
IF (INMAGZ.EQ.0.)DURAZ-0.1 lAVOID DIVIDE BY ZERO
TYPE 190
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(G"S) AND')
TYPE 200
FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR')
TYPE 210
FORMAT(lX,'ACCELERATION ALONG THE X-AXIS. (2F)')
ACCEPT *,RMAGX,DURRX
IF (RMAGX.EQ.O.)DURRX=O.l lAVOID DIVIDE BY ZERO
TYPE 220
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(G"S) AND')
TYPE 230
FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR')
TYPE 240
FORMAT(lX,'ACCELERATION ALONG THE Y-AXIS. (2F)')
ACCEPT ·,RMAGY,DURRY
IF (RMAGY.EQ.O.)DURRY=O.l lAVOID DIVIDE BY ZERO
TYPE 250
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(G"S) AND')
TYPE 260
FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR')·
TYPE 270
FORMAT(lX,'ACCELERATION ALONG THE Z-AXIS. (2F)')
ACCEPT *,RMAGZ,DURRZ
IF (RMAGZ~EQ.O.)DURRZ=O.l lAVOID DIVIDE BY ZERO
GO TO 310

280 TYPE 290
290 FORMAT(/,lX,'ENTER NAME OF EXPERIMENTAL DATA FILE')

ACCEPT 20,INFIL1
OPEN(UNIT=14,STATUS='OLD' ,FILE=INFIL1)
TYPE 60
ACCEPT 70,NS
DO II=l,NS
READ ( 1 4 , 30 0 )T ( I I ) , A( I I ) , B( I I ) , C( I I ) , 0 ( I I ) , E( I I ) , F ( I I )
END DO

300 FORMAT(lX,7G12.5)
STIME=T(l)
FTIME=T(NS)

:310 TYPE 320
320 FORMAT(/,lX,'ENTER INTEGRATION TIME STEP (SEC)')

ACCEPT ·,DTIME
TYPE330

330 FORMAT(/,lX,'ENTER NAME OF OUTPUT FILE TO BE CREATED.')
ACCEPT 20,OUTFIL
OPEN(UNIT=2,FILE=OUTFIL,STATUS='NEW' )

•
340
350
360

370

READ(l,*) STIMEL,DTIMEL,FTIMEL,R
WRITE(2,360)
FORMAT(lX,' STIME DTIME
WRITE(2,370) STIME,DTIME,FTIME,R
FORMAT(lX,9(G12.4,lX))
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C
C
C

ERROR TERMS

READ(1,*) E010,EOl1,EOI2,EOI3,SOil,SOI2,S013
READ(I,*) E020,E021,E022,E023,S021,S022,S023
READ(1,*) E030,E031,E032,E033,S031,S032,S033
READ(I,*) E120,E121,E122,EI23,S121,S122,S123
READ(I,*) EI30,EI31,E132,EI33,SI31,SI32,SI33
READ(I,*) E210,E211,E212,E213,S211,S212,S2i3
READ(I,*) E230,E231,E232,E233,S231,S232,S233
READ(1,*) E310,E311,E312,E313,S311,S312,S313
READ(!,*) E320,E321,E322,E323,S321,S322,S323

•
EOI0,EOl1,E012,EOI3,S011,S~12,S013

E020,E021,E022,E023,S021,S022,S023
E030,E031,E032,E033,S031,S032,S033
E120,E121,E122,E123,S121,S122,S123
E130,EI31,E132,E133,S131,S132,S133
E210,E211,E212,E213,S211,S212,S213
E230,E231,E232,E233,S231,S232,S233
E310,E311,E312,E313,S311,S312,S313
E320,E321,E322,E323,S321,S322,S323

380
390
400
410

&

420
&

WRITE(2,370)
WRITE(2,370)
WRITE(2,370)
WRITE(2,370)
WRITE(2,370)
WRITE( 2,370)
WRITE(2,370)
WRITE(2,370)
WRITE(2,370)
WRITE(2,380)
WRITE(2,390)
WRITE(2,400)
WRITE(2,410)
WRITE(2,420)
FORMAT ( IX,' ')
FORMAT ( IX, ,
FORMAT ( IX, ,
FORMAT ( IX, ,

WDOTZ' )
FORMAT ( IX, ,

GDOTZ' )

TIME')
WX
RX

QDOTX

WY
RY

QDOTY

WZ' )
RZ

QDOTZ

WDOTX

GDOTX

WDOTY

GDOTY •

C

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

AA 0= ( E230 - E030 - E320 +E020 )1 ( 2*R)
AAl=(E233+E322)/2+(S232-S032+S323-S023)/(2*R)
AA2=-E321/2+«S231-S031)/(2*R)) .
AA3=-E231/2-«(S321-S021)/(2*R))
AA4=(E323-E232)/2+«(S322-S022+S033-S233)/(2*R))
AA5=E323/2+(S033-S233)/(2*R)
AA6=-E232/2+(S322-S022)/(2*R)
AA7=E231/2+(S021-S321)/(2*R)
AA8=-E321/2+(S231-S031)/(2*R)
AA9=(E233-E322)/2+(S232-S032-S323+S023)/(2*R)
AA10=(E231-E031-E321+E021)/(2*R)
Ml1=( E232-E032-E322+E022 )/( 2*R)
AAI2=(E233-E033-E323+E023)/(2*R)

BAO=(E310-E010-EI30+E030)/(2*R)
BA1=E312/2+(S032-S132)/(2*R)
BA2=(E311+E133)/2+(S313-S013+S131-S031)/(2*R)
BA3=-E132/2+(S012-S312)/(2*R)
BA4=-E313/2+(SI33-S033)/(2*R)
BA5=(E131-E313)/2+(S011-S311+S133-S033)/(2*R)
BA6=E131/2+(S011-S311)/(2*R)
BA7=-E132/2+(S312-S012)/(2*R)
BA8=(E311-EI33)/2+(S313-S013-S131+S031)/(2*R)
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BA9=E3l2/2+(S032-Sl32)/(2*R)
BA10-(E3ll-EOll-E13l+E03l)/(2*R)

• BAll-(E3l2-E012-E132+E032)/(2*R)
BA12=(E3l3-E013-E133+E033)/(2*R)

C
CAO-(E120-E010-E2l0+E010)/(2*R)
CA1--E2l3/2+(S023-Sl23)/(2*R)
CA2--E123/2+(S013-S2l3)/(2*R)
CA3=(E122+E2ll)/2+(S12l-S02l+S2l2-S0l2)/(2*R)
CA4-E2l2/2+(S022-Sl22)/(2*R)
CA5=-E12l/2+(S211-S0ll)/(2*R)
CA6~(E212-E121)/2+(S022-S122+S21l-S011)/(2*R)

CA7-(E122-E2ll)/2+(S12l-S02l-S212+S0l2)/(2*R)
CA8=E123/2+(S013-S2l3)/(2*R)
CA9=-E213/2+(S123-S023)/(2*R)
CA10=(E12l-E02l-E2ll+EOll)/(2*R)
CA11=(E122-E022-E2l2+E012)/(2*R)

C
C CALCULATE THE A,B,C VALUES FOR LINEAR ACCELERATION
C ALO-AL12,BLO-BL12,CLO-CL12
C

ALO=E010
AL1=-S013*E012+S0l2*E013
AL2=S013+S0l3*EOll-S0ll*E013
AL3=-S012-S012*E01l+S0ll*E012
AL4=-S012*E012-S0l3*E013
AL5=-S011-S01l*EOll-S013*E013
AL6--S0ll-S0ll*EOll-S012*E012
AL7-S0l2+S0l2*EOll+S0ll*E012
AL8-S013+S0l3*EOll+S0ll*E013

• AL9=S013*E012+S0l2*E013
AL10-EOll
AL1l=E012
AL12=E013

C
BLO-E020
BL1=-S023-S023*E022+S022*E023
BL2=S023*E021-S021*E023
BL3=-S022*E02l+S021+S02l*E022
BL4--S022-S022*E022-S023*E023
BL5=-S02l*E02l-S023*E023
BL6=-S02l*E02l-S022~S022*E022

BL7=S022*E02l+S02l+S021*E022
BL8=S023*E02l+S02l*E023
BL9-S023+S023*E022+S022*E023
BL10=E021
BLll=E022
BL12=E023

C
CLO=E030
CL1--S033*E032+S032+S032*E033
CL2-S033*E03l-S03l-S03l*E033
CL3--S032*E03l+S03l*E032
CL4=-S032*E032-S033-S033*E033
CL5=-S03l*E03l-S033-S033*E033
CL6=-S03l*E03l-S032*E032
CL7=S032*E03l+S03l*E032
CL8=S033*E03l+S03l+S03l*E033

• CL9=S033*E032+S032+S032*E033
CL10-E031
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C
C
C

CLll=E032
CL12=E033
CA12=(E123-E023-E213+E013)/(2*R)

INITIALIZE ANGULAR VELOCITY TERMS, TIME

Yll)=O.O
Y(2)=0.0
Y(3)=0.0
TIME=STIME
GC=386.089 !G CONVERSION FACTOR
IJ=2
IL=O
CALL STEQU
GO TO 440

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

CALL RKDIF
440 WX=Y(l)

WY=Y(2)
WZ=Y(3)

•

C
C CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS
C

GDOTX=WDOTX+AAO+AA1*WDOTX+AA2*WDOTY+AA3*WDOTZ+
2 AA4*WX**2+AA5*WY**2+AA6*wZ**2+AA7*WX*WY+
3 AA8*WX*WZ+AA9*WY*WZ+AAIO*RX+AAll*RY+AA12*RZ

GDOTY=WDOTY+BAO+BA1*WDOTX+BA2*WDOTY+BA3*WDOTZ+
2 BA4*WX**2+BA5*wY**2+BA6*wz**2+BA7*WX*WY+
3 BA8*WX*WZ+BA9*WY*WZ+BAIO*RX+BAll*RY+BA12*RZ

GDOTZ=WDOTZ+CAO+CAl*WDOTX+CA2*WDOTY+CA3*WDOTZ+
2 CA4*WX**2+CA5*WY**2+CA6*wZ**2+CA7*WX*WY+
3 CA8*WX*WZ+CA9*WY*WZ+CAIO*RX+CAll*RY+CA12*RZ

C
C CALCULATE THE ESTIMATED LINEAR ACCELERATIONS
C

QDOTX=RX+ALO+AL1*WDOTX+AL2*WDOTY+AL3*WDOTZ+
2 AL4*WX**2+AL5*WY**2+AL6*wZ**2+AL7*WX*WY+
3 AL8*WX*WZ+AL9*WY*WZ+ALIO*RX+ALll*RY+AL12*RZ

QDOTY=RY+BLO+BL1*WDOTX+BL2*WDOTY+BL3*WDOTZ+
2 BL4*wX**2+BL5*WY**2+BL6*WZ**2+BL7*WX*WY+
3 BL8*WX*WZ+BL9*WY*WZ+BLIO*RX+BLll*RY+BL12*RZ

QDOTZ=RZ+CLO+CL1*WDOTX+CL2*WDOTY+CL3*WDOTZ+
2 CL4*WX**Z+CL5*WY**2+CL6*WZ**2+CL7*WX*WY+
3 CL8*WX*WZ+CL9*WY*WZ+CLIO*RX+CLll*RY+CL12*RZ

WRITE(2,370)TIME
WRITE(2,370)WX,WY,WZ

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

•

450

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

GOTO 430
END
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SUBROUTINE EXTRAP
DIMENSION DY(3),T(SOOO),A(SOOO),B(SOOO),C(SOOO),D(SOOO),E(SOOO),
F(SOOO)
COMMON/ACCL/RX,RY,RZ,WDOTX,WDOTY,WDOTZ,INMAGX,INMAGY,INMAGZ,
DURAX,DURAY,DURAZ,RMAGX,RMAGY,RMAGZ,DURRX,DURRY,DURRZ
COMMON/DYNM/TIME,DTIME,FTIME,DY,ANS,IJ,IL,NS
COMMON/EXT/T,A,B,C,D,E,F
LOAD EXPERIMENTAL DATA
IF (IL.EQ.1) GO TO 20
DO 10 II = 1,NS
READ(3,*) T(II),A(II),B(IIJ,C(II),D(II),E(II),F(II)
IL=l
IF (T(IJ).GT.TIME) GO TO 30
IJ=IJ+l
GO TO 20
IK = IJ - 1
DTX = (TIME-T(IK»)/(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(IK)*DTX
WDOTY=E(IK)+(E(IJ)-E(IK))*DTX
WDOTZ=F(IK)+(F(IJ)-F(IK)*DTX

c
c

• &

*

C

10

20

30

RETURN
END

C*****************************************************************
c*****************************************************************

SUBROUTINE STEQU

CHARACTER*16 ERFIL,OUTFIL,ANS*l,INFILl

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
c

IF (ANS.EQ.'E') GO TO 10
C
C ANALYTICAL INPUTS
C

•

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=O.O
IF(TIME.GT.DURAY)WDOTY=O.O
IF(TIME.GT.DURAZ)WDOTZ=O.O
IF(TIME.GT.DURRX)RX=O.O
IF(TIME.GT.DURRY)RY=O.O
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IF(TIME.GT.DURRZ)RZ-O.O

GOTO 20

1.0 CONTINUE
C EXPERIMENTAL INPUTS

CALL EXTRAP
20 DY(l)-WDOTX

DY(2)-WDOTY
DY,(3)-WDOTZ
RETURN
END

C********~**********************************************************

C*******************************************************************
SUBROUTINE RKDIF

\: FOuRrH ORDER RUNGE KUTTA NUMERICAL IN.TEGRATION SUBROUTINE

•

C

DIMENSION Y(3),SY{3),YO(3),Yl(3),Y2(3),DY(3)
COMMON/DYNM/TIME,DTIME,FTIME,DY,ANS,IJ,IL,NS
COMMON/STATE/Y

H-DTIME/2
DO 1-1,3

SY(I)-Y(I)
YO(I)-DY(I)
Y{I)-H*DY(I)+Y(I)

END DO

T.IME-TIME+H
CALL STEQU
DO 1-1,3

Yl(I)-DY(I)
Y(I)-SY(I)+H*DY(I)
Y2( I )-DY( I)
Y(I)-SY(I)+DTIME*DY(I)

END DO

TIME-TIME+H
H=;H/3.0
DO 1-1,3

PRT1=2.0*(Y1(I)+Y2(I))
PRT2=YO(I)+DY(I)
Y(I)-SY(I)+H*PRTl+H*PRT2

END DO

CA·LL STEQU
RETURN
END

C-lO
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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 NAP LAB 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 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/(S*S))
WDOTY CORRECTED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S))
WDOTZ CORRECTED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S*S))
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/(S*S))

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

•

*******************************************************************************

CHARACTER*16 INFIL,INFIL2,INFIL3,OUTFIL,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,QDOT~,A,B,C,D,EM,BI,

* TIME,STIME,DTIME,FTIME,ETIME,T,AX,BX,CX,DX,EX,FX,AAO,BAO,CAO,
* ALO,BLO,CLO,V,R

DIMENSION A(6,6) ,B(6,6) ,C(6,6) ,0(6,6) ,EM(6,1) ,BI(6,1) ,0(100),
* T ( 4000) , AX ( 4000) , BX ( 4000) , CX ( 4000) , DX ( 4000) ,
* EX(4000),FX(4000)

COMMON/BLK1/IJ
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COMMON/BLK2/TIME,DTIME
COMMON/BLK3/RX, RY, RZ .., WDOTX, WDOTY ,WDOTZ, WX, WY ,WZ, GDO,TX ,iGD0TY,

* GDOTZ,QDOTX,QDOTY 1 QDOTZ
COMMON/BLK4/INMAGX,.INMAGY, INMAGZ" DURAX,DURAY" DURAZ., RfIlA'ex.,

* RMAGY, RMAGZ., DURRX.,'DURRY, DURRZ
COMMON/BLKS/C, D,:EM
COMMON/BLK6/ANSl
COMMON/BLK7 /T,AX,'BX, CX,OX ,EX,:FX

•
*.*.* * *.*.* *'* * * *** *:* *** * *.*'.** * ** ** * * * *'* * *.* * *.* ** *

TYPE 9
9 FORMAT(!/!//)

TYPE 1
1 FORMAT ( lX, ,
..& *,* * * * * * * * * * *,* *,**., )

TYPE 2
2 ,FORMAT ( lX,'

'& *, ')
TYPE 3

3 FORMAT ( lX., ,
& *')

'.*

.* NOTICE

tREAD [.A+! ] MATRIX

TYPE 2
TYPE 4

4 .FORMAT(1X,' . * This program :i.s di-sseminated under the
& sponsor.ship*')

TYPE .5
S FORMAT ( lX,' * lo'f the Trans;portation SystemsCent;er Tn the
&1 n t ere st * ')

TYPE 6
6 FORMAT ( IX ,., *ofi'nformat ionexchang.e. The United S't·ates •
~ ~overnment *')

TYPE 7
7 FORMAT ('1X, , ,* ·assumes no 1 iabi 1i tyfo r l·ts contentso.r

& use ·the reof.*" )
TYPE .2
TYPE 1
TYPE 9

TYiPE 20
20 FORMAT(j,lX, 'ENTER .NA'P,L'AB S iYS,T EM COEFFICIENT FILE NAME (Al,6)")

ACCEPT 21,INFIL
21 'FORMAT (A16)

OPEN (UNIT=.l , S.TATUS="'OLD·' ,,:'FI LE=:rN,FI:L')

'001-=1,.6
READ ( 1, * )( A.( I , J ) ,.J=1.,:6)
END ,DO

CALL MAT I NV,S UB( A, I NF I.L)

DO 1=1,6
DO J=l,,6
C ( L,J }=A (I."J)
END DO '
END DO

READ(L,.lO ,)
1·0 FORMAT,( IX,)

DO 1=1,6

'EJl-'4

INVERSE OF[ A+:'! 1 'MATRIX

•



•
READ ( 1 , * ) ( B( I , J ) , J =1 , 6 )
END DO

READ(1,10)

READ(1,*)AAO,BAO,CAO,ALO,BLO,CLO

BI(1,1)=AAO
BI(2,1)=BAO
BI(3,1)=CAO
BI(4,1)=ALO
BI(5,1)=BLO
BI(6,1)=CLO

!READ [B] MATRIX

!READ BIAS VALUES

!CREATE [BI]

•

** •••••••••• *•• *.***.***.*****.****.********************
* FIND THE PRODUCT [D] = [C]*[B] *
** •• *.*.*.**.******************.*.** •• *.*.***.*.*.*.*.*.

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

************************************.*******************.
* FIND THE PRODUCT [EM] = [C].(.BI], *
***.******.***** •••••••••••• *•••••••••••••••••••• *••*.*.*

DO I=1,6
EM ( I , 1 ) = 0 . 0
DO K=1,6
EM(I,1)=EM(I,1)+C(I,K)*BI(K,1)
END DO
END DO

********.*.* ••• *•••••• *.* •• *******.******.*****.***.*.**

•

30
31

32

35
36

TYPE 31
FORMAT(/,1X,'ANALYTIC, EXPERIMENTAL OR NAP LAB INPUT? (A, E OR N)')
ACCEPT 32,ANS1
FORMAT(A1)
IF(ANS1.EQ.'A' )GO TO 43
IF(ANS1.EQ.'N')GO TO 35
IF(ANS1.EQ.'E')GO TO 60
GO TO 30
TYPE 36
FORMAT(/,1X,'ENTER NAME OF NAPLAB FILE')
ACCEPT 21,INFIL2
OPEN(UNIT=3,STATUS='OLD';FILE=INFIL2)
TYPE 44
ACCEPT 45,NS
TYPE 47
ACCEPT *,STIME,FTIME
TYPE 46
ACCEPT *,DTIME

Dl-5



55

57

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

GC=386.089DO

DO II=l,NS
READ(3,*)T(II)
READ(3,*)WXL,WYL,WZL
READ(3,*)RXL,RYL,RZL,WDOTXL,WDOTYL,WDOTZL
READ ( 3 , * )AX ( I I ) , BX ( I I ) , CX ( I I ) , OX ( I I ) , EX ( I I ) , FX ( I I )

•
AX(II)=AX(II)*GC
BX(II)=BX(II)*GC
CX(II)-CX(II)*GC

END DO

GO TO 50

lCHANGE TO INCHES/S*S
"
"

***************************************************************************

43
44

45

47

46

72

73

74

76

77

78

80

81

82

84

TYPE 44
FORMAT(/,lX,'ENTER NUMBER OF OBSERVATIONS (SAMPLES)')
ACCEPT 45,NS
FORMAT(I)
TYPE 47
FORMAT(/,lX, 'ENTER PULSE START AND FINISH TIMES IN SECONDS (2·F)')
ACCEPT *,STIME,FTIME
TYPE 46
FORMAT(/,lX,'ENTER INTEGRATION TIME STEP (SEC)')
ACCEPT *,DTIME
TYPE 72
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')
TYPE 73
FORMAT(lX,'DURATION(SECONDS) OF HALF 'SINE PULSE FOR ANGULAR')
TYPE 74
FORMAT(lX,'ACCELERATION ABOUT THE X-AXIS. (2F)')
ACCEPT *,INMAGX,DURAX
IF (INMAGX.EQ.O.)DURAX-O.l lAVOID DIVIDE BY ZERO
TYPE 76
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')
TYPE 77
FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')
TYPE 78
FORMAT(lX,'ACCELERATION ABOUT THE Y-AXIS. (2F)')
ACCEPT *,INMAGY,DURAY
IF (INMAGY.EQ.O. )DURAY=O.l lAVOID DIVIDE BY ZERO
TYPE 80
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')
TYPE 81
FORMAT(lX,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR')
TYPE 82
FORMAT(lX,'ACCELERATION AaOUT THE Z-AXIS. (2F)')
ACCEPT *,INMAGZ,DURAZ
IF (INMAGZ.EQ.O.)DURAZ-O.l lAVOID DIVIDE BY ZERO
TYPE 84
FORMAT(/,lX,'ENTER PEAK MAGNITUDE(G"S) AND')

Dl-6
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85

.' 86

88

89

90

91

92

93

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 (RMAGX.EQ.0.)DURRX=0.1 lAVOID DIVIDE BY ZERO
TYPE 88
FORMAT(/,1X,'ENTER PEAK MAGNITUDE(G"S) AND')
TYPE 89
FORMAT(1X~'DURATION(SECONDS)OF HALF SINE PULSE FOR LINEAR')
TYPE 90
FORMAT(1X,'ACCELERATION ALONG THE Y-AXIS. (2F)')
ACCEPT *,RMAGY,DURRY
IF (RMAGY.EQ.0.)DURRY=0.1 lAVOID 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 lAVOID DIVIDE BY ZERO

GO TO SO

**************************************************************************

'.
60
61

300

TYPE 61
FORMAT(/,1X,'ENTER NAME OF EXPERIMENTAL DATA FILE')
ACCEPT 21,INFIL3
TYPE 44
ACCEPT 45,NS
TYPE 46
ACCEPT *,DTIME
OPEN(UNIT=14,STATUS='OLD' ,FILE=INFIL3)
DO 300 II=1,NS
READ ( 14 , * ) T ( I I) , AX ( I I ) , BX ( I I) , CX ( I I) , OX ( I I) , EX ( I I) , FX ( I I )
STIME=T(1)
FTIME=T(NS)

**************************************************************************

SO TYPES1
51 FORMAT(/,1X,'ENTER NAME OF OUTPUT FILE TO BE CREATED.')

ACCEPT 21,OUTFIL
OPEN(UNIT=2,STATUS='NEW' ,FILE=OUTFIL)

C

98
WRITE(2,98)
FORMAT ( 1X, ,
V=O.DO
R=1.SDO

STIME DTIME FTIME R' )

WRITE(2,100)STIME,DTIME,FTIME,R

DO 1=1,9
WRITE(2,100)V,V,V,V,V,V,V
END DO
FORMAT(1X,9(G12.4,1X))
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105
101
102
103

104

WRITE(2,10S)
WRITE(2,101)
WRITE(2,102) •WRITE(2,103)
WRITE(2,104)
FORMAT ( IX, , , )

FORMAT ( IX, , TIME' )
FORMAT ( IX, , wx WY WZ' )
FORMAT ( IX, , RX RY RZ WDOTX WDOTY

& WDOTZ' )
FORMAT ( IX, , QDOTX QDOTY QDO.TZ GDOTX GDOTY

& GDOTZ' )
c
c
C INITIALIZE ANGULAR VELOCITY TERMS, TIME, OTHER CONSTANTS
C

WX=O.DO
WY=O. DO
WZ=O.DO

TIME=STIME
IJ=2

200 CALL FCT

CALL OUTP

TIME=TIME+DTIME
ETIME=FTIME+DTIME/I000.

IF(TIME.GT.ETIME)GO TO 210

WX=WX+DTIME*WDOTX
WY=WY+DTIME*WDOTY
WZ=WZ+DTIME*WDOTZ

GO TO 200

210 STOP
END

lUPDATE TIME

lUPDATE ESTIMATES OF W
! II

n

•
****************************************************************
************************************~***************************

* CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS *
****************************************************************
****************************************************************

SUBROUTINE FCT

CHARACTER ANSl*l

DOUBLE PRECISION RX,Ry,RZ,WDOTX,WDOTy,WDOT~,WX,WY,WZ,.

* INMAGX,INMAGY,INMAGZ,DURAX,DURAY,DURAZ,RMAGX,RMAGY,RMAGZ,DURRX,
* DURRY,DURRZ,GDOTX,GDOTY,GDOTZ,QDOTX,QDOTY,QDOTZ,C,D,EM,
* TIME,T,AX,BX,CX,DX,EX,FX,GC,TMOD

Dl-8
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•
DIMENSION C(6,6),D(6,6),EM(6,1),T(4000),AX(4000),BX(4000),

* CX(4000),DX(4000),EX(4000),FX(4000)

COMMON/BLK1/IJ
COMMON/BLK2/TIME,DTIME
COMMON/BLK3/RX,RY,RZ,WDOTX,WDOTY,WDOTZ,WX,WY,WZ,GDOTX,GDOTY,

* GOOTZ,QOOTX,QDOTY,QDOTZ
COMMON/BLK4/INMAGX,INMAGY,INMAGZ,OURAX,DURAY,DURAZ,RMAGX,

* RMAGY,RMAGZ,DURRX,DURRY,DURRZ
COMMON/BLRS/C,D,EM
COMMON/BLK6/ANS1
COMMON/BLK7/T,AX,BX,CX,DX,EX,FX

GC=386.08900

IF(ANS1.NE.'A')GO TO 18

•

*****.******.*** •• *•• **.* •••• *.* ••••• *••• *••••• *.* •••• *•• **
* CREATE HALF SINE PULSE INPUT FUNCTIONS *
***************.**.************************ •• ****.*********

GDOTX=INMAGX*SIN(2.*3.1416*(1./(2.*OURAX))*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.*OURRX))*TIME)
QDOTY=RMAGY*GC*SIN(2.*3.1416*(1./(2.*DURRY))*TIME)
QDOTZ=RMAGZ*GC*SIN(2.*3.1416*(1./(2.*OURRZ))*TIME)

IF(TIME.GT.DURAX)GOOTX=O.O
IF(TIME.GT.DURAY)GOOTY=O.O
IF(TIME.GT.DURAZ)GDOTZ=O.O
IF(TIME.GT.DURRX)QDOTX=O.O
IF(TIME.GT.DURRY)QOOTY=O.O
IF(TIME.GT.DURRZ)QOOTZ=O.O

GO TO 12

************************************************************.*****************
* EXTRAPOLATION ROUTINE FOR HANDLING EXPERIMENTAL AND NAPLAB DATA *
******************************************************************************

18 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=IJ+1
GO TO 18

320 IK=IJ-1
DTX=(TIME-T(IKll/(T(IJ)-T(IK))
QOOTX=AX(IK)+(AX(IJ)-AX(IK))*OTX
QDOTY=BX(IK)+(BX(IJ)-BX(IK))*OTX
QDOTZ=CX(IK)+(CX(IJ)-CX(IK))*OTX
GDOTX=DX(IK)+(DX(IJ)-DX(IK))*DTX
GOOTY=EX(IK)+(EX(IJ)-EX(IK))*DTX
GDOTZ=FX(IK)+(FX(IJ)-FX(IK))*DTX

•

***************************************************
• CALCULATE CORRECTED OUTPUTS *
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***************************************************

12 WDOTX=-EM(1,1)+C(1,1)*GDOTX+C(1,2)*GDOTY+C(1,3)*GDOTZ~

2 D(1,1)*WX**2-D(1,2)*WY**2-D(1,3)*WZ**2-D(1,4)~WX*WY-

3 D(1,S)*WX*WZ-D(1,6)*WY*WZ+C(1,4)*QDOTX+C(1,S)*QDOTY+
4 C(1,6)*QDOTZ

WDOTY=-EM(2,1)+C(2,1)*GDOTX+C(2,2)*GDOTY+C(2,3)*GDOTZ-
2 D( 2,1) *wX**2-D( 2,2) *WY**2-D( 2,3) *WZ**2-D( 2,4 r*W.x*WY-'
3 D(2,S)*WX*WZ-D(2,6)*WY*WZ+C(2,4)*QDOTX+C(2,S)*QDOTY+
4 C(2,6)*QDOTZ

WDOTZ=-EM(3,1)+C(3,1)*GDOTX+C(3,2)*GDOTY+C(3,3)*GDOTZ-
2 D(3,1)*WX**2-D(3,2)*WY**2-D(3,3)*WZ**2-D(3,4)*WX*WY-
3 D(3,S)*WX*WZ-D(3,6)*WY*WZ+C(3,4)*QDOTX+C(3,S)*QDOTY+
4 C(3,6)*QDOTZ

•
C
C CALCULATE THE ESTIMATED LINEAR ACCELERATIONS
C

RX=-EM(4,1)+C(4,1)*GDOTX+C(4,2)*GDOTY+C(4,3)*GDOTZ-
2 D(4,1)*WX**2-D(4,2)*WY**2-D(4,.3)*WZ**2-D(4,4)*WX*WY-
3 D(4,S)*WX*WZ-D(4,6)*WY*WZ+C(4,4)*QDOTX+C(4,S)*QDOTY+
4 C(4,6)*QDOTZ

RY=-EM(S,1)+C(S,1)*GDOTX+C(S,2)*GDOTY+C(S,3)*GDOTZ-
2 D(S,1)*WX**2-D(S,2)*WY**2-D(S,3)*WZ**2-D(S,4)*WX*WY-
3 D(S,S)*WX*WZ-D(S,6)*WY*WZ+C(S,4)*QDOTX+C(S,S)*QDOTY+
4 C(S,6)*QDOTZ

RZ=-EM(6,1)+C(6,1)*GDOTX+C(6,2)*GDOTY+C(6,3)*GDOTZ-
2 D(6,1)*WX**2-D(6,2)*WY**2-D(6,3)*WZ**2-D(6,4)*WX*WY-
3 D(6,S)*WX*WZ-D(6,6)*WY*WZ+C(6,4)*QDOTX+C(6,S)*QDOTY+
4 C(6,6)*QDOTZ

RETURN
END

**************************************************
**************************************************
* WRITE OUTPUT FILE *
**************************************************
**************************************************

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,QDOTZ

WRITE(2,lOO)TIME
WRITE(2,lOO)WX,WY,WZ

DI-IO
•



•

•

•

GC=386.089DO

RX=RX/GC ICONVERT TO G'S
RY=RY/GC II

RZ=RZ/GC II

WRITE(2,100)RX,RY,RZ,WDOTX,WDOTY,WDOTZ

100 FORMAT(lX,9(G12.4,lX))

QDOTX=QDOTX/GC ICONVERT TO G'S
QDOTY=QDOTY/GC II

QDOTZ=QDOTZ/GC II

WRITE(2,100)QDOTX,QDOTY,QDOTZ,GDOTX,GDOTY,GDOTZ

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, NAP LAB OR EXPERIMENTAL INPUT
PULSE. THE PROGRAM WILL CREATE THE [C], [0] AND [EM] MATRICES FOR
THE NAPFLD CALCULATIONS.

PROGRAM USES RUNGE-KUTTA METHOD

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)
ODOTY MEASURED LINEAR ACCELERATION ALONG THE Y-AXIS (G'S)
ODOTZ MEASURED LINEAR ACCELERATION ALONG THE Z-AXIS (G'S)
WDOTX = CORRECTED ANGULAR ACCELERATION ABOUT THE X-AXIS (R/(S*S))
WDOTY = CORRECTED ANGULAR ACCELERATION ABOUT THE Y-AXIS (R/(S*S))
WDOTZ CORRECTED ANGULAR ACCELERATION ABOUT THE Z-AXIS (R/(S*S))
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/(S*S))

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*******************************************************************************

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

CHARACTER*16 INFIL,INFIL2,INFIL3,OUTFIL,ANS1*1,QLAB*21,
* RLAB(S)*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,AAO,BAO,CAO,
* ALO,BLO,CLO,V,R/

DIMENSION A(6,6) ,B(61,6) ,CI(6,6) ,0(6,6) ,EM(6,1) ,BI(6,1) ,0(100),
* T ( 4000) , AX ( 4000) , BX ( 4000) , CX ( 4000) , OX ( 4000) ,
* EX(4000),FX(4000)
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COMMON/BLK1/IJ
COMMON/BLK2/TIME,DTIME
COMMON/BLK3/RX r RY,RZ,WDOTX,WOOTY,WDOTZ,WX,WY,WZ,GDOTX,GOOTY,

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

* RMAGY,RMAGZ,DURRX,DURRY,DURRZ
COMMON/BLKS/CI "D, EM
COMMON/BLK6/ANS1
COMMON/BLK7/T,AX,BX,CX.,OX,EX,FX

•
*******************************************

TYPE 9
9 FORMAT(/////)

TYPE 1
1 FORMAT ( lX, ,
&***************~')

TYPE 2
2 FORMAT(lX,'

& *' )
TYPE 3

3 FORMAT ( lX, '
& * , )

TYPE 2
TYPE 4

4 FORMAT ( lX, '
& sponsorship *" )

TYPE 5
5 FORMAT(1X, ,

& interest *, )
TYPE 6

6 FORMAT ( lX,'
& Government .')

TYPE 7
7 FORMAT ( lX, ,

& use thereof. *')
TYPE 2
TYPE 1
TYPE 9

*

*

*

*

*

*.

NOTICE

This program is disseminated under the

of the Transportation Systems Center in the

of information exchange .. The Uni.ted states

assumes no habili ty for. its contents or •
TYP.E 20

20 FORMAT(/,lX,'ENTER NAPLAB SYSTEM COEFFICIENT FILE NAME (A16)')
ACCEPT 21,INFIL

21 FORMAT(A16)
OPEN (UNI T= r, STATUS-' OLD' ,FI LE= INFI'L.)

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

CALL MATINVSUB(A,INFIL)

DO I=1,6
DO J=1,6
CI ( I , J ) =A (.I , J )
END DO
END DO

READ ( 1, 1.0)
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•
10 FORMAT(lX)

DO 1-1,6
READ(1,*)(B(I,J),J-l,6)
END DO

READ(l,lO)

READ(l,*)AAO,BAO,CAO,ALO,BLO,CLO

BI(l,l)=AAO
BI(2,1)=BAO
BI(3,1)=CAO
BI(4,1)=ALO
BI(S,l)-BLO
BI(6,1)=CLO

!READ (B) MATRIX

!READ BIAS VALUES

!CREATE (BI]

•

********************************************************
* FIND THE PRODUCT [D) = (CI]*(B] *
********************************************************

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

*********************************************************
* FIND THE PRODUCT (EM] = [CI]*[BI] *
*********************************************************

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

********************************************************

•

30
31

32

35
36

TYPE 31
FORMAT(/,lX,'ANALYTIC, EXPERIMENTAL OR NAPLAB INPUT? (A, E OR N)')
ACCEPT 32,ANSl
FORMAT(Al)
IF(ANS1.EQ.'A')GO TO 43
IF(ANSl.EQ.'N')GO TO 35
IF(ANS1.EQ.'E')GO TO 60
GO TO 30
TYPE 36
FORMAT(/,lX,'ENTER NAME OF NAPLAB FILE')
ACCEPT 21,INFIL2
OPEN(UNIT=3,STATUS='OLD' ,FILE=INFIL2)
TYPE 44
ACCEPT 4S,NS
TYPE 47
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57

ACCEPT *,STIME,FTIME
TYPE 46
ACCEPT *,DTIME
READ(3,5S)QLAB
FORMAT(A21)
READ(3,*)(Q(I),I=I,67)
READ(3,57)(RLAB(I),I=I,5)
FORMAT(A60)

GC=386.089DO

DO 11=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 ( I I ) , DX ( I I ) , EX ( II ) , FX ( 11)

•

AX(II)=AX(II)*GC
BX(II)-BX(II)*GC
CX(II)=CX(II)*GC

END DO'

GO TO 50

!CHANGE TO INCHES/S*S
! "

"

***************************************************************************

43
44

45

47

46

72

73

74

76

77

78

80

81

82

TYPE 44
FORMAT(/,IX,'ENTER NUMBER OF OBSERVATIONS (SAMPLES)').
ACCEPT 45,NS
FORMAT(I).
TYPE 47
FORMAT (/, IX, , ENTER PULSE. START AND FINI SH TIMES IN SECONDS (2 F) , )
ACCEPT *,STIME,FTIME
TYPE 46
FORMAT(/,IX,'ENTER INTEGRATION TIME STEP (SEC)').
ACCEPT *,DTIME
TYPE 72
FORMAT(/,IX.,'ENTER PEAK MAGNITUDE(RAD/(S*S)) AND')
TYPE 73
FORMAT(IX,'DURATION(SECONDS) OF HALF SINE PULSE FOR ANGULAR').
TYPE 74
FORMAT ( IX, , ACCELERATION ABOUT THE X-AXI S. (2F)')
ACCEPT *,INMAGX,DURAX
IF (INMAGX.EQ.O.)DURAX=O.I lAVOID DIVIDE BY ZERO'
TYPE 76
FORMAT(/,IX,'ENTER PEAK MAGNITUDE(RAD/(S*S)). AND')
TYPE 77
FORMAT ( IX, , DURATION ( SECONDS) .OF' HALF SINE PULSE FOR ANGULAR' ).
TYPE 78
FORMAT ( IX, , ACCELERATION ABOUT THE Y-AXIS. (2F)').
ACCEPT *,INMAGY,DURAY
IF (INMAGY.,EQ.O.)DURAY=O.I 1AVOID DIVIDE BY ZERO
TYPE 8"0
FORMAT(/,IX,'ENTER PEAK MAGNITUDE.(RAD/(S*S)) AND')'
TYPE 81
FORMAT ( IX, , DURATION(SECONDS) OF HAL,F SINE PULSE FOR ANGULAR')
TYPE 82
FORMAT ( IX, 'ACCELERATION ABOUT THE Z-AXIS. (2F).')
ACCEPT *,INMAGZ,DURAZ
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• 84
85

86

88

89

90

91

92

93

IF (INMAGZ.EQ.O. )DURAZ-0.1 lAVOID 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 (RMAGX.EQ.0.)DURRX-0.1 lAVOID DIVIDE BY ZERO
TYPE 88
FORMAT(/,1X,'ENTER PEAK MAGNITUDE(G"S) AND')
TYPE 89
FORMAT(1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR')
TYPE 90
FORMAT(1X,'ACCELERATION ALONG THE Y-AXIS. (2F)')
ACCEPT *,RMAGY,DURRY
IF (RMAGY.EQ.0.)DURRY=0.1 lAVOID DIVIDE BY ZERO
TYPE 91
FORMAT(/,1X,'ENTER PEAKMAGNITUDE(G"S) AND')
TYPE 92
FORMAT(1X,'DURATION(SECONDS) OF HALF SINE PULSE FOR LINEAR')
TYPE 93
FORMAT(lX,'ACCELERATION ALONG THE Z-AXIS. (2F)')
ACCEPT *,RMAGZ,DURRZ
IF (RMAGZ.EQ.O.)DURRZ=O.l lAVOID DIVIDE BY ZERO

GO TO 50

TYPE 61
FORMAT(/,1X,'ENTER NAME OF EXPERIMENTAL DATA FILE')
ACCEPT 21,INFIL3
TYPE 44
ACCEPT 45,NS
TYPE 46
ACCEPT *,DTIME
OPEN(UN1T-14,STATUS-'OLD' ,FILE=INFIL3)
DO 300 II-1,NS
READ ( 14 , * ) T ( I I ) , AX ( I I ) , BX ( I I ) , ex ( I I ) , DX ( I I ) , EX ( I I ) , FX ( I I )
STIME=T(1)
FTIME=T(NS)

300

**************************************************************************

• 6061

**************************************************************************

50 TYPE51
51 FORMAT(/,1X,'ENTER NAME OF OUTPUT FILE TO BE CREATED.')

ACCEPT 21,OUTFIL
OPEN(UNI~=2,S~A~US~'NEW',FILE-OUTFIL)

WRITE(2,100)STIME,DT1ME,FT1ME,R•

e

98
WRITE(2,98)
FORMAT ( lX, ,
V-O.DO
R=1.5DO

DO 1=1,9

STIME DTIME FTIME R' )
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QDOTX

TIME' )
WX
RX

100

105
101
102
103

104
&

&

WRITE(2,100)V,V,V,V,V,V,V
END DO
FORMAT(lX,9(F9.4,lX) )

WRITE(2,10s)
WRITE(2,101)
WRITE(2,102)
WRITE(2,103)
WRITE(2,104)
FORMAT(1X,' ')
FORMAT ( IX, ,
FORMAT ( IX, ,
FORMAT ( IX, ,

WDOTZ' )
FORMAT ( IX, ,

GDOTZ' )

WY
RY

QDOTY

WZ' )
RZ

QDOTZ

WDOTX

GDOTX

WDOTY

GDOTY

•

C
C
C INITIALIZE ANGULAR VELOCITY' TERMS, TIME, OTHER CONSTANTS
C

WX""O.DO
WY=O.DO
WZ=O.DO

TIME""STIME
IJ=2

*****************************************************************

NW=6
N=6
X=STIME
XEND=STIME
Y(l)=O.DO
Y(2)=0.DO
Y(3)=0.DO
Y(4)=0.DO
Y(S)=O.DO
Y(6)=0.DO
TOL=.OOOl
IND=l

200 CALL DVERK(N,FCN1,X,Y,XEND,TOL,IND,C,NW,W,IER)

IF(IND.LT.O.OR.IER.GT.O) GO TO 210

WX=Y(I)
WY;=Y(2)
WZ=Y(3)

CALL OUTP

•

TIME=TIME+DTIME
XEND=TIME
ETIME=FTIME+DTIME/10QO.

IF(TIME.GT.ETIME)GO TO 210
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• 210

GOTO 200

STOP
END

•

•

***********~*******~********************************************
****************************************************************
* CALCULATE THE ESTIMATED ANGULAR ACCELERATIONS *
****************************************************************
****************************************************************

SUBROUTINE FCN1(N,X;Y,YPRIME)

INTEGER N
REAL*8 Y(N),YPRIME(N),X

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,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/IJ
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/BLKS/CI,D,EM
COMMON/BLK6/ANSl
COMMON/BLK7/T,AX,BX,CX,DX,EX,FX

WX=Y(l)
WY=Y(2)
WZ=Y(3)

GC=386.089DO

IF(ANS1.NE.'A' )GO TO 18

***********************************************************
* CREATE HALF SINE PULSE INPUT FUNCTIONS *
***********************************************************

GDOTX=INMAGX*SIN(2.*3.1416*(1./(2.*CURAX))*TlME)
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=O.O
IF(TIME.GT.DURAY)GDOTY=O.O
IF(TIME.GT.DURAZ)GDOTZ=O.O
IF(TIME.GT.DURRX)QDOTX=O.O
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IF(TIME.GT.DURRY)QDOTY~O.O

IF(TIME.GT.DURRZ)QDOTZ-O.O

GO TO 12 •
*********.* ••••••• *•••••••••••••••••••••••••••••••••• *••••••••**••••••••••••••
• EXTRAPOLATION ROUTINE FOR HANDLING EXPERIMENTAL AND NAPLAB DATA *
•••• *•••••• *•• *•••••••• **.**.**••••••••• *.* •••••• ***.** •• *.*.* •••••• *••••• *•••

18 TMOD=TIME-DTIME/I000. ITMOD WAS ADDED IN CASE TIME PICKED
IF(T(IJ).GE.TMOD)GO TO 320 IUP A BIT ALONG THE WAY
IJ~IJ+l

GO TO 18
320 IK-IJ-l

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

*.* •• ****.************.********************.*******
* CALCULATE CORRECTED OUTPUTS *
*********.******.**.*****.**.**********************

12 WtiOTX=-EM(I,1)+CI(1,1)*GDOTX+CI(I,2)*GDOTY+CI(I,3)*GDOTZ-
2 D(I,I)*WX*·2-D(1,2)*WY**2-D(I,3)*WZ.**2-D(I,4)*WX*WY-
3 D(I,S)*WX·WZ-D(I,6)*WY*WZ+CI(I,4)*QDOTX+CI(I,S)*QDOTY+
4 CI(I,6)*QDOTZ

WDOTY=-EM(2,1)+CI(2,1}*GDOTX+CI(2,2)*GDOTY+CI(2,3)*GDOTZ-
2 D(2,1)*WX**2-D(2,2)*WY**2-D(2,3)*WZ**2-D(2,4)*WX*WY-
3 D(2,S)*WX·WZ-D(2,6)*WY*WZ+CI(2,4)*QDOTX+CI(2,S)*QDOTY+
4 CI(2,6)*QDOTZ

WDOTZ=-EM(3,1)+CI(3,1)*GDOTX+CI(3,2)*GDOTY+CI(3,3)*GDOTZ-
2 D(3,1)*WX**2-D(3,2)*WY**2-D(3,3)*WZ**2-D(3,4)*WX*WY-
3 D(3,S)*WX*WZ-D(3,6)*WY*WZ+Cl(3,4)*QDOTX+Cl(3,S)*QDOTY+
4 CI(3,6)*QDOTZ

•
C
C CALCULATE THE ESTIMATED LIN'EAR ACCELERATIONS
C

RX=-EM(4,I)+CI(4,1)*GDOTX+CI(4,2)*GDOTY+CI(4,3)*GDOTZ-
2 D(4,I)*Wx**2-D(4,2)*WY**2-D(4,3)*WZ**2-D(4,4)*WX*WY-
3 D(4,S)*WX*WZ-D(4,6)*WY*WZ+CI(4,4)*QDOTX+CI(4,S)*QDOTY+
4 CI(4,6)*QDOTZ

RY=-EM(S,I)+CI(S,I)*GDOTX+CI(S,2)*GDO'IY+CI{5,1)*GOQ'I7.-
2 D(5,1)*WX**2-D(S,2)*WY**2-D(S,3)*wZ**2-D(S,4)*WX*WY-
3 D(5,S)*WX*WZ-D(S,6)*WY*WZ+CI(S,4)*QDOTX+CI(5,S)*QDOTY+
4 CI(S,6)*QDOTZ

RZ=-EM(6,1)+CI(6,I)*GDOTX+CI(6,2)*GDOTY+CI(6,·3)*GDOTZ-
2 D(6,I)*WX**2-D(6,2)*WY**2-D(6,3}*WZ**2-D(6,4)*WX*WY-
3 D(6,S)*WX*WZ-D(6,6)*WY*WZ+Cl(6,4)*QDOTX+CI(6,S)*QDOTY+
4 CI(6,6)*QDOTZ

YPRIME(I)-WDOTX
YPRIME(2)=WDOTY
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•

YPRIME(3)-WDOTZ
YPRIME(4)-RX
YPRIME(S)-RY
YPRIME(6)-RZ

RETURN
END

**************************************************
**************************************************
* WRITE OUTPUT FILE *
**************************************************
**************************************************

SUBROUTINE OUTP

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,WZ,GDOTX,GDOTY,

* GDOTZ,QDOTX,QDOTY,QDOTZ

WRITE(2,100)TIME
WRITE(2,100)WX,WY,WZ

GC=386.089DO

RX-RX/GC lCONVERT TO G'S
RY=RY/GC "
RZ=RZ/GC "
WRITE(2,lOO)RX,RY,RZ,WDOTX,WDOTY,WDOTZ

100 FORMAT(lX,9(G12.4,lX»)

QDOTX=QDOTX/GC lCONVERT TO G'S
QDOTY=QDOTY/GC 1"
QDOTZ=QDOTZ/GC "
WRITE(2,100)ODOTX,ODOTY,QDOTZ,GDOTX,GDOTY,GDOTZ

RETURN
END
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APPENDIX E

ERROR TERM MATRICES

E-l/E-2



I

'"\,\

J;

.!
/

!~~

i'

/
A'

i/'
I

,/
/

l

,/
/

1. I'
'\ /\,

'\ '

\ /
\1

-/

'.

•

•

•



•
Error matrices have the following format:

STIME,DTIME,FTIHE,R
EOI0.EOll.E01~.E013,SOll,S012,S013

E020,E021,E02~,E023,S021,S022,S023

E030, E031, E032, E033, S031. 5032, S033
E120,E121,E122,E123,S121,S122,S123
E130.E131.E132,E133,S131,S132,S133
E210.E211,E212,E213,S211,S212,.S213
E230,E231.E232,E233,S231,S232,5233
E310,E311.E312,E313.S311,S312,5313
E320.E321,E322, E323. 5321, S322. 5323

Where:

STlME The start time of the input pulse.

DTlME = The sample interval of the input pulse.

FTlME The finish time of the input pulse.

•

•

EIJK '"'

SIJK

Eijk which is error type k (0 - bias pl~~ noise. 1 •

uncertainty in scale factor. 2.3 • cross axis

sensitivity) for accelerometer measuring in the

j direction (l=x. 2=y. 3=z) situated. at location i

(see Figure 1.1).

0ijk which is location error in k direction for accelerometer

measuring in j direction situated at location 1 .
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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
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
0,0,0,0,0,0,0

* ERTERMOOO.DAT
* NULL SET ASSUMES PERFECT MOUNT AND PERFECT TRANSDUCERS

0,0.001,0.1,1.5
0,0,0,0,-.09, .25, .20
0,0,0,0,.25,-.09,.20
0,0,0,0,.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, .20
0,0,0,0, .25,-.09, .20

* ERTERM001.DAT
* STANDARD ENDEVCO MOUNT
* PRINCIPAL AXES COINCIDE WITH EDGES OF MOUNT
* ORIGIN IS AT APEX OF MOUNT
* R=1.5"
* ASSUMES PERFECT ACCELEROMETERS

0,0.001,0.1,1.5
0,0,0,0,-.34,0,0
0,0,0,0,0,-.34,0
0,0,0,0,0,0,-.29
0,0,0,0,0,-.34,0
0,0,0,0,0,0,-.29
0,0,0,0,-.34,0,0
0,0,0,0,0,0,-.29
0,0,0,0,-.34,0,0
0,0,0,0,0,-.34,0

* ERTERM002.DAT
* STANDARD ENDEVCO MOUNT
* PIHNCIPAL AXES ARE ALONG TH"E LINES OF ACTION OF THE THREE

TRANSDUCERS AT THE ORIGIN. THE ORIGIN IS AT THE INTERSECTION
OF THESE LINES OF ACTION.

* R=l. 5
* ASSUMES PERFECT ACCELEROMETERS
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0,0.001,0.1,1.5
0,0,0,0,-.025,-.025,0
0,0,0,0,-.025,-.025,0
0,0,0,0,-.025,0,-.025
0,0,0,0,.025,-.025,0
0,0,0,0,.025,0,-.025
0,0,0,0,-.025,.025,0
0,0,0,0,-.025,0,-.025
0,0,0,0,-.025,-.025,0
0,0,0,0,-;025,-.025,0

* ERTERM003.DAT
* MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS

FROM ENDEVCO BLUEPRINT
* ALL DIMENSIONS ARE INCREASED FOR MAXIMUM UNCERTAINTY
* THE UNCERTAINTY IS WITH RESPECT TO THE NULL SET
* R=1.5"
* ASSUMES PERFECT TRANSDUCERS

0,0.001,0.1,1.5
0,0,0,0,-.115, .225, .20
0,0,0,0,.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, .20
0,0,0,0,.225,.25,-.115
0,0,0,0,-.115,.225,.20
0,0,0,0, .225,-.115, .20

* ERTERM004.DAT.
* MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS

FROM ENDEVCO BLUEPRINT
* MATRICES ERTERM001 + ERTERM003
* R=1.5"
* ASSUMES PERFECT TRANSDUCERS

0,0.001,0.1,1.5
0,0,0,0,-.115,.225,.20
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, .20
0,0,0,0, .225, .25,-.115
0,0,0,0,-.115,.225,.20
0,0,0,0,.225,-.115,.20

* ERTERM005.DAT
* MATRIX WITH UNCERTAINTY IN SEISMIC CENTER LOCATIONS

FROM ENDEVCO BLUEPRINT
* MATRICES ERTERMOOL + ERTERM003 WITH THE ADDITION OF

E020 = 386.089 = 1G
* R=1.5"
* ASSUMES PERFECT TRANSDUCERS
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0,0.001,0.1,1.5
0,0,0,0,0,0,0
386.089, 0, 0, 0, 0, 0, °
0,0,0,0,0,0,0

°,°,°,°,°,°,00,0,0,0,0,0,0°,°,°,°,°,0 , °0,0,0,0,0,0,0
°,0, °,°,0 , °,°
0,0,0,0,0,0,0

* ERTERM006.DAT
* NULL SET ASSUMES PERFECT MOUNT AND PERFECT TRANSDUCERS

WITH THE EXCEPTION OF A lGBIAS ON THE Y-TRANSDUCERAT 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

* ERTERM007.DAT
* MATRIX WITH UNCERTAINTY"IN SEISMIC CENTER LOCATIONS

FROM ENDEVCO £LUEPRINT
* ALL DIMENSIONS ARE INCREASED FOR MAxIMUM UNCERTAINTY
* MATRICES ERTERM002 +ERTERM003
* R=1.5"
* ASSUMES PERFECT TRANSDUCERS

°,°.°°1 , °.1 , 1 . "5°,°,°,0 , °,°,.29°,°,0, 0, • 34 , - . :3 4, . 29°,°,°,0, .34 ,'0 ,°°,°,°,°,.34 , - . 3·4 , . 29°,°,°,0 ,. 3 4 ,"0 , 0°,0 , °,0, °,°,.2 9
0,0,0,0, .34,0,0
0,0,0,0,0,0, .29°,°,°,°,.34 , - • 34, . 29

* ERTERM008.DAT
* MATRIX WITH AXES PASS"ING THROUGH THE SEIZMIC CENTERS IN THE 'X-ZPLANE

FROM ENDEVCO BLUEPRINT
* R=1.5"
* ASSUMES PERFECT TRANSDUCERS
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0,0.001,0.1,1.5
0,0,0,0,0, .34, .29
0,0,0,0, .34,0, .29
0,0,0,0,.34, .34,0
0,0,0,0,.34,0,.29
0,0,0,0,.34,.34,0
0,0,0,0,0,.34,.29
0,0,0,0, .34, .34,0
0,0,0,0,0, .34, .29
0,0,0,0,.34,0,.29

'I< ERTERM009.DAT
'I< MATRIX WITH ALL THREE PLANES PASSING THROUGH SEIZMIC CENTERS

FROM ENDEVCO BLUEPRINT
'I< R-1.5"
*.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

* ERTERMOIO.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

* ERTERM011.DAT
* MATRIX WITH ORIGEN OF THE SYSTEM MOVED +.203X, +.203Y AND +.203Z

FROM ROBERT DENTON BLUEPRINT
* R=1.5" (FOR THE SAKE OF COMPARISON WITH OTHER MATRICES)
* ASSUMES PERFECT TRANSDUCERS
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0,0.001,0.1,1.5
0,0, .05, .05,0,0,0
0,0,0,0,0,0,0
0,0,.05,.05,0,0,0
0,0,0,0,0,0,0
0,0,.05,.05,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,.05,-.05,0,0,0
0,0,0,0,0,.0,0

* ERTERM012.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"

o, 0 . 00'1 , 0 . 1 , 1 . 5
0,0, .04, .04,0,0,0
0,0,0,0,0,0,0
0,0, .04, .04,0,0,0
0,0,0,0,0,0,0
0, 0 , . 04 , . 04 , 0 , 0 , 0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
0,0,.04,-.04,0,0,0
0,0,0,0,0,0,0

* ERTERM013.DAT
* ASSUMES PERFECT MOUNT GEOMETRY
* FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVI'TI.ES

OF 4% IN BOTH DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR
* R = 1.5'"

0,0.001,0.1,1.5
o, 0 , . 0 3 , . 0 3 " 0 , 0 , 0
o, 0 , 0 " 0 , 0 , 0 , 0
0,0, .0): , .03, 0,0,0
0,0,0,0,0,0,0
0,0, .03, .03,0,0,0
0,0,0,0,0,0,0
0,0,0,0,0,0,0
o, 0 , . 0,3, - . 0): , 0 , 0 , 0
0,0,0,0,0,0,0

* ERTERM014.DAT
* ASSUMES PERFECT MOUNT GEOMETRY
* FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES

OF 3% IN BOTH. DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR'
* 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
0,0,.02,-.02,0,0,0
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.S"

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

* ERTERM016.DAT
* ASSUMES PERFECT MOUNT GEOMETRY
* FOUR TRANSDUCERS IN THE X-Z PLANE HAVE CROSS AXIS SENSITIVITIES

OF 1% IN BOTH DIRECTIONS - SIGNS SET FOR MAXIMUM ERROR
* R = 1.5"

0., .0005, .01,2.5
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.,.04
0.,0.,0.,0.,0.,0.,.243
0.,0.,0.,0.,.203,.04,0.
0.,0.,0.,0.,0.,.243,0.

* ERTERMA.DAT
* Experimental matrix
* Rotation corresponding to .04 inch at one end of 2~5 inch arm

(0.92 degrees)
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0., .0005, .01,2.5
o. , 0 • , 0 • ,0 . , 0 . , 0 . , 0 •
O. ,0.,0. ,0. ,0. ,0. ,0.
o. , 0 ., 0,. , 0 . , '0 . ,,0 . , ,0 •
o. , 0 . , 0 . , 0 . , 0., O. " 0 .
o. , 0 ., ,0. , 0 . " 0 • ,0 • , 0 .
o.,0 . , 0 • ,0. , 0 . , 0 . , • 0 4
o."0 • ,0 • , 0 • , ,0 . , 0 . , • 0 4
o. ,0 ., '0. , o. "o. , .0 4 , 0,.
o. ,0 . , 0 • , 0 .,:0 . , . 04 " 0 '.

* ERTERMB ..;DAT
* Experimental matrix
* Rotation corresponding to .'04 inch at one end of 2.5 'inch arm

( 0 . 9 2 de gr:ee s )
* Otherwize presumes perfect locaitions for transduce.rs (no 'geomet:ric

offsets)
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•
******.****.*.* •••••••••• *••••• ** •••• *••••• *.*****.*.** ••••• **.
* MATINVSUB.FOR •
• *
• SUBROUTINE TO CALCULATE THE INVERSE OF THE 6 BY 6 •
* [A+I] MATRIX. *
* •
*****.*.* ••• ** ••••••••••••••••••••• *••• *•••••••••••••*.*.*****.

SUBROUTINE MATINVSUB(A,INFIL)

DIMENSION A(6,6)
DOUBLE PRECISION A,X

•

•

170

200

220

DO L-1,6
X..A(L,L)
IF(X.NE.O.O)GO TO 200
TYPE 170
FORMAT(///,lX,'SINGULAR MATRIX!')
STOP
A(L,L)=l.O
DO J=1,6
A(L,J)=A(L,J)/X
END DO
DO r ..1,6
IF(I.EQ.L)GO TO 220
X=A(I, L)
A(I,L)=O.O
DO J=1,6
A(I,J)=A(I,J)-X*A(L,J)
END DO
END DO
END DO

RETURN

END
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APPENDIX G

CDMPUTER P.RCGRAM FOR CREATlliG

IAOORA'IORY SYSTEM MATRICES FRCM

ERROR TERM MATRICES

G-l/G-2



/
/

•

•

•



•
•••• ************************************************************
* CREATMAT.FOR *
* *
.... PROGRAM TO CREATE NAP. 5Y5TEM MATRICE5 [A+I], [B] AND [BI] *
• A5 WELL AS [C], [0] AND [E] FROM AN ERROR FILE. *
* *
* THE [A+I], [B), [BI], [e), [D) AND [E) MATRICES WILL BE *
• WRITTEN TO A SINGLE FILE IN THAT ORDER. *
***********.**.**********.**.********.*.************************

CHARACTER*16 ERFIL,OUTFIL
DIMEN5ION A(6,6),B(6,6),BI(6,6),C(6,6),D(6,6),E(6,6)
DOUBLE PRECI5ION A,B,BI,C,D,E,X

C ERROR FILE
TYPE 30

30 FORMAT(lX,'ENTER NAME OF ERROR fILE DE5IRED.')
ACCEPT 31,ERFIL

31 FORMAT(A16)
OPEN(UNIT=1,FILE=ERFIL,5TATU5='OLD')
TYPE 32

32 FORMAT(lX,' ')
TYPE37

37 FORMAT(lX,'ENTER NAME OF OUTPUT FILE TO BE CREATED.')
ACCEPT 31,OUTFIL
OPEN(UNIT-2,FILE-OUTFIL,5TATU5='NEW')

READ(l,*) 5TIME,DTIME,FTIME,R•

•

C
C
C

C
C
C

ERROR TERM5

READ(l,*) E010,E011,E012,E013,5011,5012,5013
READ(l,*) E020,E021,E022,E023,5021,5022,5023
READ(l,·) E030,E031,E032,E033,5031,5032,5033
READ(l,*) E120,E121,E122,E123,5121,5122,5123
READ(l,.) E130,E131,E132,E133,S131,5132,5133
READ(l,.) E210,E211,E212,E213,5211,5212,5213
READ(l,*) E230,E231,E232,E233,5231,5232,5233
READ(l,*) E310,E311,E312,E313,5311,5312,5313
READ(l,*) E320,E321,E322,E323,S321,5322,5323

CALCULATE THE A,B,C VALUES FOR ANGULAR ACCELERATION

AAO=(E230-E030-E320+E020)/(2*R)
AA1=(E233+E322)/2+(5232-5032+5323-5023)/(2*R)
AA2=-E321/2+((5231-S031)/(2*R»
AA3"-E231/2-(( 5321-5021) /( 2*R) )
AA4=(E323-E232)/2+((5322-S022+S033-5233)/(2*R»
AA5-E323/2+(S033-S233)/(2·R) !

AA6=-E232/2+(S322-5022)/(2*R)
AA7=E231/2+(5021-5321)/(2*R)
AA8--E321/2+(S231-S031)/(2*R)
AA9=(E233-E322)/2+(S232-S032-S323+S023)/(2*R)
AA10=(E231-E031-E321+E021)/(2*R)
AA11=(E232-E032-E322+E022)/(2*R)
AA12-(E233-E033-E323+E023)/(2*R)
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C
CCALCULATE THE A,B,C VALUES FOR LINEAR ACCELERATION
C ALO-AL12,BLO-BL12,CLO-CL12·
C

c

C

C

BAO-(E310-EOI0-E130+E030)/(2*R)
BAI-E312/2+(S032-S132)/(2*R)
BA2-(E311+E133)/2+jS313-S013+S131-S031)/{2*R)
BA3--E132/2+(SQl2-S312))(2*R)
BA4--E313/2+(S133~S033)/(2*R)

BAS-(E131-E313)/2+(SOll-S31l+Sl33-S033)/(2*R)
BA6-El3l/2+(SOll-S3ll)/(2*R)
BA7--El32/2+(S3l2-S012)/(2*R)
BAS-(E311-E133)/2+(S3l3-S0l3-S13l+S031)/(2*R)
BA9=E312/2+(S032-Sl32)/(2*R)
BA10=(E311-E01I-E131+E031)/(2*R)
BAll=(E312-E012-E132+E032)/(2*R)
BA12=(E313-E013-E133+E033)/(2*R)

CAO-(E120-E010-E2l0+EOlO)/(2*R)
CAl=-E213/2+(S023-Sl23)/(2*R)
CA2--ElZ3/2+(S013-S2l3)/(2*R)
CA3-(El22+E21l)/2+(S12~-S021+S2l2-S0l2)/(2*R)

CA4-E2l2/Z+(SOZ2-S122)/(2*R)
CAS=-El21/2+(SZ11-S0l1)/(2*R)
CA6=(E212-E121)/2+(S02Z-S122+S211-S011)/(2*R)
CA7=(El22-E2l1)/2+(Sl21-S021-S212+S012)/(2*R)
CAS=E123/2+(S013-S213)/(Z*R)
CA9=-E213/2+(S123-S0Z3)/(2*R)
CAI0=(E121-E021-E211+E011)/(2*R)
CAll=(E122-E022-E2l2+EOlZ)/(2*R)
CAIZ=(E123-E023-E213+EOl3)/(2*R)

ALO=EOlO
AL1=-S013*EOl2+S012*E013
AL2=S013+S0l3*E011-S011*E013
AL3=-S012-S012*EOll+S011*E012
AL4=-SOl2*EOl2-S0l3*EOl3
ALS=-SOll-SOll*EOll-SOl3*EOl3
AL6--S01l-S01l*EOll-S0l2*EOl2
AL7=S012+S0l2*EOll+S011*EOl2
ALS=SOl3+S013*EOll+SOll*EOl3
AL9=SOl3*EOl2+S012*EOl3
ALlO=EOll
ALll=EOl2
ALl2=EOl3

BLO=EOZO
BL1=-S023-S023*E022+S02Z*E023
BLZ=S023*E021-S02l*E023
BL3--S022*E021+S021+S021*E022
BL4=-SOZ2-S022*E022-S023*E023
BL5=-S02l*EOZl-S023*EOZ3
BL6--S02l*E02l-S022-S022*E022
BL7=S022*E02l+S021+S02l*E022
BLS=S023*E02l+S02l*E023
BL9=S023+S023*E022+S022*E023·
BLlO=E02l
BLll=E022
BLl2=E023
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C
CLO-E030
CL1--S033*E032+S032+S03~*E033

CL2-S033*E031-S031-S031*E033
CL3--S032*E031+S031*E032
CL4--S032*E032-S033-S033*E033
CLS--S031*E031-S033-S033*E033
CL6--S031*E031-S032*E032
CL7-S032*E031+S031*E032
CL8-S033*E03l+S031+S03l*E033
CL9=S033*E032+S032+S032*E033
CL10-E03l
CL1l=E032
CL12-E033

C
AAl1-AA1+1.0
BAI2=BA2+1.0
CAI3=CA3+1.0
ALl10=AL10+1.0
BLI1l=BLll+1.O
CLI12=CL12+l.0

C WRITE FILE FOR [A+I] MATRIX

WRITE(2,100)AAI1,AA2,AA3,AA10,AA11,AA12
WRITE(2,lOO)BA1,BAI2,BA3,BA10,BA1l,BA12
WRITE(2,lOO)CA1,CA2,CAI3,CA10,CAll,CA12
WRITE(2,100)AL1,AL2,AL3,ALl10,AL11,AL12
WRITE(2,lOO)BL1,BL2,BL3,BL10,BLIll,BL12
WRITE(2,100)CL1,CL2,CL3,CL10,CL11,CLI12
WRITE(2,110) .
FORMAT(lX)

C WRITE FILE FOR [B] MATRIX

WRITE(2,lOO)AA4,AAS,AA6,AA7,AA8,AA9
WRITE(2,lOO)BA4,BAS,BA6,BA7,BA8,BA9
WRITE(2,100)CA4,CAS,CA6,CA7,CA8,CA9
WRITE(2,100)AL4,ALS,AL6,AL7,AL8,AL9
WRITE(2,lOO)BL4,BLS,BL6,BL7,BL8,BL9
WRITE(2,lOO)CL4,CLS,CL6,CL7,CL8,CL9
WRITE(2,110)

BI(l,l)=AAO
BI(2,1)=BAO
BI(3,1)=CAO
BI(4,1)=ALO
BI(5,1).BLO
BI(6,1)=CLO

C WRITE ~ILE FOR THE BIAS TERMS [BI]

DO 1=1,6
WRITE(2,lOO)BI(I,1)
END DO
WRITE(2,110)
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100 FORMAT(6F8.3)

A(l,l)-AAIl •A(l,2)-AA2
A(l,3)-AA3
A(l,4)=AAIO
A(l,S)-AAll
A(l,6)-AA12

A(2,l)=BAl
A(2,2)=BAI2
A(2,3)=BA3
A(2,4)=BA1O
A(2,S)=BAll
A(2,6)=BA12

A(3,1)=CAl
A(3,2)=-CA2
A(3,3) ..CAI3
A(3,4)=CAIO
A(3,S)=CAll
A(3,6)=CA12

A(4,l)=ALl
A(4,2)=AL2
A(4,3)=AL3
A(4,4)=ALI1'O
A(4,5)=ALll
A(4,6)=AL12

A(S,l)=BLl
A( 5,2) :=BL2 •A(S,3)=BL3
A(S,4)=BLIO
A(S,S)=BLIll
A(S,6)=BL12

A(6,1)=CLl
A(6,2)=CL2
A.( 6,3) =CL3
A(6,4)=CLIO
A(6,S)=CLll
A(6,6)=CLI12

B(1,1)=AA4
B(1,2)=AAS
B(1,3)=AA6
B( 1,4) =AA7
B(1,5)=AA8
B(1,'6 }=AA9

:B ( 2 , 1 ) =BA4
B(2,2)=BAS
B(2,3)=BA6
B(2,4)=BA7
B(2,S)=BA8
B(2,6)=BA9

B(3,1)=CA4
B(3,2)=CAS •
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B(3,3)=CA6
B(3,4)=CA7
B(3,S).CA8
B(3,6)-CA9

B(4,1)=AL4
B(4,2)=ALS
B(4,3)-AL6
B(4,4)=AL7
B(4,S)-AL8
B(4,6)=AL9

B(S,1)-BL4
B(S,2)=BLS
B(S,3)=BL6
B(S,4)=BL7
B(S,S)=BL8
B(S,6)=BL9

B(6,1)=CL4
B(6,2)=CLS
B(6,3)=CL6
B(6,4)=CL7
B(6,S)=CL8
B(6,6)=CL9

*******************************************.***.***.*** •••• **** •• *
* CALCULATE THE INVERSE OF THE 6 BY 6 [A+I) MATRIX. *
•• *****.*****************.* ••• **.**.*.***.****.****** •• ****.**** ••

DO L=1,6
X=A(L,L)
IF(X.NE.O.O)GO TO 200
TYPE 170

170 FORMAT(///,lX,'SINGULAR MATRIX!')
STOP

ioo A(L,L)=1.0
DO J=1,6
A(L,J)=A(L,J)/X
END DO
DO 1=1,6
IF(I.EQ.L)GO TO 220
X=A(I,L)
A(I,L)=O.O
DO J=1,6
A(I,J)=A(I,J)-X*A(L,J)
END DO

220 END DO
END DO

• C

DO 1=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
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DO I-1,6
WRITE(2,100)(C(I,J),J-1,6)
END DO
WRITE(2,110)

*******************-*********************************-****************

*********-******************.***********************~

* FIND THE PRODUCT [0] - [C)*[B) *
*****************************************************

DO I=1,6
DO J-L,6
D( I "J )=0 • 0
DOK-1,6
D(I~J)~D(I,J)+C(I,K)*B(K~J)

END DO
END DO
END DO

•

C WRITE A FILE FOR THE [D) MATRIX

DO I=l,6
WRITE(2,100J(D(1,J),j=1,~)

END DO
WRITE(2,l10)

********'* ******** ****************************• ****** *,*.•'* ****.* *

***. **. ***** *. **. **. ***.• ***** ****. ***'. **** *. *.'•.*** **•• *
* FIND THE PRODUCT [E) - [C)*[BI] *
*.*************~******.*****.***.****.****************- •
C

DOI=l,6
E(I,J)=O.O
DO K=L,o
E( I , 1 ) =E ( I, 1 )+C:( I , K) *B I ,( K" 1 ,)
END ,DO
END 0"0

WRITE FILE FOR[E] MATRIX

'DO 1=1,,0
WRITE(2.10~)E~I,aJ

END DO

STOP
END

•
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CXMFUI'ER PR<:X;RAM FOR <X>NVERl'ING I..AOORA'IORY AND

FIElD SYSTEM OUTIUI'S 'IO FILES <X>NTAINING
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**************************************************************************
* CONV.FOR *
* *
* ** PROGRAM TO CONVERT OUTPUT DATA FROM THE NAP PROGRAM INTO A FILE *
* FOR THE SPECIFIC PARAMETER DESIRED. SAMPLE TIME AND THE *
* 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. ' *
* *
**************************************************************************

DIMENSION Y(-40000:40000),C(-4000:4000)
CHARACTER INFIL*16,OUTFIL*16,CLAB*21,YLAB(5)*60

'1!YPE 100
100 FORMAT(lX,'ENTER NAME OF INPUT DATA FILE (A16)')

ACCEPT 110,INFIL
110 FORMAT(A16)

TYPE 120
120 FORMAT ( lX, ., ENTER NUMBER OF POINTS (SAMPLES IN TIME) ( I ) , )

ACCEPT 130,N
130 FORMAT(I)

TYPE 175
~75 FORMAT ( lX, , , )

TYPE 175
TYPE 180

L80 FORMAT ( lX, , 2 - WX')

• TYPE 181
181 FORMAT(lX,'3 - WY')

TYPE 182
182 FORMAT ( lX, , 4 - WZ')

TYPE 183
183 FORMAT ( lX, , 5 - RX')

TYPE 184
L84 FORMAT ( lX, , 6 - RY')

TYPE 185
~85 FORMAT ( lX, , 7 - RZ')

TYPE 186
_86 FORMAT ( lX,' 8 - WDOTX')

TYPE 187
~87 FORMAT ( lX, , 9 - WDOTY')

TYPE 188
188 FORMAT ( lX, , 10 - WDOTZ')

TYPE 189
189 FORMAT ( lX, , 11 - QDOTX')

TYPE 190
190 FORMAT ( lX,' 12 - QDOTY')

TYn 191
191 FORMAT ( lX,' 13 - QDOTZ')

TYPE 192
192 FORMAT ( 1X, , 14 - GDOTX')

TYPE 193
193 FORMAT ( lX, , 15 - GDOTY')

TYPE 194
194 FORMAT ( lX,' 16 - GDOTZ')

• TYPE 175
TYPE 196
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196

140

C
C

C
C

FORMAT(lX,'ENTER A NUMBER FOR THE OUTPUT FILE DESIRED.')
ACCEPT 130,.L
TYPE 140
FORMAT(lX,'ENTER NAME OF OUTPUT DATA FILE (A16)')
ACCEPT 110,OUTFIL

OPEN(UNIT-1,STATUS-'OLD',FILE-INFIL)
OPEN(UNIT-22,STATUS-'NEW',FILE-OUTFIL)

•
READ(1,lS0)CLAB
READ(1,*)(C(I),I=1,67)
READ(1,160)(YLAB(I),I-1,S)
DO R-O,N-l 
READ(1,*)Y(R*16+1)
READ(1,*)(Y(R*16+I),I-2,4)
-READ(l,*) (Y(R*16+I) ,I-S,10)
READ(I,*)(Y(K*16+I),I=lli I 6)
END DO
DO K-O,N-l
WRITE(22,172)Y(R*16+1),Y(K*16+L)
END DO

150 FORMAT(A21)
160 FORMAT(A60)
172 FORMAT(IX,2(D23.16,IX»

STOP
END

H-4

•

•



•

•

•

APPENDIX I

romJTER PReX;AAM FOR a:>NVERTING ur:s FILES
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*****************************************************************
* PROGRAM UDS2ASCII John E. Nickles *
* Transportation Systems Center *
* 20-March-1985 *
* ** Short program to read UDSfile and write an ASCII file. *
* Link with UDSIO. *
*****************************~***************************~*******

DIMENSION Y(-1000:10000)
CHARACTER*80 INFIL,OUTFIL

C
INCLUDE , [ASGPROG]COMVAR.LIS'

C
TYPE 100
ACCEPT 110,INFIL
TYPE 120
ACCEPT 110,OUTFIL

C
OPEN(UNIT=2,STATUS='NEW' ,FILE=OUTFIL)

C
CALL UDSIO('R' ,'F' ,INFIL,l,Y,IOS)

•

•

C

100
110
120
130

TYPE *,'FORM=' ,FORM,', NFP=' ,NFP,', NLP=',NLP,', DEL=' ,DEL
TYPE *,'PREF=' ,PREF,', FCUT=',FCUT,', FCOR=',FCOR,', FSTP=',FSTP
TYPE *,'YO=' ,YO,', YD=' ,', YCAL=' ,YCAL
WRITE(02,130)(Y(I),I=NFP,NLP)
CLOSE(UNIT=l)
CLOSE(UNIT=2)
STOP
FORMAT(' ENTER UDS INPUT FILE NAME. (A9.A3)')
FORMAT(A)
FORMAT ( , ENTER ASCII OUTPUT FILE NAME ..(A9.A3)')
FORMAT(lX,6(G12.5,lX» .
END

1-3/1-4
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a::JMRJTER PRCGRAM FOR FORMATI'lliG ASCII FILES

FOR PROCESSlliG WITH THE IAOORA'IORY

AND FIEID MODElS
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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.

*
*
*

'* *
*******************************************************************************

CHARACTER*16 INFIL1,INFIL2,INFIL3,INFIL4,INFIL5,INFIL6,OUTFIL,ANS

DIMENSION T(5000),A(5000),B(5000),C(5000),D(5000),E(5000),
* F(5000)

GC=386.089

TYPE 10
10 FORMAT(/,lX,'ENTER MINIMUM NUMBER OF SAMPLES IN RECORDS (I)')

ACCEPT 20,NS
20 FORMAT(I)

21 TYPE 22
22 FORMAT(/,lX,'USE EVERY DATA POINT? (Y OR N)')

ACCEPT 25,ANS
25 FORMAT(A)

• 27
28

IF(ANS.EQ.'Y' )GO TO 37
IF(ANS.EQ.'N')GO TO 27
GO TO 21

TYPE 28
FORMAT(/,lX,'ENTER N FOR EVERY NTH POINT (I)')
ACCEPT 20,N

NSS=NS/N

29 TYPE 30,NSS
30 FORMAT(/,lX,'A FILE OF' ,IS,' POINTS WILL BE WRITTEN')

37 TYPE 38
38 FORMAT(/,lX,'ENTER SAMPLE TIME INTERVAL (SEC)')

ACCEPT 40,DTIME
40 FORMAT(F)

TYPE 50
50 FORMAT(/,lX,'ENTER NAME OF FILE FOR QDOTX(A)')

ACCEPT 60,INFIL1
60 FORMAT(A16)

IF(INFIL1.EQ.' , )GO TO 80
OPEN(UNTT-l1,STATUS-'OLD',FILE=INFILl)

READ(11,70)(A(I),I=1,NS)

'. 70

DO I=l,NS
A(I)=GC*A(I)
END DO

FORMAT(lX,6G12.S)
GO TO 90

!CHANGE TO INCHES/S*S

J-3



80

90
100

DO I=-l,NS
A(I)-O.O
END 00

TYPE 100
FORMAT(/,lX', 'ENTER NAME OF FILE FOR QDOTY'(A)')
ACCEPT 60,INFIL2
IF(INFIL2.EQ.' ')GO TO 110
OPEN(UNIT-12,STATUS-'OLD',FILE-INFIL2)

READ(12,70)(B(I),I=1,NS)

•
DO I-l,NS
B(I) ..GC*B(I)
END 00

!CHANGE TO INCHES/S*S

GO TO 120
110 '. 00 1-1, NS

B(I)-O.O
END 00

120 TYPE 130
130 FORMAT(/,lX,'ENTER NAME OF FILE FOR QDOTZ(A)')

ACCEPT 60,INFIL3
IF(INFIL3.EQ.' ')GO TO 140
OPEN(UNIT-13,STATUS-'OLD',FILE-INFIL3)

READ(13,70)(C(I),I=1,NS)

DO .1-1, NS
C(I)-GC*C(I)
END DO

GO TO ISO
140 DO I-l,NS

C(I)=-O.O
END DO

!CHANGE TO INCHES/S*S •
ISO TYPE 160
160 FORMAT(/,IX,'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-l,NS
D(I)=O.O
END DO

180
190

200

TYPE 190
FORMAT(/,lX,'ENTER NAME OF FILE FOR GDOTY(A)')
ACCEPT 60,INFILS
IF(INFILS.EQ.' , )GO TO 200
OPEN(UNIT-1S,STATUS='OLD',FILE=INFILS)
READ(IS,70)(E(I),I=1,NS)
GO TO 210
DO I=l,NS
E(I)-O.O
END DO

J-4
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210
220

230

TYPE 220
FORMAT(/,1X,'ENTER NAME OF FILE FOR GOOTZ(A)')
ACCEPT 60,INFIL6
IF(INFIL6.EQ.' , )GO TO 230
OPEN(UNIT-16,STATUS-'OLO',FILE-INFIL6)
REAO(16,70)(F(I),I-1,NS)
GO TO 240
DO I-l,NS
F(I)-O.O
END DO

240 TYPE 250
250 FOR~T(/,lX,'ENTERDESIRED NAME OF OUTPUT FILE (A)')

, ACCEPT 60,OUTFIL
OPEN(UNIT-20,STATUS-'NEW' ,FILEaOUTFIL)

TIME =0.0

DO I=-l,NS
T(I)=-TIME
TIME-TIME+DTIME
END DO

DO I=l,NS

•
0(1)=0(1)*1000.
E(I)=E(I)*lOOO.
F(I)-F(I)*1000.

END DO

IF(ANS.EQ.'N')GO TO 255

SCALE ANGULAR ACCELERATION
"
"

•

DO I-l,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+l

WRITE(20,260)T(I),A(I),B(I),C(I),0(I),E(I),F(I)
END DO

STOP
END

J-5/J-6
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