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1.0 INTRODUCTION 

This document i s  the  f i n a l  r epor t  by the  Engineering Research Division of 

the  Univers i ty  of Michigan Transpor ta t ion Research I n s t i t u t e  t o  the General 

Motors Corporation on the  p r o j e c t  "Vehicle Motion Measurement Technology." 

The purpose of t h i s  p r o j e c t  was t o  review the  s t a t e -o f - the -a r t  i n  the 

technology of veh ic le  motion measurement. In doing t h i s ,  th ree  broad sub jec t  

a reas  were addressed ,  v i z .  (1)  motion t r ansducers ,  ( 2 )  d i g i t a l  d a t a  

a c q u i s i t i o n  systems,  and ( 3 )  d a t a  reduct ion techniques.  Sect ions  2.0 through 

4 . 0  consider these  s u b j e c t s ,  r e s p e c t i v e l y .  

Section 2.0 d i scusses  p o s i t i o n ,  v e l o c i t y ,  and a c c e l e r a t i o n  t ransducers  

a v a i l a b l e  on the  market today and app l i cab le  t o  the  measurement of sprung and 

unsprung mass motions. 

Sect ion 3.0 considers  d i g i t a l  d a t a  a c q u i s i t i o n  systems app l i cab le  t o  road 

veh ic le  motion measurement. In t h i s  s e c t i o n ,  we p resen t  d i scuss ions  of ( 1 )  a  

system previously  developed by UMTRI (where the goa l  i s  t o  put  f o r t h  our view 

of the  d e s i r a b l e  q u a l i t i e s  of such a  system, a s  d e r i v e  from our own 

exper ience) ;  ( 2 )  p o t e n t i a l  systems t h a t  could be developed by GM from 

a v a i l a b l e  hardware and t h a t  would possess (what we see  a s )  the  d e s i r a b l e  

q u a l i t i e s  of the  UMTRI system but would have hardware conf igura t ion  

p a r t i c u l a r l y  s u i t e d  t o  G M ' s  needs a s  we l l  a s  c u r r e n t  and projected computer 

hardware environment, and ( 3 )  prepackaged, commercially a v a i l a b l e  systems t h a t  

could serve  GM's purposes. 

Section 4.0 p resen t s  a b r i e f  d i scuss ion  of optimal s t a t e  e s t i m a t i o n ,  

concen t ra t ing  on Kalman f i l t e r i n g  techniques .  This genera l  method i s  used 

broadly i n  the  a i r c r a f t  and aerospace f i e l d s  f o r  t rea tment  of veh ic le  motion 

measurement d a t a .  Although i t  has  not  genera l ly  been appl ied  t o  road 

v e h i c l e s ,  we be l i eve  t h a t  i t  holds  s i g n i f i c a n t  p o t e n t i a l  of improving the  

q u a l i t y  of measured veh ic le  motion time h i s t o r i e s  i n  t h i s  f i e l d .  S i m i l a r l y ,  

i t  may be u s e f u l  i n  obta ining good q u a l i t y  measurements from "non- t radi t ional ' '  

t ransducer  s e t s .  Section 5.0 l i s t s  r e fe rences  app l i cab le  t o  the  d i scuss ion  of 



S e c t i o n  4 . 0 .  
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th rough 4 . 0 ,  r e s p e c t i v e l y .  



2 .0  SENSORS 

A sea rch  was made f o r  sensors  t h a t  may provide improved measurement of 

dynamic v e h i c l e  motions,  The following measurements, f o r  which g r e a t e r  

accuracy i s  d e s i r e d ,  were i d e n t i f i e d :  ( 1 )  ground c lea rance ,  ( 2 )  p i t c h  and r o l l  

a n g l e ,  ( 3 )  wheel a n g l e s ,  ( 4 )  sprung-to-unsprung mass d isplacement ,  and ( 5 )  

s l i p  angle .  Also, the sponsor expressed an i n t e r e s t  i n  obta ining new servo 

accelerometers and angular r a t e  sensors .  Thus, da ta  on such devices  a r e  

included.  

A l l  of the  device  s p e c i f i c a t i o n s  and l i t e r a t u r e  received from the 

manufacturers contacted i s  included i n  Appendix A ,  even though many of these  

devices  may not be app l i cab le  t o  t h e  sponsor ' s  immediate problems. Appendix A 

i s  divided i n t o  f i v e  s e c t i o n s :  ( A - 1 )  accelerometers ,  ( A - 2 )  noncontact d i s t ance  

s e n s o r s ,  (A-3) noncontact  v e l o c i t y  s e n s o r s ,  (A-4 ) non-gyro angular r a t e  

s e n s o r s ,  and (A-5) gyroscope-based sensors .  Section A-5 inc ludes  information 

on r a t e  gyros ,  r a t e  i n t e g r a t i n g  gyros ,  f r e e  g y r o s ,  v e r t i c a l  gyros ,  and 

d i r e c t i o n a l  gyros.  Conventional distance-measuring dev ices ,  LVDT's, l i n e a r  

po ten t iomete r s ,  and s t r i n g  potentiometers a r e  not included.  

The fol lowing i s  a  genera l  d i scuss ion  of some of the sensors  included i n  

Appendix A. The d i scuss ion  i s  intended t o  c a l l  a t t e n t i o n  t o  a t t r a c t i v e  

f e a t u r e s  and poss ib le  a p p l i c a t i o n s  of c e r t a i n  s e n s o r s ,  t o  compare s i m i l a r  

dev ices ,  t o  g ive  a  b r i e f  explanat ion of t h e i r  o p e r a t i o n ,  o r  t o  provide 

information obtained from the manufacturer which i s  not included with t h e  

l i t e r a t u r e  i n  t h e  appendix. This s e c t i o n  concludes with a  l i s t  of a l l  

manufacturers contacted f o r  information on gyro-based ins t ruments ,  together  

wi th  comments on t h e i r  response t o  our query. We f e e l  t h a t  the re  may be o the r  

p o s s i b l e  sources  of app l i cab le  gyro devices  which were not  found i n  t h i s  

search.  For example, s u p p l i e r s  of nav iga t iona l  equipment f o r  p r i v a t e  and/or 

l i g h t  a i r c r a f t  were not  contacted.  

2 . 1  Accelerometers 

A v a r i e t y  of accelerometer types a r e  a v a i l a b l e .  These include 



poten t iomet r i c ,  s t r a i n  gage,  p i e z o e l e c t r i c ,  p i e z o r e s i s t i v e ,  and servo 

accelerometers.  Although p i e z o e l e c t r i c  and p i e z o r e s i s t i v e  accelerometers a r e  

t y p i c a l l y  smal le r ,  t h e  s e r v o ,  or  fo rce  balance ,  accelerometer exce l s  i n  

o v e r a l l  performance and ease of use.  Therefore,  only the servo accelerometer 

i s  included i n  t h i s  r e p o r t .  ' 

The t y p i c a l  servo accelerometer has an accuracy of about 0.1% of f u l l  

s c a l e  range,  very low o f f s e t  or  b i a s ,  and very low s c a l e  f a c t o r  and b ias  

temperature c o e f f i c i e n t s .  Standard u n i t s  a r e  a v a i l a b l e  weighing from over 

e igh t  ounces down t o  a s  l i t t l e  a s  0 . 7  ounce, and i n  a v a r i e t y  of mounting 

conf igura t ions .  Shock s u r v i v a b i l t y ,  which i s  important with regard t o  long 

s e r v i c e  l i f e  i n  f i e l d  t e s t  opera t ions ,  ranges from lOOg t o  1500g i n  d i f f e r e n t  

models with f u l l  s c a l e  ranges of one or  two g ' s  required f o r  veh ic le  dynamics 

t e s t i n g .  P r i ces  range from about $400 t o  $2000 i n  s i n g l e  u n i t  q u a n t i t i e s .  

Data s h e e t s  from four  major manufacturers of servo accelerometers ,  

covering over twenty d i f f e r e n t  models, a r e  included i n  Appendix A-1. Table 1 

( 3  pages) shows a comparison of the  s p e c i f i c a t i o n s  and p r i c e  of severa l  

models se lec ted  from these  d a t a  shee t s .  These "examples" i n  Table 1 

i l l u s t r a t e  the  d i f f e r e n c e s  i n  t h e  way manufacturers spec i fy  t h e i r  

accelerometers a s  we l l  a s  d i f f e r e n c e s  i n  the accelerometers.  In c r i t i c a l  

a p p l i c a t i o n s ,  beware of "specmanship." 

Columbia lumps toge the r  the  e f f e c t s  of h y s t e r e s i s ,  non- l inea r i ty ,  

non- repea tab i l i ty ,  r e s o l u t i o n ,  and threshold  i n  a quan t i ty  c a l l e d  composite 

e r r o r ,  while o t h e r  manufacturers spec i fy  each of these  q u a n t i t i e s  separa te ly  

o r  not  a t  a l l .  Frequency response i s  t y p i c a l l y  spec i f i ed  only by n a t u r a l  

frequency and damping. However, i n  some cases  the  frequency response i s  

s p e c i f i e d  a s  an e r r o r  band over a range of f requencies  from zero t o  a 

frequency l e s s  than t h e  n a t u r a l  frequency ( f o r  example, see  the  Sunstrand 

QA-800, QA-900, and QA-1400 d a t a  s h e e t s ) .  Most manufacturers supply a 

c a l i b r a t i o n  shee t  on each ind iv idua l  accelerometer ,  but  t h i s  may not include 

a l l  c a l i b r a t i o n  d a t a  the use r  may d e s i r e  f o r  a given app l i ca t ion .  Addit ional  

c a l i b r a t i o n  d a t a  usual ly  can be obtained with the  accelerometer f o r  an 

a d d i t i o n a l  charge. The Sundstrand Model QA-2000 i s  temperature modeled over 

i t s  opera t ing temperature range by computerized t e s t  equipment. The 

accelerometer has a b u i l t - i n  p rec i s ion  temperature sensor ;  i t s  output together  



Table 1 

Spec I i i cut i uns and Pr ice o f  Se 1 ec ted L i near Servo Hcce 1 erowe ters 

Sunds trand Sunds trand Sunds trand 
tfini-PuI -- QA-900 -- QA- 14TJI:I 

Range-Fu 1 1 Scu 1 e i lg to t50g 2309, i12Vdcmax. +bog, i12Udcaax.  

Output 25 Vo 1 ts t1 .3  malg nom.(l) i1.3 maig nom.(l> 

Na tc~ru l Freq . 150 Hz min. 50C1 Hz s in . 500 Hz nt i n. 

t ~ a m ~ ~  i ng 0.3  t o  1 0.3 to  0 .8  0 . 3  to 0.8 

L i near i tq 5 mg or 0.056 F . S . *  0.03 mg/g2 CI. 02 nlg/g2 

Thresht l d 0.005W F.S. sax. 0.1305 KIJ m i rt . 0.00 1 mg BI i n 

Reso I u t i on - 0.005 mg nt i n .  0.00 1 nlg m i n 

Hystertlsis 5 mg ar  0.02R F . S . *  - - 
Rcpccc tat1 i I i t y  5  HI^ o r  0.028 F.S.* - - 
Cumpus i te  Erro!% - - 
Cross-ax i s Sen. 5 ntglg ma,:. 2 mg/g max. 

Pins f 10 r g  max. t 10 n~g uax . 

Bias T.C. +[I. 05 n~g/"C: wax. t0 .09 rng/'C noa 

Sca1eFactorT.C. i0.02W/Tmmax. t0 . 0  1% / "C nom . 

Shock 2C10 g, 5  IS 250 9, d ms 

Weight 0 . 7  oz 2 .3  oz 

Pr i ce 9; 1250 $clSO 

* Wh ic t te~~er  i s  larger 

c' 1 > C:urren t output . F:Q~IJE. set try ex terna 1 re5 i stor 

(2  5 fir I ow as 0 .0  1 n~gt'C on specia 1 order 

2 mg /g ntux . 

+ 1 C1 n1g nla:c . 

20.09 mg/% ( 2 )  

fU.Olb$l°C nax, 

250 g, 6 ms 

2.3 oz 

$islo 



Tab I e 1 cont. , 

Spec i f  i cat  i at-a and Fr ice o f  Se 1 ec ted L i ncnr Servo Rcce 1 crome te:-s 

Sundstrund Schaev i t z  Sys tron-Dot-lner 
PR- 1200 -- LSB 4384 

Range-Full Scale kGDg, f 1 2 U d c m a x .  i0.25g t o f 5 0 g  f 1g to +40g 

Clu tplc t 1.3 ma/g nom. ( 1 )  25.0 vc~l t s  i7.5 oolts; 

Na turn 1 Freq . bOO Hz m i  n.  50 to  200 Hz ( 2 )  100 Hz ( 2 )  

Damp i ng 0.3 t o  . 7  17.3 to 1 0 . 7  59. 1 

? i !?ear i t y  0.02 mglg2 0.058 o f  F .S .  0.05W o f  F.5, max. 

Thrcsho 1 d 0 .  OCI 1 mg - - 
Ress l u t i ot-I 0.00 1 KIJ @.0005$ o f  F.S. 0.001% o f  F.S. sax. 

Hys ter-es i s 0.001t o f  F.S. 0.02$ o f  F.S. 0.02X of F . S .  max. 

Repeatab i 1 i t y  0.0038 o f  F . S .  - 0.02W o f  F . S .  max. 

Compos i te  Er ror  - - 

Cross-ax i s Set-I. 2 K I ~  ,'g max . 2 mg /g n~ax . 

Bias 2 10 mg max. +0. 18 o f  F.S. 

Bias T.C:.  '0.135 mg/"C (31 20 ,002PI / "C 

Scale Factor T . C. i 0 . 0  18d/'C mnx. t o .  02X1°C 

Eho~k 250 3, 1 1  ns ( 4 )  t0Cl J, 11  ms 

Weight 2.3 oz 3 oz 

PI- i ce $1775, $1860 ( 4 1  $860 

c 1 Currm t output . Range set  by ex terna l r e s i s t o r  

(2 1 Dependent on g range 

(3 > ks low as 0 .0  1 mg/'C on spec i a 1 order 

( 4 )  l@OCl 12, 0.5 ms on special  order 

- 
0 ,002 9 /g wax. 

max. 0.18 o f  F . S .  mux 

21).0018X/"f: ITIQX. 

+0.018W1°C max. 

100 g, 11 Ills 

3 oz 

$1350 



Tah l e 1 cont  , 

Spec i f i cut i ons und Pr i ce o f  Se 1 ec ted L i near Servo Acce 1 erome ters - 

C n  I umt~ i a Columbia Co 1 unib i a 
Sfi- 127 SA- 12DE SA- 120 

Range-Fu l l Sca l e 

Output 

Ida turn 1 Freq . 

Clamp i rig 

L i near i t y  

Thresho l d 

Reso I 14 t i CIH 

Hys tercs. i s 

Repeatab i l i t y  

C:ompos i te Error. 

Cross-axis Sen. 

Bias 

Bias T.C. 

Scale Factor T . C .  

,-. .>hclck 

We i gh t 

P r  i CE! 

- 

f0.25W o f  F .S.  

i0. lSW o f  F.S. 

f0.0028 u f  F.S. i0C 

20. 038 PC: 

100 g, I ms 

4 02 

$400 

2 lg to f50g 

i 7 . 5  Vol ts  

30.26 o f  F.S. 

+U.ODlX o f  F.S.j°C 

+a. 02516 /'C 

1500 g, 0.5 ms 

i l g  to i1UOg 

27.5 Volts 

30 to 300 Hz I I ) 

0 . 7  f 0 . 2  

- 

- 
f 0 . 3  o f  F .S.  

- 

20.18 o f  F . 8 .  

f0.001X o f  F . S . I 0 C  

f0.03X,lf°C 

1OOO g, 0.5 ms 

1 02 

9 1250 

( 1 )  Clependent or.! g range 



with the  c a l i b r a t i o n  d a t a  permits computer compensation of the  accelerometer 

output .  This extreme i s  normally required only f o r  demanding aerospace 

a p p l i c a t i o n s .  The p r i c e  of t h e  QA-2000 ranges from about $2000 t o  $2800, 

depending on the  e x t e n t  of the  c a l i b r a t i o n  modeling. 

The servo accelerometer  i s  inheren t ly  a cu r ren t  output  d e v i c e ,  where the  

output  c u r r e n t  i s  t h a t  required t o  o b t a i n  an i n t e r n a l  f o r c e  balance.  This 

c u r r e n t  i s  passed through a load r e s i s t o r ,  producing a vo l t age  ac ross  the  load 

r e s i s t o r  p ropor t iona l  t o  a c c e l e r a t i o n .  Voltage output  accelerometers  have 

t h i s  r e s i s t o r  b u i l t - i n ,  and the  accelerometer output  impedance equals  the  

r e s i s t o r  va lue ,  t y p i c a l l y  one t o  f i v e  kilo-ohms. Thus a low-impedance load 

placed on the  accelerometer  output  w i l l  change the  output  s c a l e  f a c t o r ,  A 

low-impedance output  opt ion i s  a v a i l a b l e  i n  the  Schaevitz accelerometers .  

Data s h e e t s  on angular  accelerometers  manufactured by Schaev i t z ,  

Columbia, and Systron-Donner a r e  a l s o  included i n  Appendix A-1. Current 

p r i c e s  ( f o r  e s t ima t ing  on ly )  have been added t o  the  d a t a  s h e e t s  where a p r i c e  

schedule i s  not  provided by the  manufacturer.  

2.2. Noncontacting Distance Sensors 

Appendix A-2 con ta ins  d a t a  s h e e t s  and l i t e r a t u r e  on two noncontacting 

d i s t a n c e  sensors  t h a t  may be s u i t a b l e  f o r  measurement of the  veh ic le  body t o  

ground d i s t a n c e .  One i s  a low c o s t  u l t r a s o n i c  pulsed ranging module, and the  

second i s  a high c o s t  s o l i d  s t a t e  l a s e r / o p t i c a l  device .  E i t h e r  device  would 

permit opera t ion  a t  h igher  v e h i c l e  speeds than i s  poss ib le  with t h e  Polaroid 

d i s t a n c e  sensor .  

2.2.1 . The Ul t rason ic  Ranging Module. Data on s e v e r a l  u l t r a s o n i c  

ranging d e v i c e s ,  manufactured by Massa Products Corporat ion,  a r e  included i n  

Appendix A-2. The Massa model E-201 appears p a r t i c u l a r l y  s u i t a b l e  f o r  veh ic le  

body t o  ground measurements. It i s  a pu l se  ranging device  wherein an output 

l a t c h  i s  s e t  by t h e  t r a n s m i t t e r  t r i g g e r  pu l se  and r e s e t  by the  f i r s t  r e t u r n  

echo. Thus the  output  pulse  width i s  p ropor t iona l  t o  the  t a r g e t  range,  

approximately 148 microseconds per  i n c h ,  determined by t h e  v e l o c i t y  of sound 

i n  a i r .  ,This model employs separa te  t r ansmi t  and rece ive  t r ansducers ,  each 

approximately one inch  i n  d iameter .  Cables connect t h e  t ransducers  t o  a small  



( 2  x  4 x  0.75 ' inches) e l e c t r o n i c  moddle weighing only 3 ounces. Detection 

range i s  2  t o  24 inches with a  r e s o l u t i o n  of 0.001 inch.  The maximum transmit  

pulse  r e p e t i t i o n  r a t e ,  and thus  d a t a  sampling r a t e ,  i s  s p e c i f i e d  i n  the  d a t a  

shee t  a t  100 pu l ses  per second. A t  a  veh ic le  speed of 60 mph t h i s  provides 

measurements a t  i n t e r v a l s  of 10.5 inches .  Operation a t  pulse  r a t e s  up t o  200 

pulses  per second may be poss ib le .  Power required i s  8 t o  15 v o l t s  a t  30 ma. 

Cost i s  about $200 per  u n i t  i n  small  q u a n t i t i e s .  

Consider an  i l l u s t r a t i v e i n s t a l l a t i o n  of t h i s  sensor  wi th  the  t ransducers  

mounted i n  a  p lane  p a r a l l e l  t o  the  ground and t h e i r  cen te r s  on an ax i s  

p a r a l l e l  t o  the  l o n g i t u d i n a l  a x i s  of the  v e h i c l e .  Each t r ansducer  ( t r ansmi t  

and r e c e i v e )  has a  beam width of 10 degrees .  With an appropr ia te  spacing s e t  

between t h e  t r ansducers  and with the  t r a n s m i t t e r  located ahead of the r e c e i v e r  

i n  the d i r e c t i o n  of t r a v e l ,  the  r e f l e c t e d  s i g n a l  i s  wi th in  the  rece ive r  beam 

width over a  band of v e l o c i t i e s  and of sensor  h e i g h t s .  Re la t ive  t o  the road,  

the  l o c a t i o n  of t h e  r e c e i v e r  when t h e  echo a r r i v e s  i s  e x a c t l y  the  same a s  the  

l o c a t i o n  of the  t r a n s m i t t e r  when the  pu l se  was t r ansmi t t ed  only f o r  a  unique 

s e t  of values  of ( 1 )  t h e  spacing between the  t r ansducers ,  ( 2 )  t h e  v e r t i c a l  

d i s t a n c e  between the  sensors  and the  ground, and ( 3 )  the  v e h i c l e  v e l o c i t y .  

For example, t h e  "optimal" spacing between t ransducers  i s  1.9 inches when the 

ground d i s t a n c e  i s  12 inches  and the  v e h i c l e  v e l o c i t y  i s  60 mph. The minimal 

spacing between t r ansducers ,  determined by t h e i r  s i z e ,  i s  1.12 inches .  

Er ro r s  inheren t  i n  u l t r a s o n i c  ranging devices  i n  g e n e r a l  and i n  t h i s  

p a r t i c u l a r  a p p l i c a t i o n  of t h i s  dev ice  r e s u l t  from: 

- The change i n  the  v e l o c i t y  of u l t r a s o n i c  waves i n  a i r  wi th  change i n  a i r  

temperature ,  a i r  p r e s s u r e ,  and r e l a t i v e  humidity. 

- Var ia t ion  of the  output  pu l se  r e s e t  time wi th  the  power i n  the  echo pulse .  

- Tr iangu la t ion  e r r o r s  due t o  non-optimal t ransducer  spacing and due t o  

v e h i c l e  p i t c h  and r o l l .  

- Air turbulence .  

Velocity of u l t r a s o n i c  waves i n  a i r .  The e f f e c t s  of temperature ,  



p r e s s u r e ,  and humidity on the  propagation of u l t rasound i n  a i r  a r e  wel l  known, 

and these  parameters a r e  e a s i l y  measured. Thus, c o r r e c t i o n  of d a t a  f o r  e r r o r s  

due t o  changes i n  the  propagation v e l o c i t y  a r e  poss ib le .  The approximate 

v e l o c i t y  change f o r  each q u a n t i t y  with the  o t h e r  two constant  i s :  

- Temperature: +0.95 % per 10 deg. F. r i s e .  

- Pressure :  -1.7% per  inch of mercury inc rease .  

- Humidity: +0.035% per 10% inc rease  i n  r e l a t i v e  humidity. 

Echo power. The output pulse  i s  r e s e t  when the  received echo amplitude 

exceeds a  p r e s e t  th resho ld .  The echo pulse  r i s e  time i s  f i n i t e .  Consequently, 

the  time a t  which the  echo s i g n a l  exceeds t h e  threshold  v a r i e s  with the  echo 

amplitude.  Var ia t ions  of the  echo power or  amplitude may r e s u l t  from changes 

i n  range,  s u r f a c e  r e f l e c t a n c e ,  and s i g n a l  a t t e n u a t i o n  i n  the  a i r .  This e r r o r  

may be n e g l i g i b l e .  

Tr iangula t ion e r r o r s .  Tr iangula t ion e r r o r  i s  def ined as  the  d i f f e r e n c e  

between the  v e r t i c a l  he igh t  from the  t r a n s m i t t e r  t o  the  ground plus  the  

v e r t i c a l  he igh t  back t o  the  r e c e i v e r ,  and t h e  s h o r t e s t  t r i a n g u l a r  path  from 

the t r a n s m i t t e r  t o  the  ground and thence t o  the  r e c e i v e r ,  where the  d i s t a n c e  

between the  t r a n s m i t t e r  and rece ive r  i s  the  base of t h e  t r i a n g l e .  Thus the 

t r i a n g u l a t i o n  e r r o r  i s  zero only when the  t r a n s m i t t e r l r e c e i v e r  spacing i s  

"optimal" ( a s  descr ibed above) f o r  t h e  sensor h e i g h t  and veh ic le  speed,  and 

the  p i t c h  and r o l l  a r e  zero.  The t r i a n g u l a t i o n  e r r o r  i s  l e s s  than one per 

cent  of t h e  reading over the  following range of cond i t ions  wi th  zero  p i t c h  and 

r o l l  angles .  

Transducer spa~ing...,.........~..................1.7 inches  

Measurement d i s t a n c e  range..,...............,.......12 t o  2 2  inches  

Velocity range. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ....... 0 t o  60 mph 

Given the  spacing between t r ansducers  and the  veh ic le  v e l o c i t y ,  the 

t r i a n g u l a t i o n  e r r o r  i s  a  p r e d i c t a b l e  func t ion  of d i s t a n c e .  Thus, a  

f i r s t - o r d e r  c o r r e c t i o n  can be made on the  measured d i s t a n c e  d a t a  t o  decrease  

t r i a n g u l a t i o n  e r r o r .  Vehicle p i t c h  causes a p r e d i c t a b l e  e r r o r  a s  a  funct ion 



of measurement d i s t a n c e  r e s u l t i n g  from a change i n  he igh t  of the  r e c e i v e r  

r e l a t i v e  t o  the  t r a n s m i t t e r .  Five degrees p i t c h  r e s u l t s  i n  an e r r o r  of about 

one percent  of reading a t  a  d i s t a n c e  of twelve inches  and l e s s  f o r  longer  

d i s t a n c e s .  Given a measure of the  p i t c h  a n g l e ,  t h i s  e r r o r  i s  c o r r e c t a b l e .  

Roll ang les  up t o  about f i v e  degrees  cause n e g l i g i b l e  e r r o r .  Unpredictable 

e r r o r s  w i l l  occur when the  power r e f l e c t e d  from the point  on the  su r face  

corresponding t o  the  s h o r t e s t  t r i a n g u l a r  d i s t a n c e  between the  t r a n s m i t t e r  and 

r e c e i v e r  does not  exceed the  r e c e i v e r  th resho ld .  Power exceeding the 

threshold  may be received from a d i f f e r e n t  point  , but i n  t h i s  case the  e r r o r  

on the  i n d i c a t e d  d i s t a n c e  i s  no t  p r e d i c t a b l e .  With t h e  10 degree beamwidth of 

the  t r a n s d u c e r s ,  t h i s  should occur only a t  p i t c h  and/or r o l l  angles  somewhat 

g r e a t e r  than 5 degrees .  Operation of t h i s  sensor may be p r a c t i c a l  a t  angles  

g r e a t e r  than 5 degrees .  However, experiments would have t o  be performed t o  

determine t h e  a c t u a l  p r a c t i c a l  p i t c h  and r o l l  angle l i m i t s  wi th in  which t h s  

e r r o r s  a r e  p r e d i c t a b l e  and thus  c o r r e c t a b l e .  Of course broader t ransducer  

beam width would i n c r e a s e  t h i s  l i m i t .  

Air tu rbu lence .  Q u a l i t a t i v e  e f f e c t s  of a i r  turbulence  a r e  unknown. The 

d a t a  s h e e t  warns a g a i n s t  p lac ing  the  sensor  i n  a r e a s  of a i r  turbulence .  

However, t h e  manufacture could not  provide any q u a l i t a t i v e  d a t a  or  even rough 

es t ima tes  of t h e  expected e r r o r s  r e s u l t i n g  from a i r  turbulence .  

Experimentation i s  r equ i red  t o  q u a l i f y  t h i s  e r r o r  source .  It i s  of i n t e r e s t  

t o  n o t e ,  however, t h a t  K . J .  Law Associa tes  i n  Farmington, Michigan, market a 

road roughness meter using a p r o p r i e t a r y  u l t r a s o n i c  pulse  ranging sensor 

opera t ing a t  a  pulse  r a t e  of 200 Hz, f o r  which an accuracy of 0.02 inch  i s  

claimed a t  speeds of 0 t o  60 mph. 

I f  t h e  maximum permiss ib le  p i t c h  and r o l l  ang les  a r e  about 10 d e g r e e s ,  

t h e  Massa u l t r a s o n i c  d i s t a n c e  sensor  may provide a low-cost method t o  measure 

v e h i c l e  p i t c h  and r o l l .  Of course ,  t h i s  would requ i re  mounting a t  l e a s t  t h r e e  

sensors  a t  s e p a r a t e  l o c a t i o n s  on the  v e h i c l e ,  and t h e  p i t c h  and r o l l  would be 

ca lcu la ted  from t h e  known l o c a t i o n s  of t h e  sensors  and t h e  cor rec ted  ground 

d i s t a n c e  measurements. 

2.2.2. Sol id  S t a t e  Laser Distance Sensor. The Selcom Optocator i s  a 

p r e c i s i o n  d i s t a n c e  sensor  manufactured by S e l e c t i v e  E lec t ron ics  Inc. This 

device  measures d i s t a n c e  by a t r i a n g u l a t i o n  method u t i l i z i n g  s c a t t e r e d  l i g h t  



from a  smal l  spo t  of i n f r a r e d  l i g h t  p ro jec ted  on t h e  t a r g e t  su r face .  

S p e c i f i c a t i o n s  and d e t a i l s  of the  opera t ion  and performance of t h i s  device  a r e  

g iven i n  the  l i t e r a t u r e  i n  Appendix A-2. The l i t e r a t u r e  includes  a  copy of an 

a r t i c l e  from t h e  January,  1984, premiere i s s u e  of Sensors Magazine, which 

d e s c r i b e s  t h e  Opt ica to r  and a  number of a p p l i c a t i o n s .  

In overview, t h e  Opt ica to r  c o n s i s t s  of an o p t o e l e c t r o n i c  sensing head,  o r  

gauging probe,  and a  power supp ly / s igna l  process ing u n i t .  Probes a r s  

a v a i l a b l e  providing sensor  s tand off  d i s t a n c e s  from 4  t o  12 inches and 

measuring ranges  from 0.3 t o  10 inches .  Accuracy i s  0.1% of t h e  measuring 

range with a  r e s o l u t i o n  of 0 .025% of the  measuring range. The bas ic  

measurement r a t e  i s  16 k i l o h e r t z .  Severa l  d a t a  process ing at-id d a t a  output 

boards a r e  a v a i l a b l e ,  providing e i t h e r  d i g i t a l  o r  analog ou tpu t s  or  both ,  and 

o t h e r  d i s p l a y  and c o n t r o l  func t ions .  For example, the  Receiver Averaging 

Board ( see  the l i t e r a t u r e )  provides  both d i g i t a l  and analog outputs .  Jumper 

s e l e c t a b l e  output  updating f requenc ies  a r e  8kHz, 4kHz, 2kH2, e t c . ,  down t o  31 

Hz. f o r  both the  d i g i t a l  and analog (D t o  A) outputs .  The d a t a  r a t e  i s  

reduced by forming the  average of s e v e r a l  measurements. Thus, a t  an update 

frequency of 8kHz, two measurements a r e  averaged t o  form the  output  d a t a  

v a l u e ,  a t  4kHz four  measurements a r e  averaged,  e t c .  The maximum analog output 

bandwidth i s  2kHz. 

The Opt ica to r  i s  claimed t o  mainta in  the  s p e c i f i e d  accuracy on a  wide 

v a r i e t y  of t a r g e t  s u r f a c e s ,  but  i t  w i l l  no t  work on specu la r  r e f l e c t i n g  

s u r f a c e s  because i t  opera tes  on s c a t t e r e d  l i g h t .  It has been appl ied  i n  a  

road p r o f i l o m e t e r ,  c r o s s  p r o f i l e ,  and road t e x t u r e  measurement system 

developed i n  Sweden. Exce l l en t  performance of t h i s  system has been repor ted  

wi th  opera t ion  a t  highway speeds.  Brief t e s t s  were conducted a t  U?lTRI with an 

eva lua t ion  u n i t  on loan from the  l o c a l  r e p r e s e n t a t i v e .  This u n i t  performed to  

the  manufacturer ' s  s p e c i f i c a t i o n s .  Addit ion of a  0.03 inch f i l m  of water t o  a  

j e n n i t e - l i k e  s u r f a c e  produced no change of i n d i c a t e d  d i s t a n c e ,  even though 

d i s t a n c e  changes of 0.01 inches  could be resolved.  

Excel lent  accuracy should be obtained us ing the  Opt ica tor  t o  measure 

v e h i c l e  body t o  road h e i g h t s  o r ,  wi th  mul t ip le  s e n s o r s ,  measuring body p i t c h  

and r o l l  ang les .  The Opt ica tor  measures d i s t a n c e ,  along the  l i n e  of i t s  

narrow pro jec ted  beam, t o  any s u r f a c e ,  f l a t  o r  curved,  t h a t  s c a t t e r s  



s u f f i c i e n t  l i g h t  back t o  t h e  d e t e c t o r .  A f l a t  su r face  can be o r i en ted  a t  an 

angle  of 20 degrees  or  more from an o r i e n t a t i o n  normal t o  the  beam without 

l o s s  of d i s t a n c e  measurement accuracy.  Thus the  d i s t a n c e  measurements from 

t h r e e  Opt ica to r s  p r o j e c t i n g  beams perpendicular  t o  a r e f e r e n c e  plane 

e s t a b l i s h e d  i n  the  v e h i c l e  body would a c c u r a t e l y  d e f i n e  a p lane  on t h e  ground 

and i t s  o r i e n t a t i o n  wi th  respec t  t o  t h e  body r e i e r e n c e  plane.  Having 

e s t a b l i s h e d  these  two p l a n e s ,  i t  i s  then s t r a igh t fo rward  t o  compute the  

d i s t a n c e  between these  planes along any l i n e  perpendicular  t o  the  ground plane  

(body t o  ground d i s t a n c e ) ,  and the  angle  between any l i n e  i n  t h e  ground plane 

with r e s p e c t  t o  any l i n e  i n  the  body plane ( p i t c h  and r o l l  a n g l e s ,  f o r  

example). Considering the  accuracy of t h e  O p t i c a t o r ,  t h e  l i m i t i n g  e r r o r  

sources  f o r  t h i s  system would probably r e s u l t  from compliance of the  veh ic le  

body and t h e  sensor  mounting b racke t s .  

Dynamic measurement of wheel angles  i s  another p o s s i b l e  a p p l i c a t i o n  of 

the Opt ica to r .  In  t h i s  a p p l i c a t i o n  t h r e e  gauging probes would be mounted 

outboard of the  wheel by b racke t s  a t t ached  t o  the v e h i c l e  body, thus 

e s t a b l i s h i n g  a  r e fe rence  plane  i n  the  v e h i c l e  body. A f l a t  t a r g e t  p l a t e  would 

be mounted t o  t h e  wheel. The t h r e e  perpendicular  d i s t a n c e s  from t h e  body 

plane  t o  the  t a r g e t  p l a t e ,  measured by the  Opt ica to r  probes ,  uniquely d e f i n e  

t h e  o r i e n t a t i o n  of t h e  wheel plane wi th  respec t  t o  t h e  body plane.  Therefore ,  

wheel ang les  wi th  r e s p e c t  t o  r e fe rence  l i n e s  i n  the  body plane  can be 

c a l c u l a t e d .  Furthermore, g iven  the  o r i e n t a t i o n  of the  body plane wi th  respec t  

t o  the  ground p l a n e ,  a s  descr ibed above, the a c t u a l  s t e e r  and camber angles  

can be c a l c u l a t e d .  Of course ,  a  thorough a n a l y s i s  would be required (which 

was no t  at tempted h e r e )  t o  q u a l i f y  the  e f f e c t s  of sprung mass t o  unsprung mass 

displacements on t h i s  measurement system t o  determine i t s  a c t u a l  p r a c t i c a l i t y .  

The Opt ica to r  i s  a  very rugged dev ice ,  designed f o r  use i n  harsh  

i n d u s t r i a l  environments. Thus i t  should be r e l l a b l e  i n  the  v e h i c l e  t e s t i n g  

environm2nt. However, i t  i s  expensive.  Standard gauging probes range from 

about $8000 t o  over  $12,000. Specia l  probes a r e  even more c o s t l y ,  but  usua l ly  

one of the  s e v e r a l  s tandard probes can be adapted t o  a  g iven a p p l i c a t i o n .  The 

nominal c o s t  of an  e l e c t r o n i c s  package t o  i n t e r f a c e  up t o  5 probes and provide 

d i g i t a l  o r  analog ou tpu t s  i s  $6000 t o  $8000. 

Regarding road wheel angle  ( s t e e r  and camber) measurement, Zimmer OHC,  of 



Rossdorf,  Germany, manufactures an  o p t i c a l  angular  sensor c a l l e d  the  

Autoco l l ina ,  which i s  app l i cab le  t o  t h i s  measurement problem. (We a r e  aware 

t h a t  GM has  i n i t i a t e d  the  purchase of a p a i r  of these  dev ices  f o r  t h i s  

purpose,  s o  our d i s c u s s i o n  here  w i l l  be l i m i t e d . )  Our most u s e f u l  informat ion 

on t h i  s dev ice  has come through personal  conversa t ion wi th  Dr .-Ing . Klaus 

Rompe of TUV Rheinland. TUV has developed a system f o r  measuring s t e e r  and 

camber of a l l  four  wheels of a passenger ca r  us ing four  Autocoll ina devices .  

Dr. Rompe i n d i c a t e s  t h a t  system accuracy i s  0.01 deg. (However, we remain 

s k e p t i c a l  t h a t  e i t h e r  c h a s s i s  mounting p o i n t s  or  the  ins t rument  support  

s t r u c t u r e  i s  r i g i d  enough t o  al low such accuracy.  We suspec t  a communicatioas 

d i f f i c u l t y  h e r e ,  s i n c e  Dr. Rompe's Engl ish  i s  l imi ted  and our own German i s  

nonex i s t en t . )  TUV has appl ied  the  system i n  a study concerned with r i d e  and 

v i b r a t i o n  i n  t h e  on-center s t e e r i n g  cond i t ion .  

2.3. Noncontact Velocity Sensors 

2.3.1. Opt ica l  Velocity Sensors.  The Datron Correvit-L o p t i c a l  v e l o c i t y  

sensor  appears  t o  be t h e  most s u c c e s s f u l  noncontact  v e l o c i t y  sensor 

development f o r  automotive t e s t  use.  This device  has  been a v a i l a b l e  f o r  

s e v e r a l  yea r s  and i s  c u r r e n t l y  marketed by D.E. Sherry Company, Rocky River ,  

Ohio. A s i m i l a r  d e v i c e ,  which opera tes  on the  same o p t i c a l  p r i n c i p l e ,  i s  

manufactured by Ono Sokki and marketed by Fife-Pearce E l e c t r i c  Co., D e t r o i t ,  

Michigan. The accuracy of both devices  i s  claimed t o  be b e t t e r  than one 

percent  on a l l  types  of road su r faces  and f o r  speeds from one mph t o  over 100 

mph. Microprocessor e l e c t r o n i c s  included with both systems provide d a t a  

ou tpu t s  f o r  a v a r i e t y  of s tandard automotive t e s t  procedures:  a c c e l e r a t i o n ,  

b rak ing ,  braking d i s t a n c e ,  e t c .  System c o s t  is  i n  t h e  $20,000 range.  

Although the  Yi l ford  Proving Ground personnel a r e  a l ready  thoroughly f a m i l i a r  

wi th  these  d e v i c e s ,  d a t a  a r e  included i n  Appendix A - 3 ,  Recent t e s t  d a t a  and 

correspondence received from D.E. Sherry a l s o  a r e  i n  the  appendix. 

By employing two v e l o c i t y  sensors  , t h e  Correvit-L and Correvit-Q , sensing 

l o n g i t u d i n a l  and l a t e r a l  v e l o c i t i e s ,  r e s p e c t i v e l y ,  Datron claims t o  be ab le  t o  

compute v e h i c l e  s l i p  angle i n  the  range of +45 degrees  wi th  a r e s o l u t i o n  of - 
0.1 degree .  (See the  l e t t e r  from D.E. Sherry dated Apri l  12,  1984, i n  t h e  

appendix. ) 



2 . 3 . 2 ,  Radar Velocity Sensors. A considerable  amount of e f f o r t  has 

been devoted t o  the  development of radar  devices  f o r  measuring veh ic le  

v e l o c i t y .  The p o l i c e  r a d a r ,  of course ,  i s  the  most prominent r e s u l t  of t h i s  

e f f o r t .  While "radar f i f t h  wheels" have been developed,  they have not been 

adopted by the  automotive t e s t  community, probably because they do not provide 

the accuracy of the  standard f i f t h  wheel. Several  years  ago, Midwest 

Xcrowave of Ann Arbor marketed a microwave v e l o c i t y  sensor adver t i sed  as  a 

f i f t h  wheel replacement with an accuracy of one mph. However, t h i s  device i s  

no longer  produced. 

A radar  speed sensor  f o r  locomotives,  developed by RCA, i s  descr ibed i n  

an a r t i c l e  included i n  Appendix A - 3 .  This a r t i c l e  repor ted  an accuracy of 0 .2  

t o  0.5 mph f o r  the  dev ice  over snow, sand,  open-tie b r idges ,  road c ross ings ,  

and normal t r a c k  bed. Y r .  Henry Johnson, the  author  of the a r t i c l e  and 

c u r r e n t l y  wi th  the  RCA David Sarnoff Research Center ,  d i r e c t e d  us t o  the  

Electro-motive Division of GM f o r  f u r t h e r  information on the  development and 

a p p l i c a t i o n s  of t h e  device .  Mr. John Lenihan, a t  the  Electro-Motive Divis ion 

i n  Lagrange, I l l i n o i s  i s  r e spons ib le  f o r  c u r r e n t  a p p l i c a t i o n  and development 

of t h e  locomotive radar  speed sensor .  A paper g iven by Mr. Lenihan a t  the  

1981 GM E l e c t r o n i c s  Conference i s  included i n  the  appendix. Mr. Lenihan 

informed u s  t h a t  i t  i s  being used t o  measure locomotive v e l o c i t y  i n  order t o  

c o n t r o l  d r i v e  wheel s l i p  and optimize t r a c t i o n .  The accuracy of the  device  i s  

about 2% of read ing ,  averaged over 50 s e c . ,  o r  4% of r ead ing ,  averaged over 1 

s e c . ,  when opera t ing on normal s tone and t i e  r a i l  grades.  However, the  

accuracy i s  poorer on c o n c r e t e ,  a s p h a l t ,  and smooth r a i l r o a d  cross ings .  

Improvements a r e  s t i l l  under development. It i s  expected t h a t  an accuracy of 

a t  l e a s t  two percent  w i l l  be achieved f o r  these  s u r f a c e s .  Mr. Lenihan 

est imated the  purchase cos t  t o  be about $2000 .  

2 .4 .  Angular Rate Sensors : Non-Gyro 

Appendix A-4 conta ins  d a t a  s h e e t s  on two non-gyro angular r a t e  

t r ansducers .  One i s  nanufactured by Humphrey Inc.  and t h e  o the r  i s  

manufactured by Watson I n d u s t r i e s  Inc. Ruggedness, low power consumption, 

and long s e r v i c e  l i f e  a r e  t h e i r  main advantage over gyro-type angular r a t e  



sensors .  Both a r e  DC i n  and DC o u t ,  " so l id  s t a t e  devices ."  Each i s  r a t ed  a t  

over 10,000 hours mean time between f a i l u r e ,  and w i l l  withstand over 100 g ' s  

shock. Three of t h e  Humphrey r a t e  s e n s o r s ,  wi th  a f u l l  s c a l e  range of 260 

degrees ,  have been used a t  UMTRI f o r  s e v e r a l  yea r s .  C a l i b r a t i o n  checks on 

these  u n i t s  have s h o - i  a ga in  change of up t o  4% of f u l l  s c a l e  over a period 

of s e v e r a l  months. Also t h e  zero  o f f s e t  i s  t empera tu re - sens i t ive ,  e x h i b i t i n g  

a d r i f t  of up t o  3% of f u l l  s c a l e  during warm up (30 minutes a f t e r  applying 

power) and up t o  1% d r i f t  during a lo-minute  period t h e r e a f t e r  i n  a 

const  ant  - temperature environment. 

The Humphrey dev ice  has  a bandwidth of 15 h z ,  a f u l l  s c a l e  output of 

+2.5 VDC, ope ra tes  on +15 VDC power a t  200 ma, weighs 12 ounces,  and c o s t s  - - 
about $1400. By comparison, t h e  Watson angular r a t e  sensor  has  a bandwidth of 

55 Hz, a f u l l  s c a l e  output  of +10 VDC, ope ra tes  on +15 VDC a t  20 ma, and - - 
c o s t s  about $550. The g a i n  s t a b i l i t y  of the  Watson device  i s  not  s p e c i f i e d  i n  

the  d a t a  s h e e t .  However, the  s p e c i f i c a t i o n  on o f f s e t  d r i f t  i s  0.5% of f u l l  

s c a l e  per degree cen t ig rade .  

For these  two non-gyro r a t e  s e n s o r s ,  t h e  a v a i l a b l e  d a t a  i n d i c a t e  t h a t  the  

accuracy of the  Watson dev ice  i s  equa l  t o  o r  b e t t e r  than t h a t  of the  Humphrey 

u n i t .  Furthermore,  i t  i s  s m a l l e r ,  r e q u i r e s  l e s s  power, and i s  l e s s  c o s t l y .  

In f a c t ,  i t  i s  probably the  lowest  c o s t  r a t e  sensor a v a i l a b l e .  However, more 

than an order  of magnitude g r e a t e r  accuracy i s  obtained wi th  gyro-type r a t e  

sensors .  For example, Appendix A-5 con ta ins  d a t a  on a gyro-type r a t e  s e n s o r ,  

manufactured by the  As t ronau t i c s  Corporation of America, which c o s t s  about 

$650. This device  i s  s p e c i f i e d  t o  have l e s s  than +2% change i n  g a i n  and l e s s  - 
than 1% change i n  o f f s e t  over a temperature range of 90 degrees  cen t ig rade .  

I t  employs a b rush less  DC motor and p h o t o e l e c t r i c  p i c k o f f s  y i e l d i n g  a mean 

time between f a i l u r e  of g r e a t e r  than 3000 hours.  Input power i s  28 VDC a t  500 

ma and +15 - VDC a t  15 ma. The output  i s  +4.8 VDC. It weighs 1.25 pounds. - 
I t s  shock t o l e r a n c e  i s  not s p e c i f i e d ,  but  t y p i c a l  gyro devices  w i l l  t o l e r a t e  

shock on the  order  of only 20 g ' s .  S p e c i f i c a t i o n s  f o r  s e v e r a l  gyro-type 

angular  r a t e  t r a n s d u c e r s ,  some even more accura te  (and more c o s t l y )  than t h i s  

one,  a r e  g iven i n  Appendix A-5.  



2 . 5  , Gyroscopic Sensors 

The l i t e r a t u r e  i n  Appendix A-5 was received from manufacturers i n  

response t o  a r eques t  f o r  d a t a  on r a t e  gyros and d a t a  on sensors  f o r  the  

nsasurenent of v e h i c l e  a t t i t u d e  ( p i t c h  and r o l l )  during v e h i c l e  handling 

maneuvers. A nominal range of - +50 degrees  per  second was s p e c i f i e d  f o r  

angular  r a t e  ~neasurements. For p i t c h  and r o l l ,  a  range of 5 0  degrees  was 

s p e c i f i e d ,  with a  measurement accuracy of about 0.1 degree f o r  d a t a  

a c q u i s i t i o n  over a  time period of f i v e  t o  30 seconds. DC inpu t  ( p r e f e r a b l y  1 2  

v o l t s )  and DC output  was ind ica ted  t o  be d e s i r a b l e  but  not  necessary .  

L i t e r a t u r e  was received on r a t e  gyros , r a t e  i n t e g r a t i n g  gyros ,  f r e e  gyros ,  

v e r t i c a l  gyros ,  d i r e c t i o n a l  gyros ,  and v e r t i c a l  referenced s t a b l e  p la t forms.  

A r a t e  gyro i s  a single-degree-of-freedom gyro ,  wi th  a  l i n e a r  c o n s t r a i n t  

p ropor t iona l  t o  f o r c e  on displacement of i t s  gimbal. Thus, gimbal 

displacement i s  p ropor t iona l  t o  the  angular r a t e  i n p u t .  A pickoff  on the 

gimbal provides  an output  s i g n a l  p ropor t iona l  t o  angular  r a t e .  

The r a t e  i n t e g r a t i n g  gyro a l s o  provides an  output  s i g n a l  p r o p o r t i o n a l  t o  

angular  r a t e  (a l though t o  the  u n i n i t i a t e d  i t s  name may imply t h a t  i t  produces 

an  output  equal  t o  t h e  i n t e g r a l  of r a t e ,  i . e . ,  d isplacement) .  The r a t e  

i n t e g r a t i n g  gyro i s  the h ighes t  p r e c i s i o n  type r a t e  gyro ,  and the most 

expensive.  It i s  a  single-degree-of-freedom device .  Operation of t h e  r a t e  

i n t e g r a t i n g  gyro i s  s i m i l a r  t o  the opera t ion  of a  fo rce  balance servo 

accelerometer .  A r a t e  s i g n a l  i s  generated by e l e c t r o n i c a l l y  servoing the  gyro 

i n  a  cap tu re  loop.  A torque motor holds  the  gyro gimbal a t  i t s  n u l l  p o s i t i o n .  

The torquing c u r r e n t  i s  p ropor t iona l  t o  the  inpu t  r a t e  and i s  used t o  produce 

a  p ropor t iona l  output  vol tage .  The r a t e  i n t e g r a t i n g  gyro i s  used i n  

nav iga t ion  systems and s t a b i l i z a t i o n  systems i n  t h e  most demanding of 

aerospace a p p l i c a t i o n s  ( s a t e l l i t e s ,  space probes ,  p lane ta ry  r e e n t r y  probes ,  

b a l l i s t i c  m i s s i l e s ,  a i r c r a f t ,  e t c . ) .  Angular displacement i s  obtained by 

d i g i t a l  i n t e g r a t i o n  of t h e  r a t e  s i g n a l .  The b e s t  r a t e  i n t e g r a t i n g  gyros have 

a  b i a s  s t a b i l i t y  a s  low a s  0.01 degree per hour. 

The f r e e  gyro i s  t y p i c a l l y  a two-degree-of-freedom device  wi th  p ickof f s  

on t h e .  i n n e r  and o u t e r  gimbals.  A gaging mechanism locks  the  gyro s p i n  a x i s  

i n  a  f ixed  p o s i t i o n  with r e s p e c t  t o  the  case  dur ing gryo motor s p i n  up. 



I d e a l l y ,  t h e  gyro s p i n  a x i s  remains f ixed  i n  space i n  the  o r i e n t a t i o n  

e s t a b l i s h e d  a t  the  moment the gyro i s  uncaged, and the  two output  s i g n a l s  a r e  

p r o p o r t i o n a l  t o  t h e  angle  between each gimbal and t h e  case.  A number of 

unwanted torques  cause precess ion of the  sp in  a x i s  from i t s  i d e a l  p o s i t i o n  

( d r i f t ) ,  r e s u l t i n g  i n  a  measurement e r r o r .  These d e r i v e  from i n t e r n a l  f o r c e s  

such a s  f r i c t i o n  i n  the  gimbal bea r ings ,  r a d i a l  mass unbalance i n  the  r o t o r ,  

unbalance w i t h i n  the  gimbal assembly, drag from the  pickoff  dev ices ,  e t c .  

Also a  smal l  s h i f t  i n  the  a x i s  alignment may occur a t  the  moment the gyro i s  

uncaged. Depending on the  q u a l i t y  of t h e  g y r o ,  d r i f t  r a t e s  range from about 

0.1 degree per minute up t o  s e v e r a l  degrees per  minute. Thus i n  veh ic le  

handling t e s t  a p p l i c a t i o n s ,  depending on the  gyro q u a l i t y  and t h e  t e s t  

d u r a t i o n ,  i t  may be necessary  t o  measure p re - t e s t  and p o s t - t e s t  o f f s e t  values  

i n  order  t o  e s t a b l i s h  e r r o r  l i m i t s  on the  d a t a .  

A v e r t i c a l  gyro i s  a  s p e c i a l  ve r s ion  of the  f r e e  gyro wi th  a  two-axis 

e r e c t i o n  system t o  mainta in  t h e  s p i n  a x i s  i n  a  v e r t i c a l  p o s i t i o n .  The 

e r e c t i o n  system senses  t h e  t o t a l  a c c e l e r a t i o n  v e c t o r ;  t h u s ,  during t u r n s  and 

v e h i c l e  a c c e l e r a t i o n  i t  w i l l  e r e c t  the  gyro toward a f a l s e  v e r t i c a l .  

Depending on the  e r e c t i o n  system time response and the  t e s t  d u r a t i o n ,  i t  may 

be necessary  t o  t u r n  off  t h e  e r e c t i o n  system dur ing the  t e s t  t o  minimize p i t c h  

and r o l l  measurement e r r o r s .  O f  course ,  dur ing the  time the  e r e c t i o n  system 

i s  o f f ,  d r i f t  e r r o r s  occur ,  a s  wi th  a  f r e e  gyro.  

A d i r e c t i o n a l  gyro i s  simply a  v e r t i c a l  gyro o r i en ted  such t h a t  i t s  o u t e r  

gimbal senses  yaw angle .  ( I n  a two-degree-of-freedom gyro the  ou te r  gimbal i s  

f r e e  t o  r o t a t e  360 degrees  with r e s p e c t  t o  the  c a s e ,  but the  inner  gimbal i s  

g e n e r a l l y  r e s t r a i n e d  t o  l e s s  than  90 degrees  t r a v e l  t o  prevent gimbal lock ,  

which occurs when the  gimbals a r e  a l igned . )  A f l u x  g a t e  may be included i n  

t h e  v e r t i c a l  gyro package t o  s l a v e  the  gyro t o  magnetic nor th .  

Free gyros and v e r t i c a l  gyros a r e  a l s o  c a l l e d  displacement gyros ,  because 

t h e i r  outputs  a r e  p r o p o r t i o n a l  t o  angular  displacement.  

A v e r t i c a l l y  r e fe renced ,  o r  v e r t i c a l l y  s t a b i l i z e d ,  p la t fo rm,  a s  

implemented i n  the  devices  descr ibed i n  the  l i t e r a t u r e  i n  Appendix A-5 from 

Humphrey I n c . ,  c o n s i s t s  of a  p la t form which i s  held h o r i z o n t a l  r e l a t i v e  t o  

g r a v i t y  by a  mechanical l inkage  t o  a  v e r t i c a l  gyro. Accelerometers mounted on 



t h i s  p la t fo rm sense h o r i z o n t a l  and v e r t i c a l  a c c e l e r a t i o n .  P i t c h ,  r o l l ,  and 

yaw a r e  der ived from p ickof f s  on the v e r t i c a l  gyro gimbals ,  and p i t c h ,  r o l l ,  

and yaw r a t e s  a r e  der ived from case-mounted r a t e  sensors .  The number of 

sensors  implemented i n  a  system i s  o p t i o n a l .  

2.5 . I .  Rate Gyros. Three of t h e  r a t e  gyros included i n  Appendix A-5 a r e  

DC t o  DC systems and thus  they a r e  p a r t i c u l a r l y  a t t r a c t i v e  f o r  use i n  

automotive t e s t  systems. The Northrop P/N 68215 GIG5 r a t e  gyro may be 

obtained wi th  an i n p u t  power opt ion of 12 VDC (+5,  -I), 7 wa t t s  inpu t  

(s tandard inpu t  i s  28 VDC). An i n t e r n a l  i n v e r t e r  powers the  AC s p i n  motor and 

a  d i f f e r e n t i a l  t ransformer  p ickof f .  The pickoff  output i s  demodulated t o  

produce - +5 VDC ou tpu t .  It i s  a  medium-accuracy device  wi th  a  r a t e d  s e r v i c e  

l i f e  of 1000 hours minimum. The package s i z e  i s  2 x  2 x 3.5 i n c h e s ,  and i t  

c o s t s  $3250. 

The As t ronau t i c s  Corporation of America (ACA) r a t e  gyro ,  model P/N 

303780, has about the  same accuracy a s  the  above Northrop gyro ,  but  a t  $650 i t  

i s  about one f i f t h  the  p r i c e .  I t s  r a t ed  mean time between f a i l u r e  i s  g r e a t e r  

than 3000 hours .  However, i t  r e q u i r e s  28 VDC a t  0.5 amp inpu t  t o  power the  

b rush less  DC h a l l  e f f e c t  motor,  and +15 VDC a t  15 ma inpu t  t o  power the - 
o p t i c a l  pickoff  e l e c t r o n i c s  and t o  produce an output  of +4.8 VDC, The - 
package s i z e  i s  2.6 x  2.8 x 4 inches .  

Northrop produces a  high-accuracy angular  r a t e  sensor ,  PlN50303, using 

i t s  GIG6 r a t e  i n t e g r a t i n g  gyro i n  a  DC t o  DC package. Greater  p r e c i s i o n  i s  

obtained wi th  t h i s  system than wi th  standard r a t e  gyros.  O f  course ,  t h e  p r i c e  

i s  a l s o  h igher .  A s ing le -ax i s  package c o s t s  about $11,000. A 12 VDC, 8 watt  

input  op t ion  i s  a l s o  a v a i l a b l e  with t h i s  d e v i c e ,  and t h e  output  i s  +5 VDC. - 
Tne packagz s i z e  i s  2.5 x  4 x 4.3 inches .  

The Northrop r a t e  gyros a r e  a l s o  a v a i l a b l e  i n  two- and three-axis  

packages i n  only s l i g h t l y  l a r g e r  case  s i z e s .  The approximate c o s t  (obta ined 

by phone) f o r  a  two-axis s tandard r a t e  gyro package i s  $3400, and f o r  a  

two-axis r a t e  i n t e g r a t i n g  gyro system i s  $15,000. Three-axis u n i t s  cos t  $4200 

f o r  t h e  s tandard gyros  and $20,000 f o r  the  r a t e - i n t e g r a t i n g  gyros.  

I n  the  l e t t e r  of proposal  s e n t  with the  gyro s p e c i f i c a t i o n s  ( s e e  Appendix 



A - 5 ) ,  Northrop provided a  proposal  f o r  a  two-axis angle  measuring system based 

on the GIG6 r a t e  i n t e g r a t i n g  gyro a t  an approximate c o s t  of $17,850. D e t a i l s  

included i n  t h e  l e t t e r  were minimal. However, i n  a  telephone communication, 

Mr. H, Hyde ind ica ted  t h a t  the  angle  outputs  would be der ived by analog 

i n t e g r a t i o n  of t h e  r a t e  outputs  from a two-axis r a t e - i n t e g r a t i n g  gyro systeln. 

The package would be 5.3 x 4.2 x 3  inches  and i t  would opera te  on 12VDC, 30 

wa t t s  power. The output  would be - t 5  VDC scaled t o  5 degrees  p e r  v o l t .  A 

TTL i n p u t  s i g n a l  would be required t o  i n i t i a l i z e  the  i n t e g r a t o r s .  Mr. Hyde 

es t imated t h a t  an accuracy of 0.1 degree could be r e a l i z e d  over a  30-second 

i n t e g r a t i o n  per iod.  Of course ,  t h i s  package could be provided wi th  both r a t e  

and angle  ou tpu t s  i f  d e s i r e d ,  

2.5.2. Free Gyros and V e r t i c a l  Gyros. Severa l  conf igura t ions  of f r e e  

gyros and v e r t i c a l  gyros ,  with two degrees of freedom and a  pickoff  on each 

gimbal,  a r e  a v a i l a b l e  a s  s tandard des ign packages from Humphrey Inc ,  Mr. Jim 

Kaylor , a t  Humphrey, recommended model FG23-3602-1 f r e e  gyro o r  model 

VG24-0601-1 v e r t i c a l  gyro f o r  v e h i c l e  p i t c h  and r o l l  angle  measurements. Free 

d r i f t  i n  these  u n i t s  i s  about one degree per minute. Specia l  modif ica t ions  of 

s tandard des igns  a r e  r e a d i l y  accommodated by Humphrey. 

The Humphrey FG23-3602-1 f r e e  gyro has a  28 VDC s p i n  motor (400 ma 

running)  and po ten t iomet r i c  p i c k o f f s .  For improved s e r v i c e  l i f e  (1000 hours)  

an o p t i o n a l  115 VAC, 400 Hz motor can be used. A p l a s t i c  element pickoff  

potent iometer  wi th  f u l l - s c a l e  e l e c t r i c a l  t r a v e l  a s  smal l  a s  +I0  degrees can - 
be provided a s  an op t ion  f o r  an a d d i t i o n a l  c o s t  of $500. The b a s i c  u n i t  c o s t  

i s  $5290. It weighs about 1.8 pounds i n  a  case  about 2.5 inches  i n  diameter 

and 4.8 inches  long.  Its shock r a t i n g ,  non-operating,  i s  about 20 g ' s ,  11 ms. 

The Humphrey VG24-0601-1 v e r t i c a l  gyro  employs a  115 VAC (190 ma 

running)  s p i n  motor and po ten t iomet r i c  p i c k o f f s .  It weighs 2.3 pounds and i s  

about 3.3 inches  i n  d iameter  and 5.5 inches  long.  I t s  p r i c e  i s  $3700. I t s  

shock r a t i n g ,  non-operation, i s  40 g ' s ,  20 ms. 

Humphrey a l s o  manufactures gyro-s tab i l i zed  pla t form systems which opera te  

from 12 VDC power and a r e  designed f o r  automotive t e s t i n g ,  These systems 

provide up t o  t h r e e  a x i s  measurements of angle  and a c c e l e r a t i o n ,  referenced t o  

the  v e r t i c a l ,  and angular  r a t e  referenced t o  t h e  ins t rument  case.  Pr ices  



range from about $25,000 t o  $45,000,  depending on t h e  number of sensors  and 

o t h e r  op t ions .  For example, the  Model SA07-0301-1 provides outputs  of p i t c h  

and r o l l ,  l o n g i t u d i n a l  and l a t e r a l  a c c e l e r a t i o n ,  and yaw r a t e ,  Including a  

remote c o n t r o l  box, i t  c o s t s  $25,800. S p e c i f i c a t i o n s  on the  Humphrey 

s t a b i l i z e d  pla t form systems a r e  i n  Appendix A-5. 

Cour ter ,  I n c . ,  a  s u b s i d i a r y  of Bendix Guidance Systems Div i s ion ,  

manufactures f r e e  gyros and v e r t i c a l  gyros .  These a r e  nominally the same 

q u a l i t y ,  s i z e ,  weight ,  and c o s t  of the  Humphrey devices .  Mr. Moody a t  Courter 

s t a t e d  t h a t  Humphrey i s  t h e i r  main compet i tor .  The motor i n  t h e  Courter  

des igns  may be "re-designed t o  s p e c i f i c  customer requirements ,"  f o r  example, 

115 V-400 Hz s i n g l e  phase ,  o r  DC. P ickoffs  may be f i l m  p o t e n t i o n e t s r s ,  

o p t i c a l  encoders ,  synchros ,  o r  r e s o l v e r s .  Courter and Humphrey were the  only 

manufacturers found t h a t  manufacture f r e e  gyros.  

The Singer Corporation,  Kear fo t t  Div i s ion ,  recommended the  use of t h e i r  C 

70 4101 030 v e r t i c a l  gyro  ( 3 . 3  x  3.3 x  3.8 i n c h e s )  and S 70 3184 e r e c t i o n  

a m p l i f i e r / c o n t r o l  u n i t  (5.7 x  5.7 x 4  inches ) .  This i s  a p r e c i s i o n  system 

designed f o r  shipboard a p p l i c a t i o n s .  I t s  r a t ed  s e r v i c e  l i f e  i s  2500 hours ,  

It c o s t s  approximately $25,000. Power required i s  115 VAC, 400 Hz. The p i t c h  

and r o l l  p i c k o f f s  a r e  three-phase synchro c o n t r o l  t r a n s f ~ r ~ n e r s .  Thus 

synchro- to-digi ta l  o r  synchro-to-analog conver te r s  must be added t o  convert  

the  ou tpu t s  t o  computer-input-compatible s i g n a l s .  Although these  requirements 

a r e  not  a t t r a c t i v e  f o r  automotive u s e ,  t h i s  system i s  i n d i c a t i v e  of the 

performance t h a t  can be obtained wi th  the  v e r t i c a l  gyro technology ( s e e  the  

s p e c i f i c a t i o n s  i n  Appendix A-5). When the  e r e c t i o n  loop i s  open, the  gyro 

d r i f t s  a t  l e s s  than 0.125 degree per  minute, Repea tab i l i ty  t o  the  e s t a b l i s h e d  

v e r t i c a l  i s  f i v e  a r c  minutes maximum. Typical  v e r t i c a l i t y  and synchro 

transform e r r o r s  a r e  t h r e e  a r c  minutes. Singer a l s o  manufactures r a t e  

i n t e g r a t i n g  gyros  ( f o r  example, the  K130A081 i n  Appendix 8-5). However, they 

do not  have a  s tandard package including loop c l o s u r e  e l e c t r o n i c s  l i k e  the  

Northrop u n i t s .  

Data was received from Lear S i e g l e r  on t h e i r  model 9010 s e r i e s  of 

d i r e c t i o n a l  gyros and model 9000 s e r i e s  of v e r t i c a l  gyros.  These a r e  

h igh-qual i ty  dev ices  with f r e e  d r i f t  r a t e s  of about 0.25 degree per minute. 

The motor power i s  115 VAC, 400 Hz. Pickoffs  a r e  synchro t r a n s m i t t e r ,  



reso lve r  t r a n s m i t t e r ,  o r  potent iometr ic .  These gyros have been used on such 

veh ic les  a s  h e l i c o p t e r s ,  drones ,  torpedoes ,  the Lunar Rover, and sh ips .  Some 

modif ica t ions  may be required f o r  automotive a p p l i c a t i o n s ,  p rov i s ions  f o r  

e r e c t i o n  system cut-out ,  f o r  example. The da ta  books a r e  not  c l e a r  on t h i s  

point .  T ~ P ,  d a t a  books d id  not  f i t  i n t o  t h e  appendix binder and thus they a r e  

separa te  from the  binder .  P r i ces  f o r  these  devices  a r e  i n  the  a r e a  of $8000, 

depending on model, o p t i o n s ,  e t c .  Shock r a t i n g s  a r e  15 to  40 g ' s ,  11 ms, 

depending on the  model. Despite the  disadvantage of the  AC input  and AC 

o u t p u t ,  these  u n i t s  appear worthy of s e r i o u s  cons ide ra t ion  f o r  the  d i r e c t  

measurement of p i t c h  and r o l l .  

Honeywell manufactures r a t e - i n t e g r a t i n g  gyros ,  bu t  d a t a  requested from 

Honeywell have not y e t  a r r i v e d .  When d a t a  a r e  received they w i l l  be forwarded 

t o  be added t o  Appendix A-5. 

Companies serving the  navigat ion requirements of t h e  p r i v a t e  a i r c r a f t  and 

l i g h t  a i r c r a f t  community were not  adequately surveyed i n  t h i s  s tudy ,  but may 

be worth looking a t  f o r  low-cost v e r t i c a l  gyro systems. King Radio, serving 

the  high end of t h i s  market ,  t h a t  i s  l i g h t  t o  medium execut ive  a i r c r a f t ,  i s  

sending d a t a  on t h e  King KVG 350 v e r t i c a l  gyro. This gyro provides e l e c t r i c a l  

outputs  t o  d r i v e  instrument panel d i sp lays .  ?lr. Dan Walker, of King Radio, 

provided minimal informat ion on the  phone. The device opera tes  on 28 VDC and 

c o s t s  about $4000. It i s  a d i r e c t  replacement f o r  the  Col l ins  model 332D11 

and t h e  Sperry VG14A. Mr. Walker pointed out t h a t  vacuum-driven gyros a r e  

a l s o  a v a i l a b l e .  These may be worth cons ide ra t ion  f o r  automobile t e s t  

a p p l i c a t i o n s .  Also,  he expressed r e s e r v a t i o n s  with respec t  t o  whether these  

ins t ruments ,  designed f o r  a i r c r a f t  u s e ,  were s u f f i c i e n t l y  rugged t o  t o l e r a t e  

f requent  moving from one veh ic le  t o  another .  Once i n s t a l l e d  they a r e  q u i t e  

r e l i a b l e ,  but  they must be handled c a r e f u l l y  during i n s t a l l a t i o n  and removal. 

When t h e  d a t a  a r e  received from King Radio, they w i l l  be forwarded to  be added 

t o  Appendix A-5. 

From our d i scuss ions  wi th  var ious  engineers  i n  the  aerospace indus t ry  

dur ing t h i s  hardware search program, we have gained the  impression t h a t  i t  

should be p r a c t i c a l  t o  de r ive  accura te  veh ic le  p i t c h ,  r o l l ,  and even yaw d a t a  

by i n t e g r a t i o n  of the outputs  from good angular r a t e  sensors  i n  the  

vehicle-handling t e s t  environment. In f a c t ,  g e n e r a l l y  the opinion was 



expressed t h a t  t h e  high-accuracy r a t e - i n t e g r a t i n g  gyro was an o v e r k i l l  f o r  the  

t a s k ,  Fur ther  e v a l u a t i o n  of t h i s  technique seems worthwhile. Also, g iven 

t h a t  t h i s  approach i s  v i a b l e ,  t h e  s tandard GRG5 r a t e  gyro DC t o  DC packages 

from Northrop a r e  p a r t i c u l a r l y  a t t r a c t i v e .  A th ree -ax i s  package weighs only 

two pounds i n  a case  approximately 2 x 4 x 4 inches.  It can be powered 

d i r e c t l y  from the  automobile 12 VDC buss drawing l e s s  than 1.5 amps. Two- o r  

one-axis packages a r e  even smal ler .  

Poss ib le  sources  of gyroscopic sensors  were s e l e c t e d  from a l i s t  under 

"Gyroscopest' i n  the  Thomas Regis t ry  and i n  the  E l e c t r o n i c  Engineers Master. 

Others were suggested by t h e  companies contacted.  The following i s  a l i s t  of 

a l l  the  companies contacted wi th  comments on t h e i r  response.  

American Design Components 

39A Lispenard S t .  

New York, N.Y.  10013 

( 2 1 2 )  966-5650 

S e l l s  s u r p l u s  equipment including va r ious  types  of gyros.  Over 

3000 i n  s tock .  C a l l  wi th  requirements.  A ca ta log  was 

reques ted ,  but  i t  has  not  a r r i v e d .  

As t ronau t i c s  Corp. of America 

P.O. Box 523 

Milwaukee, W I .  53201 

( 4 1 4 )  447-8200 

Mr. Herbert  J. Sandberg 

Sent d a t a  on r a t e  gyros. Company does not manufacture f r e e  

gyros o r  v e r t i c a l  gyros. 

Bel l  Aerospace 

Textron Divis ion 

Buffalo,  N.Y. 



( 7  16) 297-1000 

Mr. Hugh Neson 

Pr imar i ly  does aerospace  c o n t r a c t  work, Company does not  

manufacture a  s tandard l i n e  of gyroscope devices .  

Bendix Corp, 

The Guidance Systems Divis ion 

Teterboro,  N. J. 

(201 )  393-2789 

Mr. Torn 

Builds systems on c o n t r a c t  and s p e c i a l  o rde r  only.  Poss ibly  

would e n t e r  c o n t r a c t  t o  des ign and bu i ld  a  system t o  GM 

s p e c i f i c a t i o n .  P i t ch  and r o l l  measurement package would cos t  

over $20,000 d o l l a r s  each f o r  q u a n t i t y  of t h r e e  o r  four .  

Referred u s  t o  Cour ter ,  i n c . ,  a  Bendix subs id ia ry  i n  Boyne 

Mountain, Michigan, Mr. Steven Moody. 

Conrac Corp. 

Stanford Conn. 06901 

(203) 348-2100 

Company no longer  manufactures gyros 

Courter  , Inc.  

Subsidiary of Bendix Guidance Systems Divis ion 

Boyne C i t y ,  Michigan 40712 

(616) 582-6527 

Mr. Steven M. Moody 

Received d a t a  packet  inc lud ing  d a t a  on f r e e  gyros and v e r t i c a l  

gyros.  



GM Delco 

Avionics Div i s ion  

Elwaukee , WI. 
(414) 768-2283 

Mr. John Kaufman 

Manufactures r a t e - i n t e g r a t i n g  gyros f o r  use i n  in-house 

nav iga t ion  systems. Would des ign s p e c i a l  package f o r  

automotive measurements, using r a t e - i n t e g r a t i n g  gyros ,  bu t  cos t  

would be i n  the  $50,000 range.  Considered such a  package t o  be 

an o v e r k i l l .  

Honeywell 

Aerospace and Defense Systems 

Minneapolis, Minn. 

(612) 378-4384 

Mr. Jack Eike 

Honeywell manufactures r a t e - i n t e g r a t i n g  gyros t h a t  may be 

app l i cab le .  Data s h e e t s  have not  been received y e t .  

Lear S ieg le r  Inc.  

Grand Rapids,  M I .  

(616) 241-7000 

Mr. Bob Parsons 

Received d a t a  on d i r e c t i o n a l  and v e r t i c a l  gyros.  

J e t  E l e c t r o n i c s  

Grand Rapids,  M I .  

(616) 949-6600 

Mr. Richard Otzman 



Manufactures a  p rec i s ion- ra te  gyro exc lus ive ly  f o r  Gates Lear 

J e t .  Data was t o  be s e n t  t o  us  on the  assumption t h a t  i t  could 

be purchased from Lear J e t ,  but  the  information was not  

received.  J e t  E lec t ron ics  would be happy t o  e n t e r  a  

devslopment program with GM t o  bui ld  a  veh ic le  a t t i t u d e  

neasurelnent system. 

Sor throp Corp. 

Precis ion Products Div. 

E l  Monte, CA, 

(818)  579-2240 

Mr. Howard Hyde ( t e c h n i c a l )  

YT. Chuck Gonsalves ( s a l e s )  

Received d a t a  on the  l i n e  of p rec i s ion- ra te  gyros manufactured 

by Northrop, and an approximate cos t  proposal  f o r  a  p i t c h  and 

r o l l  angle  measurement system based on analog i n t e g r a t i o n  of 

p rec i s ion- ra te  gyro outputs .  Company sold a  s p e c i a l  three-axis  

r a t e  gyro and accelerometer package t o  GM f o r  use i n  crash 

b a r r i e r  t e s t i n g .  Company does not  manufacture f r e e  gyros o r  

v e r t i c a l  gyros .  

P rec i s ion  E lec t ron ics  & Instrumentation Co. 

Delray Beach, FL. 33444 

( 3 0 5  ) 276-031 

Company manufactures synchros and reso lve r s .  No gyros. 

Sanders Associates Inc ,  

Nashua, NH. 03060 

Company no longer  makes gyros.  



Sperry Gyroscope Divis ion  

Great  Neck N . Y .  

(516)  574-3111 

Mr. John Hobgood 

Company does not  make a  s t anda rd  l i n e  of f r e e  gyros o r  v e r t i c a l  

gyros .  P r imar i ly  does aerospace  c o n t r a c t  work. Suggested we 

c o n t a c t  GM Delco Avionics D i v i s i o n ,  Milwaukee, WI. 



3.0 DIGITAL DATA ACQUISITION 

The following s e c t i o n s  present  our views on d i g i t a l  d a t a  a c q u i s i t i o n  

app l i cab le  t o  veh ic le  motion measurement. Section 3.1 i s  a  d i scuss ion  of the  

UMTRI Data Acquis i t ion System. This i s  included t o  i n d i c a t e  the  q u a l i t i e s  we 

f e e l  a r e  iinportant i n  a  d a t a  a c q u i s i t i o n  system and how such q u a l i t i e s  are  

r e a l i z e d  i n  a  s p e c i f i c  hardware and software conf igurat ion.  Section 3 . 2  

considers the  c h a r a c t e r i s t i c s  of an " ideal"  system and explores the 

p o s s i b i l i t y  of developing a  near- ideal  system with a v a i l a b l e  hardware modules. 

Section 3.3 eva lua tes  th ree  packaged, commercially a v a i l a b l e  systems i n  l i g h t  

of the  d i scuss ion  of the i d e a l  system i n  the  previous sec t ion .  

3.1 UMTRI D i g i t a l  Data Acquis i t ion 

UPITRI has been using d i g i t a l  d a t a  a c q u i s i t i o n  i n  the l abora to ry  and i n  

veh ic les  s ince  1979.  Over the l a s t  f i v e  y e a r s ,  the system has evolved from a  

d i s t r i b u t e d  c o l l e c t i o n  of computer, t ape  recorder ,  analog condi t ioning box, 

and power supp l i es  t o  a  well-packaged, a l l  i n  one, a c q u i s i t i o n  u n i t .  Since 

the  system i s  used i n  both research and t e s t i n g  a c t i v i t i e s ,  i t  c a t e r s  t o  a  

wide v a r i e t y  of t r ansducers ,  sampling r a t e s ,  a c q u i s i t i o n  modes, con t ro l  

c a p a b i l i t i e s ,  and opera tor  feedbacks. Table 2 gives  a  summary of the  design 

cons ide ra t ions  t h a t  were incorporated i n t o  the  system. This design represen t s  

a depar tu re  from the  normally configured d a t a  a c q u i s i t i o n  system. From our 

experience with f i e l d  t e s t i n g  and l abora to ry  t e s t  machines, we found most 

e r r o r s  were due t o  improper s i g n a l  condi t ioning c a l i b r a t i o n ,  confusion over 

log s h e e t s ,  and breakdowns i n  communication between the t e s t  engineer and the 

system opera to r ,  The potentiometer adjustments and s i g n a l  switching involved 

i n  c a l i b r a t i o n  were both tedious  and e r r o r  prone. To e l imina te  these  

problems, computer-controlled s i g n a l  condi t ioning cards were developed. The 

t e s t  engineer conf igures  these  cards  ( v i a  hardware and sof tware)  f o r  a  given 

s e t  of t ransducers  and t e s t  parameters and the  c a l i b r a t i o n  i s  done 

automat ica l ly  by the  computer. The opera tor  need only e n t e r  simple commands 

t o  c a l i b r a t e  and acquire  da ta .  The computer records a l l  sca l ing  and log 

information on tape  with the d a t a  t o  properly document each t e s t .  Thus, 

c a l i b r a t i o n  and communication e r r o r s  a r e  s i g n i f i c a n t l y  reduced. The following 

s e c t i o n s  g ive  a  b r i e f  d i scuss ion  of the  major system elements and an overview 



-. 

Table 2 .  Summary of UMTRI-DAS Features  and Design Considerations 

Packaging 

1. Major components a r e  i n  one enclosure  which minimizes 
cabl ing and f a c i l i t a t e s  i n s t a l l a t i o n  

2 .  A l l  components a r e  a c c e s s i b l e  f o r  t roubleshoot ing and r e p a i r  

3. Analog outputs  a r e  monitored from the  f r o n t  panel  

4 .  A l l  t ransducers  use the  same type of connector 

Analog S igna l  Conditioning 

1. Provis ions  f o r  a wide v a r i e t y  of  t ransducers  

2 .  Accurate and r e l i a b l e  s i g n a l  condi t ioning 

3 .  Minimal potentiometer adjustments 

4 .  Automatic c a l i b r a t i o n  

5. F l e x i b l e  f i l t e r i n g  

6 .  F ie ld  rep laceab le  modules 

Data Acquis i t ion and Storage 

1. Sampling r a t e s  t o  1 K ~ z / c h a n n e l  

2 .  Tes ts  up t o  4 megabytes i n  length  

3. Re l i ab le  mass s to rage  f o r  da ta  and programs 

4 .  Setup information recorded on tape  

Operator I n t e r f a c e  

1. Real-time feedback of da ta  i n  engineer ing u n i t s  

2 .  P r i n t o u t  of da ta  i n  engineer ing u n i t s  (post  t e s t )  

3. Averaging and smoothing of d a t a  

4 .  Diagnostic c o n t r o l  of analog system from keyboard 

5. F l e x i b l e  c o n t r o l  of s t a r t  and terminat ion of t e s t s  

6. Operator s e l e c t i o n  of t e s t  parameters from keyboard 

Test  Documentation 

1. Date and time stamping of t e s t s  

2 .  Test  i d e n t i f i c a t i o n  and opera to r  comments a r e  recorded 
wi th  t e s t  d a t a  

3 .  A l l  s c a l i n g  information i s  recorded wi th  the  da ta  

4 .  Permits logging of o t h e r  t e s t  parameters 



of how t h e  system ope ra t e s .  

The UMTRI Data Acqu i s i t i on  System (UMTRI-DAS) i s  shown i n  t h e  photographs 

i n  F igures  1-4 and diagrammed i n  Figure 5. The system c o n s i s t s  of t h r e e  

main subas sembl i e s :  computer ,  t a p e  r e c o r d e r ,  and ana log  s i g n a l  cond i t i on ing  

u n i t .  These u n i t s ,  a long  wi th  t h e  a p p r o p r i a t e  power s u p p l i e s ,  a r e  mounted i n  

an e n c l o s u r e  t h a t  i s  approximately 16  inches  wide by 12 inches  h i g h  by 21  

i nches  deep.  A removable t op  pane l  ( v i a  f o u r  s c r ews )  p rov ides  easy acces s  t o  

a l l  of t h e  system components. The c a b l e s  a r e  convenient ly  routed  and the  

backplanes a r e  a p t l y  s i t u a t e d  so  t h a t  any board can be plugged i n t o  an 

ex t ende r  f o r  t r o u b l e s h o o t i n g  and r e p a i r .  Each analog channel  has  i t s  own 

t r a n s d u c e r  connector  mounted a t  t h e  back panel  and ou tpu t  ~ n o n i t o r  j acks  on t h e  

f r o n t  pane l .  Tapes a r e  i n s e r t e d  through t h e  f r o n t  panel  and a r e  s e c u r e l y  

l a t c h e d  i n  p l ace .  Only a  keyboard and CRT d i s p l a y  a r e  e x t e r n a l  t o  t he  system 

enc losu re .  

Computer 

The main c o n t r o l  e lement  of UMTRI-DAS i s  a Texas Ins t ruments  

microcomputer t h a t  i s  based on t h e  TM990 s e r i e s  microcomputer modules. The 

modules and so f tware  a r e  s p e c i f i c a l l y  des igned  f o r  t h e  i n d u s t r i a l  r ea l - t ime  

110 environment. The system c o n s i s t s  of a  CPU and memory module, combination 

memory and 110 module, and an  analog 1/0  module. The CPU i s  a t r u e  16-b i t  

p roces so r  ( 1  megabyte a d d r e s s i n g )  w i th  a  unique memory-to-memory a r c h i t e c t u r e  

t h a t  a l l ows  f a s t  response  t o  and p roces s ing  of i n t e r r u p t s .  The combinat ion of 

memory-mapped 110 and s e r i a l l y  d r i v e n  I / O  s i m p l i f i e s  i n t e r f a c e  des igns .  The 

combinat ion board s u p p l i e s  f i Y  and EPROM, and op to - i so l a t ed  i n p u t s  and 

o u t p u t s .  The ana log  110 module i s  comprised of a  p r o t e c t e d  i n p u t  m u l t i p l e x e r  

(16 channe l s  -- expandable t o  256), a so f tware  programmable g a i n  

i n s t r u m e n t a t i o n  a m p l i f i e r  ( g a i n s  of 1 , 2 ,  4 ,  and 8 ) )  a sample and h o l d ,  a  

12 -b i t  A I D  c o n v e r t e r ,  and two 12-b i t  D/A c o n v e r t e r s .  An UMTRI-designed t ape  

c o n t r o l l e r  board p rov ides  t h e  i n t e r f a c e  t o  t h e  t a p e  r e c o r d e r  and a l s o  f i v e  

programmable 16-b i t  c o u n t e r s  which c o n t r o l  d a t a  c o l l e c t i o n  r a t e s ,  f i l t e r  

c l o c k s ,  debouncing c l o c k ,  and any d i g i t a l  s e r i a l  i n p u t s .  



F i g u r e  1. UNTRI-DAS F ron t  View. 

F i g u r e  2 .  LNTRI-DAS Rear View. 



F i g u r e  3. UMTRI-DAS Rear  Q u a r t e r  View. 

F i g u r e  4 .  LlMTRI-DAS Top View. 
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Tape Recorder 

The tape  recorder  i s  a  3M HCD-75 High Capacity Data Car t r idge System. 

Each c a r t r i d g e  con ta ins  600 f e e t  of 1/4" tape  with a  capac i ty  of 67.1  

megabytes (65,536 1024-byte blocks t h a t  a r e  randomly a c c e s s i b l e ) .  The two 

p r i n c i p a l  components of the  system, a  d r i v e  module and c o n t r o l l e r  module, have 

t h e i r  own microprocessors.  The d r i v e  module has a  s t a b l e  basepla te  t h a t  

al lows repea ted ,  accura te  pos i t ion ing  of t h e  c a r t r i d g e ,  a  microprocessor 

con t ro l l ed  d i g i t a l  speed se rvo ,  r e a d l w r i t e  e l e c t r o n i c s  with d i g i t a l  gain  

c o n t r o l ,  and s t epper  motor head pos i t ion ing .  The d i g i t a l  des ign e l imina tes  

a l l  potentiometer adjustments.  The c o n t r o l l e r  module inc ludes  a  f u l l y  

buffered (dua l  1024-byte 110 b u f f e r s ) ,  asynchronous p a r a l l e l  i n t e r f a c e .  The 

c o n t r o l l e r  i s s u e s  motion commands t o  t h e  d r i v e  module, p o s i t i o n s  t h e  tape t o  

the  c o r r e c t  r ecord ,  formats the  d a t a  b lock,  adds CRC and e r r o r  co r rec t ion  

frames on w r i t e ,  performs e r r o r  d e t e c t i o n  and c o r r e c t i o n  on read ,  and keeps 

t r ack  of and s k i p s  over bad blocks on the  tape .  The system does s e v e r a l  

s e l f - t e s t s  and adjustment procedures automat ica l ly  on power-up and c a r t r i d g e  

i n s e r t i o n .  It has proven t o  be a  convenient and r e l i a b l e  mass s torage device.  

Analoe Signal  Conditioning Unit 

The analog condi t ioning u n i t  i s  made up of a  backplane, a  c o n t r o l  c a r d ,  

and from 1  t o  16 s i g n a l  condi t ioning cards .  The c o n t r o l  card provides address 

decoding and genera tes  the  c o n t r o l  s i g n a l s  t h a t  a r e  supplied through the  

backplane t o  the  ind iv idua l  a m p l i f i e r  cards .  A l l  t ransducer  inpu t s /ou tpu t s  

and a inpl i f ier  outputs  a r e  a l s o  routed through the  backplane ( s e e  Figure 6 ) .  

A s i g n a l  condi t ioning card i s  shown i n  the  photographs i n  Figures 7 and 

8 ,  and diagrammed i n  Figure 9 .  The primary component i s  an Analog Devices 

2B31 Signal  Conditioning Module ( a l l  components wi th in  t h e  dashed l i n e s  i n  

Figure 9 ) .  This module con ta ins  a  high-performance ins t rumenta t ion ampl i f i e r  

with inpu t  p r o t e c t i o n  t o  130 v o l t s  RMS, a  buf fe r  a m p l i f i e r ,  a  three-pole 

f i l t e r ,  and a  p r e c i s i o n  e x c i t a t i o n  r e g u l a t o r .  The o the r  components on the 

card provide automatic c a l i b r a t i o n  c a p a b i l i t i e s  and f l e x i b l e  ga in  and 

t ransducer  conf igura t ions .  

The t ransducer  i s  l inked t o  the  card v i a  a  nine-pin connector and an 110 



F i g u r e  6 .  Analog Backplane 

F i g u r e  7 .  S i g n a l  C o n d i t i o n i n g  Card 
F i g u r e  8. S i g n a l  C o n d i t i o n i n g  Card 

w i t h  LVDT Module. 
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progranming d ip  header.  Jumpers on t h i s  header  provide t h e  t r a n s d u c e r ' s  

e x c i t a t i o n  ( - + 15 f o r  servo accelerometers  and yaw r a t e  gyros and 0-10 v o l t  

with remote sense f o r  s t r a i n  gauges and po ten t iomete r s )  and r o u t e s  t h e  

t ransducer  o u t p u t ( s )  through the  c a l  r e l a y  t o  t h e  ins t rumenta t ion  a m p l i f i e r .  

The photograph i n  Figure 8 shows an o p t i o n a l  LVDT module mounted on the  card 

t h a t  can provide AC e x c i t a t i o n  and s i g n a l  condi t ioning f o r  LVDTs. By 

swi tching t h e  c a l i b r a t i o n  r e l a y ,  t h e  computer can disconnect  t h e  t ransducer  

from the  a m p l i f i e r  and apply a  D/A-generated c a l i b r a t i o n  s i g n a l  t o  the  

a m p l i f i e r  i n p u t .  This process  permits  t h e  computer t o  measure the o f f s e t ,  

g a i n ,  and l i n e a r i t y  of each s i g n a l  condi t ioning card.  In a d d i t i o n ,  an 8-bi t  

D/A on the  card provides  a  computer-generated s i g n a l  t o  cancel  any o f f s e t s  v ia  

t h e  t r ansducer  output  o r  s i n g l e  condi t ioning c i r c u i t r y .  The remaining d i p  

headers  provide convenient  and f l e x i b l e  ways t o  s e t  g a i n s ,  g a i n  ranges of the  

a m p l i f i e r s ,  and the  cu to f f  frequency of t h e  f i l t e r .  

Operation 

Given a  s p e c i f i c  s e t  of t r ansducers ,  t h e  t e s t  engineer  f i r s t  conf igures  

the  analog s i g n a l  cond i t ion ing  ca rds .  The proper d i p  headers  f o r  ga in  range 

and f i l t e r  c u t o f f  a r e  i n s e r t e d  i n  the  cards  and nominal o f f s e t  and g a i n  

adjus tments  a r e  made. These adjustments a r e  f a c i l i t a t e d  by t h e  d iagnos t i c  

commands incorporated i n  t h e  system sof tware .  Next, the  t e s t  se tup  

informat ion i s  en te red  and recorded on t ape .  The conf igura t ion  of the  analog 

ca rds  and the typing of t h e  se tup  informat ion i s  u s u a l l y  done only once per 

s e t  of t r ansducers .  Henceforth,  the  opera to r  need only e n t e r  "RDSET" ( read 

s e t u p )  and a f i l e  name t o  i n i t i a l i z e  t h e  system. An example channel l i s t  i s  

g iven i n  Table 3 .  Names, u n i t s ,  s c a l i n g  informat ion,  t r ansducer  type ,  and 

output  format a r e  u s u a l l y  entered only once. Sampling r a t e ,  s t a r t  and s top  

modes, and monitor channels a r e  a l s o  s e l e c t e d  a t  t h i s  time. Once the  above 

informat ion i s  en te red  v i a  keyboard or  t a p e ,  t h e  system i s  ready f o r  

c a l i b r a t i o n  and d a t a  c o l l e c t i o n .  

The c a l i b r a t i o n  sequence i s  s t a r t e d  by typing "CAL." A l l  o r  s e l e c t e d  

channels a r e  then c a l i b r a t e d  (Figure  10 g i v e s  a sample c a l i b r a t i o n  o u t p u t ) .  

The c u r r e n t  zero  d a t a  and peak-to-peak no i se  values  a r e  p r i n t e d .  If the  ze ro  

i s  g r e a t e r  than .040 v o l t s ,  then the  o f f s e t  i s  au tomat ica l ly  nu l l ed  ( t o  + - 
,040 v o l t s ) .  This zero  value  i s  s to red  and subsequently sub t rac ted  from a l l  



Table 3. Example Channel L i s t  
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F i g u r e  10. Sample C a l i b r a t i o n  O u t p u t .  



d a t a  readings.  Next, t h e  ga in  of the  channel i s  measured by e i t h e r  engaging a  

shunt c a l  r e l a y  f o r  br idges  or  by pu t t ing  i n  an 11-point s t a i r c a s e  waveform, 

measuring the  channel o u t p u t ,  and performing a l i n e a r  r eg ress ion  t o  c a l c u l a t e  

the  gain .  The r e s u l t a n t  f u l l  s c a l e  i n  engineering u n i t s  i s  then repor ted ,  

After  the c a l i b r a t i o n ,  d a t a  c o l l e c t i o n  can begin. Tes ts  can then be s tored on 

t a p e ,  p r in ted  on the  s c r e e n ,  or analyzed.  A summary of the  system commands i s  

given i n  Table 4 .  

3 . 2  Idea l  System 

This s e c t i o n  desc r ibes  what we f e e l  i s  an i d e a l  system f o r  large-scale  

v e h i c l e  t e s t  programs. .Although such a  system may be una t t a inab le  ( a s  of 

1984),  i t  can be used t o  judge the  m e r i t s  of a v a i l a b l e  commercial systems and 

suggests  a  des ign approach t h a t  i s  subsequently discussed.  

As can be seen i n  Figure 11, t h e  veh ic le  computer i s  only a  p a r t  of the  

t o t a l  a c q u i s i t i o n  and processing system. I d e a l l y ,  i t  should be s t rong ly  

coupled t o  t h e  analog s i g n a l  condi t ioning.  It should provide o f f s e t ,  g a i n  and 

f i l t e r i n g  c o n t r o l ,  and thorough c a l i b r a t i o n  and d i a g n o s t i c  func t ions .  In 

t u r n ,  t h e  analog condi t ioning channels should be a s  u n i v e r s a l  a s  p o s s i b l e ,  

providing e x c i t a t i o n ,  a m p l i f i c a t i o n ,  and f i l t e r i n g  f o r  any of the t ransducers .  

By allowing software t o  conf igure  a  f l e x i b l e  system, opera to r  in te rven t ion  and 

e r r o r s  can be minimized, The veh ic le  system should be s m a l l ,  l i g h t ,  durable  

(few moving p a r t s  and e x t e r n a l  c a b l e s ) ,  and ab le  t o  opera te  from 12 v o l t s .  

The l abora to ry  and v e h i c l e  computers should be based on the  same 

microprocessor,  and i f  p o s s i b l e ,  t h e  same operat ing system. In a d d i t i o n ,  the  

on-vehicle d a t a  s to rage  medium should appear a s  a standard system device .  By 

matching the  two sys tems,  software development, maintenance, and d a t a  handling 

could be s impl i f i ed .  Programs could be w r i t t e n  o r  changed on the  l abora to ry  

computer and then t r a n s f e r r e d  t o  the  veh ic le  computer. Data could be 

t r a n s f e r r e d  by using a  s i n g l e  system command ( e .g . ,  copy f i l e s  from device A 

t o  device  B). The l abora to ry  computer should be one t h a t  i s  r e a d i l y  

a v a i l a b l e ,  e a s i l y  maintained,  and f u l l y  supported (hardware and sof tware) .  It 

should have the  process ing power and the  f i l e  c a p a b i l i t i e s  t o  process  the  raw 

d a t a  from the  v e h i c l e  and t o  s t o r e  and d i s p l a y  the  r e s u l t s  t o  the  t e s t  

engineer.  Commercial communications software should be a v a i l a b l e  t o  permit 



Table 4 .  UMTRI-DAS Command Summary 

Experimental Setup 

SETUP - Input se tup  information (channel number, I D ,  t ransducer  
type ,  and gain i n £  ormation) 

ACHAE - Add a  channel 

DCHAN - Delete a  channel 

CHCH - Change the  se tup  f o r  a  s p e c i f i c  channel 

ESET - Edi t  se tup  information 

MODE - S e l e c t  sampling frequency and s t a r t  and s t o p  modes 

SDATA - S e l e c t  d a t a  channels 

RCSET - Record se tup  information t o  tape 

RDSET - Read se tup  information from tape  

TSTID - I n d i c a t e  o v e r a l l  t e s t  type,  e . g . ,  "Step S tee r"  

Pre-Test Ac t iv i ty  

SMON - S e l e c t  d a t a  channels t o  monitor on the  sc reen  during 
d a t a  taking (two groups of up t o  4 channels)  

MONO - S e l e c t  monitor group 0 

M O N l  - S e l e c t  monitor group 1 

CAL - Cal ib ra te  the s i g n a l  condi t ioning cards  

Data Taking and Display 

DATA - Collect  d a t a  a s  s p e c i f i e d  by SDATA and MODE commands 

SAVE - Record d a t a ,  s e t u p ,  and comments t o  tape  

M O N I T  - Display d a t a  channels on the  CRT but  do not c o l l e c t  

IRPLY - I n s t a n t  r ep lay  of l a s t  run 

Pos t-Test 

PDATA - P r i n t  d a t a  t o  screen 

ANLZ - Calcula te  averages and maximums and minimums 

FVAL - Find the  f i r s t  occurrence of a  s p e c i f i e d  va lue  on a  
s p e c i f i e d  channel 

LIST - L i s t  the  t e s t s  on the  tape 

Diagnostics 

RELAY - Turn a  c a l  r e l a y  on o r  off  

CALOA - Put out  a  c a l i b r a t i o n  s i g n a l  of a  s p e c i f i e d  vo l t age  

OFF - Offse t  a  s p e c i f i e d  channel by a  s p e c i f i e d  vo l t age  

SHUNT - Turn a  shunt  c a l  r e l a y  on o r  o f f  

REST0 - Restore the  analog u n i t  t o  a  previous conf igura t ion  

TERR - I n d i c a t e  cause of t ape  e r r o r  
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t h e  t r a n s f e r  of raw o r  processed d a t a  t o  a  mainframe computer o r  another 

l abora to ry  computer a t  a  d i f f e r e n t  s i t e .  F i n a l l y ,  both the  veh ic le  and 

l abora to ry  systems should be inexpensive and r e a d i l y  a v a i l a b l e .  

A Poss ible  A ~ ~ r o a c h  

Because of t h e  a v a i l a b i l i t y  of the  IBM-PC, and i t s  wide use i n  the  GM 

vehicle-handling group,  a  PC-based system i s  a t t r a c t i v e .  The major d i f f i c u l t y  

i s  i n  f ind ing  a  PC-compatible computer t h a t  meets the  requirements of the 

in-vehic le  system. A "PC-like" por tab le  might be used ,  but i t  might be 

d i f f i c u l t  t o  i n t e g r a t e  i n t o  a system package. We would recommend the  approach 

used i n  the  UMTRI-DAS of packaging off-the-shelf  components i n t o  a  s i n g l e  

enclosure .  

An IRM-PC compatible system can be b u i l t  from an I-BUS Systems Nodel R188 

single-board computer and an I-BUS s i x -  or  n ine-s lo t  chass i s  ( see  Appendix B-1 

f o r  d a t a  s h e e t s ) .  This system i s  compatible with a l l  PC expansion cards  and 

when equipped wi th  the  ROM B I O S  can execute PC-DOS. Ins tead of a  f loppy d i sk  

d r i v e ,  a  bubble memory board or  a  bubble "floppy" i s  used a s  the primary mass 

s to rage  device  ( see  d a t a  s h e e t s ) .  The remaining boards (memory with c lock ,  

CRT a d a p t e r ,  and A/D) can be purchased from any of s e v e r a l  vendors. 

Four p o s s i b l e  "PC" systems a r e  diagrammed i n  Figures 12-15. Each 

system inc ludes  the  base system a s  summarized i n  Table 5 ,  a  d i f f e r e n t  mass 

s torage conf igura t ion ,  a  s i g n a l  condi t ioning and f i l t e r  u n i t ,  CRT, and 

keyboard. It i s  poss ib le  t h a t  the  CRTs and keyboards i n  the  c u r r e n t  ZM system 

could be used. An analog c o n t r o l  card (wired on a prototype ca rd )  i s  a l s o  

required.  

System 1 i s  equipped with a  Hicomp o r  Helix 512 K bubble memory board 

( see  Appendix B-1). E i t h e r  board comes with software t h a t  enables floppy 

emulation. Both programs and d a t a  a r e  s to red  i n  the  memory. When the  memory 

i s  f u l l  ( a f t e r  approximately 13 minutes of d a t a  of 8 channels a t  40 H z ) ,  t he  

veh ic le  i s  re turned t o  the l abora to ry  and t h e  d a t a  t r a n s f e r r e d  t o  the  

l abora to ry  computer v i a  a  RS-232 l i n k  ( t a k i n g  approximately 12-13 minutes a t  

9600 band). This i s  t h e  l e a s t  expensive system. 
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Table 5 .  "PC" Base System 

P a r t  Estimated Cost 
- 

1. I-BUS R188 CPU board wi th  BIOS  

2 .  I-BUS n ine - s lo t  chass i s  

3 .  AST memory expansion,  c lock,  and 
s e r i a l  p o r t  

4 .  Data t r a n s l a t i o n  A / D  

5. CRT adaptor  

6.  DC/DC conver ter  

7 .  System enc losure  and fan  

Base System Tota l  $3839 



System 2 i s  t h e  same as  System 1 ,  except  f o r  an added floppy d i s k  

c o n t r o l l e r  and d r i v e .  The c o n t r o l l e r  i s  r e s i d e n t  i n  the  system, but the  d r i v e  

i s  e x t e r n a l .  When the  bubble memory i s  f u l l ,  t h e  d r i v e  i s  plugged i n  and the  

d a t a  t r a n s f e r r e d  v i a  a  copy command (3-4 minutes) .  The d r i v e  would be kept a t  

some convenient  s t a t i o n a r y  l o c a t i o n .  

The t h i r d  system uses  t h e  Targa So l id r ive  and a  f loppy d i s k  c o n t r o l l e r .  

The S o l i d r i v e  i s  a  s o l i d - s t a t e  f loppy d i s k  emulation system t h a t  employs 

removable bubble c a r t r i d g e s  ( s e e  Appendix B-1 ). The d r i v e  r e q u i r e s  no s p e c i a l  

sof tware  t o  opera te  a s  a 5-114 d i s k  emulator.  It even has the  same power and 

d a t a  connectors as a normal 5-1/4 f loppy.  When the  bubble c a r t r i d g e  i s  f u l l ,  

i t  i s  simply replaced by a  d i f f e r e n t  c a r t r i d g e .  A second d r i v e  would be 

purchased f o r  t h e  l abora to ry  system t o  a l low t r a n s f e r  t o  r e a l  f l o p p i e s .  This 

c o n f i g u r a t i o n ,  however, i s  much more expensive than Systems 1  o r  2 because the 

c a r t r i d g e s  c o s t  about S1,500 each and a  minimum of two o r  t h r e e  c a r t r i d g e s  

would be needed. 

The f o u r t h  system uses  the  Advanced D i g i t a l  Information Corporat ion 's  

Data Library  Storage System ( s e e  Appendix B-1) a s  the  on-vehicle mass s t o r a g e  

system. This t ape  system employs t h e  same 3M tape  recorder  t h a t  i s  used i n  

UMTRI-DAS, along wi th  an IBM-compatible c o n t r o l l e r  and software.  The 64 

megabytes of s t o r a g e  appears t o  t h e  I B M  a s  s i x  s e p a r a t e  10-megabyte d i s k s .  

The Data Library  opera tes  from 110 v o l t s  and would t h e r e f o r e  r e q u i r e  an 

i n v e r t e r ,  Although l a r g e r  than t h e  dev ices  d iscussed above, i t  would make the  

system more s u i t a b l e  f o r  high-frequency, extended-length t e s t s .  The Data 

Library  should a l s o  be considered as an a r c h i v a l  s to rage  device  f o r  the  

l abora to ry  system. 

A l l  of  t h e  above systems r e q u i r e  an analog s i g n a l  condi t ioning and f i l t e r  

u n i t .  This u n i t  would have a  backplane holding 8  t o  10 a m p l i f i e r  ca rds .  A 

computer-controlled s i g n a l  condi t ioning card i s  depic ted  i n  Figure 16. This 

card i s  very  s i m i l a r  t o  the  UMTRI-DAS card wi th  two major except ions .  The 

ins t rumenta t ion  a m p l i f i e r  i n  the  UMTRI-DAS card i s  replaced wi th  a  

programmable ga in  a m p l i f i e r  which provides  ga ins  of 1 ,  2 ,  4 ,  8 ,  16,  32,  64, 

128, 256,  512, and 1024 and,  i f  necessa ry ,  an 8-bi t  mul t ip lying D / A  conver te r  

t o  a l low more s p e c i f i c  s c a l i n g  ( i . e . ,  t o t a l  ga in  (GT = GpCA x GD/*, with 

GDIA = ~ 1 2 5 6  where x = 1 ,2 ,3 .  ... 256)) .  The f i l t e r  i s  a l s o  replaced by a  





switched-capacitor f i l t e r  whose cu to f f  frequency i s  p ropor t iona l  t o  a clock 

provided by the  computer. The computer (and t h e r e f o r e  sof tware)  can con t ro l  

t h e  g a i n ,  o f f s e t ,  and f i l t e r  c u t o f f .  The c a l i b r a t i o n  r e l a y  would al low the  

computer t o  ensure  proper opera t ion .  An 8-card system would probably c o s t  

around $2,000, assuming a p r i n t e d  c i r c u i t  board implementation. 

Estimated c o s t s  f o r  a l l  of the  systems a r e  g iven i n  Table 6. If a CRT 

and keyboard a r e  r e q u i r e d ,  $250 t o  $350 should be added. 

3.3 Commercial Systems 

Most of t h e  commercial d a t a  a c q u i s i t i o n  systems today a r e  e i t h e r  

l abora to ry  systems or  slow d a t a  loggers .  The l abora to ry  systems usua l ly  r e l y  

on floppy or  hard d i s k s  f o r  mass s t o r a g e  and a r e  inappropr ia te  f o r  a veh ic le  

app l i ca t ion .  The d a t a  loggers  a r e  more rugged but l ack  the  speed and s to rage  

c a p a b i l i t y  f o r  t h i s  a p p l i c a t i o n .  Only t h r e e  systems could be found t h a t  might 

be s u i t a b l e :  Cyber Systems MiniDAS, Optim Megadac System 2000, and I thaco 

CompuDAS 3.  The key elements of t h e  systems a r e  summarized i n  Table 7 and 

d a t a  s h e e t s  a r e  located i n  Appendix B-2. 

Cyber Systems MiniDAS 

MiniDAS i s  a turnkey d a t a  a c q u i s i t i o n  system based on t h e  28002 16-bit 

microprocessor t h a t  inc ludes  a keyboard f o r  alpha numeric i n p u t ,  a CRT f o r  

opera to r  feedback,  and a DC-100 c a r t r i d g e  tape f o r  d a t a  s to rage  (300 K by te ) .  

It has s i g n a l  cond i t ioners  f o r  a wide v a r i e t y  of t ransducers  such a s  s t r a i n  

gauges,  thermocouples, LVDTs , RTDs , t h e r m i s t o r s ,  DC v o l t a g e ,  AC v o l t a g e ,  and 

frequency t o  vol tage .  Each card accommodates up t o  e i g h t  channels of t h a t  

s p e c i f i c  type of t ransducer .  This i s  convenient i f  s e v e r a l  channels of s t r a i n  

gauges o r  LVDTs a r e  used,  but can r e s u l t  i n  added expense i f  a number of 

d i f f e r e n t  t r ansducers  a r e  used i n  a s p e c i f i c  a p p l i c a t i o n .  Also, none of t h e  

cards  inc lude  a c t i v e  a n t i - a l i a s i n g  f i l t e r s .  This could n e c e s s i t a t e  h igher  

sampling r a t e s  and, t h e r e f o r e ,  h igher  volumes of d a t a  which would slow down 

d a t a  t r a n s f e r  t o  a l abora to ry  computer and the  subsequent process ing.  Some of 

the  ca rds  do conta in  a pass ive  RC network, but  they may not be adequate. 

A l t e r n a t i v e l y ,  the  u s e r  could supply a c t i v e  f i l t e r i n g .  



Tab le  6 .  Cost  E s t i m a t e s  

System 1 

Base sys t em 
Hicomp bubb le  memory 
Analog u n i t  

System 2 

Base sys tem 
Hicomp bubb le  
Floppy d i s k  c o n t r o l l e r  
Floppy d i s k  d r i v e  
Analog u n i t  

System 3 

Base sys tem 
Targa "disk" d r i v e  
Two bubb le  c a r t r i d g e s  @1,495  
Analog u n i t  

$10,329 ( n o t  i n c l u d i n g  d r i v e  
f o r  l a b o r a t o r y  system) 

System 4 

Base sys tem 
Tape sys tem 
Analog u n i t  
Conve r t e r  



Tab le  7. Command System Summary 

Cyber Sys tems Megadac I thaco  
MiniDAS System 2000 CompuDAS 3 

Programmable No No Yes 

C o n t r o l  Keyboard F r o n t  P a n e l  F r o n t  P a n e l  

D i sp l ay  9" CRT 80-Charac te r  40-Character  
L i q u i d C r y s t a l  D o t M a t r i x  

Speed 20K Hz 20K Hz 3.3R Hz 

Mass S t o r a g e  300K Byte DC-100 60Y Byte 601; Byte 
C a r t r i d g e  C a r t r i d g e  C a r t r i d g e  

Eng inee r ing  U n i t s  Yes No Yes 

Auto C a l i b r a t i o n  Yes No S o 

Data Dump RS232 IEEE-488 RS232 IEEE-488 RS232 

Analog Suppor t  S t r a i n  Gauges S t r a i n  Gauges S t r a i n  Gauges 
RT D RTD RT D 
Thermocouples Thermocouples Thermocouples 
Thermis t e r s  DC Vo l t age  
DC-LVDT 
AC-LVDT 
DC Vo l t age  
AC Vo l t age  
Frequency t o  Vo l t age  

A c t i v e  An t i -A l i a s ing  No No No 

S i z e  1 0 . 5 ~ 1 7 ~ 3 4  1 2 . 2 5 ~ 1 9 ~ 2 1  1 0 . 5 ~ 1 6 . 5 ~ 2 2 . 2 5  

Weight 75 l b s  50-60 l b s  60-75 l b s  

Approx. Power 200 W 120 W 300 W 

Approx. Cost $16,500 $17,000 $14,000 



Because t h e  MininDAS package i s  34 inches  deep,  i t  i s  un l ike ly  t h a t  i t  

would f i t  on the  passenger s e a t  i n  a  c a r .  

The firmware inc ludes  power-on d i a g n o s t i c s  , se tu?  programming including 

t e s t  i d e n t i f i c a t i o n  and channel names, auto  c a l i b r a t i o n ,  . la ta  a c q u i s i t i o n ,  and 

t r a n s f e r  func t ions .  The se tup  information can be recorded on tape  and read 

back l a t e r  t o  e l i m i n a t e  repeated e n t e r i n g  of t ransducer  conf igura t ions .  Auto 

c a l i b r a t i o n  i s  s i m i l a r  t o  UMTRI-DAS except t h a t  o f f s e t s  a r e  not  nul led  but 

simply recorded.  R e s i s t o r s  a r e  shunted ac ross  one arm of the bridge f o r  

s t r a i n  gauge c a l i b r a t i o n  and a  four- level  vol tage  s t a i r c a s e  i s  appl ied  f o r  

o t h e r  a m p l i f i e r  channels .  Af ter  a  c a l i b r a t i o n ,  a l l  d a t a  a r e  represented i n  

engineer ing u n i t s .  Data s to red  on t ape  can be t r a n s f e r r e d  t o  the  l abora to ry  

computer v i a  a  IEEE-488 l i n k .  It appears  t h a t  a l l  commands f o r  t h i s  process 

o r i g i n a t e  not  from t h e  computer, bu t  through opera to r  inpu t s .  This could make 

d a t a  dumping a  t ed ious  endeavor. 

A t  f i r s t  look ,  MiniDAS appeared to  be very a t t r a c t i v e ,  but  consider ing 

i t s  s i z e ,  l ack  of f i l t e r s ,  and o p e r a t i o n a l  q u e s t i o n s ,  i t  may no t  be adequate 

f o r  t h i s  a p p l i c a t i o n .  

Megadac System 2000 

The Megadac System 2000 i s  a  high-speed d a t a  a c q u i s i t i o n  system t h a t  can 

be used a s  a stand-alone u n i t  or  a s  a  f r o n t  end f o r  another  computer. It has  

a  60-megabyte t ape  f o r  d a t a  s t o r a g e ,  an  80-character  LCD d i s p l a y  f o r  opera tor  

feedback,  and a  numeric keypad f o r  inpu t s .  It does not support  a s  many 

t r ansducers  a s  the  MiniDAS nor does i t  provide f o r  a u t o  c a l i b r a t i o n  func t ions .  

Like the MiniDAS, i t  has  no a n t i - a l i a s i n g  f i l t e r s .  It does have programmable 

g a i n  a m p l i f i e r s ,  al lowing f u l l  s c a l e  i n p u t s  from 25 mv t o  10 v o l t s .  There a r e  

no p rov i s ions  f o r  the  opera to r  t o  i n p u t  t e s t  i d e n t i f i c a t i o n  or  o t h e r  u s e f u l  

log-type informat ion (e .g . ,  v e h i c l e ,  t e s t  type ,  weather ,  e t c . ) .  It seems t h a t  

t h i s  system was optimized f o r  use wi th  a  hos t  computer a c t i n g  a s  a  c o n t r o l l e r .  

Data channels a r e  r e f e r r e d  t o  by numbers i n s t e a d  of meaningful names. 

Recorded d a t a  can be viewed on t h e  two-line d i s p l a y ,  but  no t  i n  engineer ing 

u n i t s ,  and t e s t s  cannot be convenient ly  named. It  would be d e s i r a b l e  t o  have 

a  quick look a t  a  d i r e c t o r y  of f i l e s  on t ape  so  t h a t  the  opera to r  can v e r i f y  

what t e s t s  have been done. It does not  appear l i k e l y  t h a t  t h i s  could be done 



on t h e  Megadac System. In summary, t h e  Megadac System 2000 i s  a  

high-performance data-capture  device  t h a t  l acks  some of the  u s e r  f r i e n d l i n e s s  

t h a t  i s  appropr ia te  f o r  t h i s  a p p l i c a t i o n .  

I thaco  CompuDAS 3 

CompuDAS 3 i s  a  programmable d a t a  a c q u i s i t i o n  system based on dua l  

80861280 a r c h i t e c t u r e ,  The base system con ta ins  128 K bytes  of 

e r r o r - c o r r e c t i n g  RAM, 64 K EPROM, a  b a t t e r y  backed-up real - t ime c l o c k ,  

mul t i - tasking opera t ing  system, two RS232 p o r t s ,  c h a s s i s ,  and power supp l i es .  

Severa l  f r o n t  panel  op t ions  a r e  required f o r  a  stand-alone system ( f r o n t  panel 

i n t e r f a c e  board,  micro-casset te  , 40 c h a r a c t e r  d o t  matr ix  d i s p l a y ,  and 

keyboard),  A 12-bi t  AID conver te r  wi th  i n d i v i d u a l  channel programmable g a i n s  

of 1 ,  3 ,  30,  100, 300, o r  1000 i s  a l s o  required.  A smal l  number of s i g n a l  

cond i t ion ing  cards  a r e  a v a i l a b l e ,  bu t  s i n c e  they l ack  a n t i - a l i a s i n g  f i l t e r s  

and automatic c a l i b r a t i o n  f e a t u r e s ,  they may be inadequate  f o r  t h i s  

a p p l i c a t i o n .  

Unlike t h e  o t h e r  two sys tems,  CompuDAS 3 i s  programmable. This f e a t u r e  

i s  both an a s s e t  and a  drawback. An a p p l i c a t i o n  program must be w r i t t e n  i n  

DABIL ( a  Basic wi th  rea l - t ime ex tens ions ) .  The system could be t a i l o r e d  f o r  

v e h i c l e  t e s t i n g  wi th  the  expense of l e a r n i n g  a  new language and opera t ing 

system and w r i t i n g  and t e s t i n g  of the  software.  A t  a  c o s t  of approximately 

$14,000,  t h i s  system i s  almost  twice t h e  p r i c e  of a  "PC system" and only 

provides t h e  packaging of the  hardware. 



4.0 DATA REDUCTION - OPTIMAL STATE ESTIMATION 

Vehicle "motion" sensors  g e n e r a l l y  a r e  a v a i l a b l e  i n  t h r e e  

c l a s s i f i c a t i o n s ,  v i z . ,  p o s i t i o n ,  v e l o c i t y  and a c c e l e r a t i o n  sensors .  Probably 

the  most common "complete" ins t rumenta t ion  s e t  f o r  the  measurement of sprung 

mass motions i s  t h e  combination of ( 1 )  a  v e r t i c a l  gyro  f o r  de r iv ing  s i g n a l s  

p ropor t iona l  t o  p i t c h  and r o l l  p o s i t i o n ,  ( 2 )  an angular r a t e  sensor  (genera l ly  

body-fixed) y i e l d i n g  a  s i g n a l  p r o p o r t i o n a l  t o  yaw r a t e  ( a s  modified by t h e  

r o l l  and p i t c h  i n c l i n a t i o n s  of the  body-fixed co-ordinate sys tem),  ( 3 )  and 

one,  two, o r  t h r e e  r e c t i l i n e a r  accelerometers  ( v e r t i c a l l y  s t a b i l i z e d  or  on the 

p r i n c i p a l  body axes)  from producing s i g n a l s  p ropor t iona l  t o  the  p r i n c i p a l ,  

l i n e a r  a c c e l e r a t i o n s  of t h e  sprung mass (modified by t h e  angular motion of the  

body f ixed  coord ina te  system i f  so mounted), and ( 4 )  a  "5th wheel" v e l o c i t y  

sensor  providing a  s i g n a l  p ropor t iona l  t o  l o n g i t u d i n a l  v e l o c i t y .  This group 

of sensors  g e n e r a l l y  provides d i r e c t  measurement of those sprung mass motion 

v a r i a b l e s  ( o r  c lose  approximations t h e r e o f )  most meaningful t o  veh ic le  

dynamics a n a l y s i s ,  wi th  the no tab le  except ion of body s i d e s l i p  angle.  

Although, a s  noted elsewhere h e r e i n ,  sensors  a r e  c u r r e n t l y  a v a i l a b l e  f o r  the  

more-or-less d i r e c t  measurement of s i d e s l i p ,  many experimenters have used yaw 

r a t e ,  l a t e r a l  a c c e l e r a t i o n ,  and v e l o c i t y  t o  c a l c u l a t e  the  r a t e  of change of 

s i d e s l i p ,  and i n t e g r a t e d  t h a t  r e s u l t  t o  o b t a i n  s i d e s l i p ,  wi th  varying l e v e l s  

of success .  

In  a d d i t i o n  t o  the  c a l c u l a t i o n  of s i d e s l i p ,  the  mathematical manipulation 

of transduced v a r i a b l e s  t o  genera te  time h i s t o r i e s  of o t h e r  motion v a r i a b l e s  

i s  a t t r a c t i v e  i n  t h a t  i t  holds  promise f o r  r e d e f i n i n g  t h e  b a s i c  t ransducer  

s e t ,  where such a  redef ined s e t  of t r ansducers  might be chosen more on the  

b a s i s  of c o s t ,  compactness, ruggedness,  and o t h e r  p r a c t i c a l  cons ide ra t ions  

than i s  c u r r e n t l y  the  case .  The p r a c t i c a l  engineer  might immediately 

contemplate d i spos ing  of t h e  c o s t l y  and d e l i c a t e  v e r t i c a l  gyro and i t s  

a t t e n d a n t  v e r t i c a l l y  s t a b i l i z e d  acce le romete r s ,  t o  be rep laced ,  perhaps ,  by 

body-fixed angular  r a t e  sensors  and accelerometers .  The ques t ion  then a r i s e s ,  

of course ,  a s  t o  how a c c u r a t e l y  t h e  motion v a r i a b l e s  of primary i n t e r e s t  can 

be ob ta ined ,  v i a  t h e  mathematical manipulation of o t h e r ,  more conveniently 

measured v a r i a b l e s .  The answer would appear t o  be:  q u i t e  accura te ly .  



There e x i s t s  i n  t h e  s c i e n t i f i c  l i t e r a t u r e ,  a  s u b s t a n t i a l  body of work 

dea l ing  wi th  the  s u b j e c t  of "optimal s t a t e  e s t ima t ion .  " This s u b j e c t  , i n  

g e n e r a l ,  d e a l s  wi th  obta ining the  "bes t  e s t ima te"  of the  s t a t e  of a  dynamic 

system (where t h a t  s t a t e  i s  def ined by a  -- s t a t e  vec to r  composed of n  s t a t e  

v a r i a b l e s )  g iven a  s e t  of m sensors  where m =< n. The es t ima t ion  problem i s  

r e f e r r e d  t o  a s  one of "smoothing," " f i l t e r i n g , "  o r  " p r e d i c t i n g , "  depending on 

whether the  time of t h e  es t ima t ion  of i n t e r e s t  i s  the  p a s t ,  p resen t  o r  f u t u r e ,  

r e s p e c t i v e l y .  General ly ,  the  smoothing and p r e d i c t i o n  problems can be solved 

i n  terms of the  f i l t e r i n g  problem. 

The most s i g n i f i c a n t  "modern" work i n  t h e  f i e l d  would appear t o  be t h a t  

of R.E. Kalman and R.S. Bucy [ 3 ]  wherein the  so-called Kalman f i l t e r  was 

de r ived .  To g ive  an example of t h e  Kalman f i l t e r ,  cons ide r  a  homogeneous 

dynamic system with  time v a r i a n t  c o e f f i c i e n t s  (expressed i n  matr ix  n o t a t i o n )  

of the  form: 

and a  measurement process  of the  form: 

where x i s  the  n  dimensional s t a t e  vec to r  

A i s  an n x  n  matr ix  desc r ib ing  the  dynamic system 

y  i s  the  m dimensional  vec to r  of measurements 

H i s  an m x n  vector  desc r ib ing  the  r e l a t i o n s h i p  between the  

measurement 

system and t h e  dynamic system ( t h e  "observer" mat r ix )  

v  i s  an m dimensional vector  of no i se  elements 

The Kalman f i l t e r  f o r  such a system i s :  



where ( lT i n d i c a t e s  the  transposed matr ix  

P i s  the  e r r o r  covariance mat r ix  when 

W, t h e  weighting mat r ix ,  i s  the  inverse  of the  covariance matr ix  of 

the  no i se  and 

2 i s  the  es t ima te  of the  s t a t e  v e c t o r .  

Notice t h a t  the  Kalman f i l t e r  i s  a c t u a l l y  a  model of the  system with  a  

c o r r e c t i o n  term propor t iona l  t o  the  d i f f e r e n c e  between t h e  measurement, y (  t )  , 
and the predic ted  measurement, H( t )2( t ) . 

Formulations s i m i l a r  t o  those given above have been developed f o r  the  

s impler  homogeneous system with  constant  c o e f f i c i e n t s ,  a s  we l l  a s  f o r  

nonhomogeneous systems of both forms. F u r t h e r ,  t h e  l i n e a r  Kalman f i l t e r  and 

the  Extended Kalman f i l t e r  a r e  app l i cab le  t o  non l inea r  systems through the  use 

of t runcated Taylor s e r i e s  expansions.  

The above s u b j e c t s  a r e  wel l  covered i n  the  l i t e r a t u r e .  In Sect ion 5 . 0 ,  

we have included a  l i s t  of b a s i c  r e fe rences .  We have chosen t o  s t a r t  t h a t  

l i s t  wi th  "An Algebraic Approach To Optimal S t a t e  Est imat ion,"  s i n c e  t h i s  

document i s  p a r t i c u l a r l y  u s e f u l  t o  t h e  engineer .  The author  s t a t e s  express ly  

t h a t  the  work was prepared with t h e  p r a c t i c i n g  engineer  i n  mind. Rather than 

depending on high- level  mathematics, he develops the  s u b j e c t  from the  s impler  

bases  of l e a s t  squares  e s t ima t ion  and the  s t a t e  v a r i a b l e  concept ,  and proceeds 

t o  c a r r y  the development through a p p l i c a t i o n s  t o  n o n l i n e a r ,  continuous dynamic 

sys  tems . 
Many papers d e s c r i b i n g  t h e  a p p l i c a t i o n  of op t ima l - s t a te  e s t ima t ion  

techniques t o  r e a l  problems a r e  a l s o  found i n  the  l i t e r a t u r e .  Appendix C 

con ta ins  an ex tens ive  l i s t i n g  of t i t l e s  and a b s t r a c t s  of such works. Yost 

d e a l  with a i r c r a f t  and aerospace a p p l i c a t i o n s ;  some d e a l  with nava l  v e s s e l  

a p p l i c a t i o n s .  Only one re fe rence  ( t h e  l a s t  e n t r y )  d e a l i n g  wi th  ground 

veh ic les  was found . 

While t h e  p o t e n t i a l  f o r  ob ta in ing  good q u a l i t y  s t a t e  d e f i n i t i o n  i n  road 

v e h i c l e s  wi th  "non- t radi t ional"  ins t rumenta t ion  systems appears t o  be good i n  

l i g h t  of t h e  above, we note  t h a t  t h e r e  i s  nothing "magic" about Kalman 

techniques which w i l l  so lve  the  b a s i c  dilemma of de f in ing  t h e  D.C.  s i g n a l  



e r r o r ,  and/or " i n i t i a l  condi t ion"  component of s t a t e  v a r i a b l e s  of p o s i t i o n ,  

given the  e x i s t e n c e  of only f i r s t  ( v e l o c i t y )  o r  second ( a c c e l e r a t i o n )  

d e r i v a t i v e  ins t rumenta t ion .  That i s  t o  s a y ,  some p o s i t i o n  "measurement da ta"  

must be made a v a i l a b l e  t o  account f o r  t h e  D.C. e r r o r  i n  t h e  d e r i v a t i v e  d a t a  

and t h e  o therwise  unknown I . C .  cond i t ions .  This genera l  sub jec t  i s  

p a r t i c u l a r l y  s i g n i f i c a n t ,  s i n c e  we assume t h a t  the  fundamental goa l  of t h e  

ins t rumenta t ion  engineer  i s  t o  remove t h e  l e s s  d e s i r a b l e  angular p o s i t i o n  

ins t rumenta t ion  ( v e r t i c a l  gyro)  from h i s  system, and t h a t  l i n e a r  p o s i t i o n  

ins t rumenta t ion  i s  genera l ly  not  used. 

Before address ing the  problem i n  t h e  Kalman f i l t e r  c o n t e x t ,  we w i l l  

d i g r e s s  b r i e f l y .  A t  UMTRI, we have found t h i s  problem t o  be manageable i n  a  

l e s s  s o p h i s t i c a t e d  context  by using s imple ,  closed-loop i n t e g r a t i o n .  

S p e c i f i c a l l y ,  we have,  i n  the  p a s t ,  i n t e g r a t e d  yaw r a t e  t o  o b t a i n  heading 

a n g l e ,  and employed a  more complicated i n t e g r a t i o n  c a l c u l a t i o n  t o  ob ta in  

l a t e r a l  p o s i t i o n  from yaw r a t e ,  l a t e r a l  a c c e l e r a t i o n ,  and v e l o c i t y  s i g n a l s .  

In each c a s e ,  i t  was necessary t o  ar range the  experiment such t h a t  the  i n i t i a l  

and f i n a l  value  ( o r  a t  l e a s t  the  d i f f e r e n c e  t h e r e o f )  of t h e  p o s i t i o n  v a r i a b l e  

of i n t e r e s t  was known. (For example, a  lane-change maneuver may be arranged 

such t h a t  the  i n i t i a l  and f i n a l  pa ths  a r e  pa ra l l e l - -ze ro  heading angle 

d i f fe ren t i a l - -and  so t h a t  t h e  n e t  l a t e r a l  displacement i s  known.) Then, an 

"outer-loop" could be added t o  the  b a s i c  i n t e g r a t i o n ,  which was used t o  

i t e r a t i v e l y  ob ta in  t h e  "cor rec t "  D.C. value  of t h e  h igher-order ,  t ransduced 

v a r i a b l e s .  Viewing t h i s  i t e r a t i v e  , closed loop func t ion  a s  an a f t e r - the - fac t  

"zero c a l i b r a t i o n , "  we no te  t h a t  the  f i d e l i t y  required of t h i s  c a l i b r a t i o n  i s  

g e n e r a l l y  g r e a t e r  than could reasonably be expected from normal c a l i b r a t i o n  i n  

the  f i e l d .  Na tu ra l ly ,  a s  the  time d u r a t i o n  of the  experiment i n c r e a s e s ,  t h i s  

accuracy requirement becomes more severe .  

Returning t o  t h e  Kalman f i l t e r  c o n t e x t ,  we no te  t h a t  p o s i t i o n a l  d a t a  of 

the  "same type" considered i n  the  preceding paragraph i s  e a s i l y  employed. 

Note t h a t  i n  the  d e f i n i t i v e  express ions  g iven e a r l i e r ,  t h e  weighting func t ion  

m a t r i x  i s  time v a r i a n t .  Thus t h e r e  i s  no requirement t h a t  d a t a  sampling r a t e s  

a s soc ia ted  with var ious  "instruments" be c o n s i s t e n t .  Indeed,  while sampling 

of on-board, e l e c t r o n i c  ins t ruments  may t ake  p lace  many t imes per second, 

a u x i l i a r y  p o s i t i o n  "instruments" may be sampled a s  p r a c t i c a b l e  ( s p e c i f i c a l l y  , 
only before  and a f t e r  a  g iven run f o r  the  simple procedure described above). 



In process ing the  measured d a t a ,  t h e  appropr ia te  ( d i f f e r e n t )  weighting 

func t ion  mat r i ces  would be applied t o  d a t a  der ived from d i f f e r e n t  sources  a t  

d i f f e r e n t  t imes ,  where, presumably, weighting f a c t o r s  appl ied  t o  the  l imi ted  

number, but  we l l  e s t a b l i s h e d ,  p o s i t i o n  d a t a  p o i n t s  would be appropr ia te ly  

s t rong  a s  t o  "pin1' t h e  r e s u l t i n g  time h i s t o r i e s .  

Any number of ground-based, a u x i l i a r y  systems f o r  p o s i t i o n  measurement 

a r e  conceivable.  They could i n c l u d e ,  f o r  example, ( 1 )  t h e  simple system 

descr ibed above wherein the d r i v e r  i s  t r u s t e d  t o  e s t a b l i s h  a known 

b e f o r e / a f t e r  p o s i t i o n  c o n d i t i o n ,  d i s c e r n i b l e  i n  the  recorded d a t a  by a  

quasi -s teady-s ta te  c o n d i t i o n ,  ( 2 )  systems i n  which d i s c r e t e  p o s i t i o n s  a r e  

e s t a b l i s h e d  i n  a  time continuum v i a  s t a t i o n a r y  p o s i t i o n  sensors  ( l i g h t  beam 

d e v i c e s ,  t ape  swi tches ,  e t c . ) ,  and ( 3 )  s o p h i s t i c a t e d  ground-based t r ack ing  

ins t ruments .  For the l a r g e - s c a l e ,  r e p e t i t i v e  t e s t  programs described by G M ,  a  

reasonably p r a c t i c a l  and c o s t - e f f e c t i v e  combination of (1 )  and ( 2 )  seems 

probable.  

F i n a l l y ,  no te  t h a t  t h e  t ime-variant  na tu re  of the  weighting func t ion  

holds p o t e n t i a l  f o r  accounting f o r  the "phase s h i f t f 1  inheren t  i n  mult iplexed 

d i g i t a l  d a t a  a c q u i s i t i o n  systems. In  some a p p l i c a t i o n s ,  t h e  time l ag  between 

the  sampling of two d i f f e r e n t  ins t ruments  may be s i g n i f i c a n t  r e l a t i v e  t o  t h e  

frequency con ten t  of t h e  d a t a  such t h a t  i t  i s  not  v a l i d  t o  assume t h a t  a l l  

ins t ruments  a r e  sampled a t  the  same i n s t a n t .  This phase s h i f t  problem i s  

handled q u i t e  n a t u r a l l y  by t h e  s t r a igh t fo rward  recogn i t ion  t h a t  sampling of 

d i f f e r e n t  ins t ruments  i s  accomplished a t  d i f f e r e n t  t imes ,  and t h a t  d i f f e r e n t  

weighting func t ions  a r e  appropr ia te  f o r  those  d i f f e r e n t  times. 

In  conclus ion,  i t  appears t h a t  h igh-qual i ty  time h i s t o r i e s  of road 

v e h i c l e  s t a t e  can b e  had using "non- t radi t ional1 '  ins t rumenta t ion  systems and 

Kalman f i l t e r i n g  techniques .  While ob ta in ing  high-qual i ty  time h i s t o r i e s  of 

sprung mass motions from s i m p l i f i e d  on-board ins t rumenta t ion  i s  c l e a r l y  

p o s s i b l e ,  a  s u b s t a n t i a l  investment i n  pre l iminary  "systems engineer ing"  w i l l  

be required t o  a s s u r e  t h e  d e s i r e d  balanced between t e c h n i c a l  q u a l i t y  and cos t  

e f f e c t i v e n e s s .  Number and type of measurement dev ices  vis-a-vis accuracy and 

complexity of t h e  v e h i c l e  model, A ( t ) ,  and t h e  obse rver ,  H ( t ) ,  w i l l  c l e a r l y  

e f f e c t  t h i s  balance.  
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