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This r epo r t  summarizes t e c h n i c a l  progress  i n  a  s tudy of i n c i p i e n t  
f a u l t  de t ec t ion  i n  bus engines .  The tg?e of  f a i l u r e s  t o  which t h i s  aetho6 
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Lnstantaneous brake torque and t h e  nonuniformity i n  t h a t  to rque .  In adc i -  
t i o n  t o  p r e d i c t i n g  component f a i l u r e  t h i s  method can a l s o  de t ec t  t h e  
f a i l u r e  once it has occurred.  

The present  s tudy has used in s t rumen ta t ion  which was developed st 
Vehicular Z lec t ron ic s  Lab of Univ. of Mich. f o r  measurement of engine 
to rque .  For our  s t u d i e s  a  number of buses were instrumented f o r  r e a l  t i n e  
perforxance measurements i n  s imulated r o u t e  ope ra t ion .  A database was 
e s t a b l i s h e d  from :hese measurements from which t h e  s t a t i s t l c a l  model f o r  
p r e d i c t i n g  f a i l u r e  has been developed. 
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frmework of t h e  f e i l l x e  p r e d i c t i ~ ~  model. In  a d d i t i o n  t h e  r epo r t  expla ins  
t h e  optimum s t r a t e g y  f o r  us ing  t h e  method t o  opt imize maintenance schedul- 
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INTRODUCTION 

T h i s  r epo r t  p resen ts  the r e s u l t s  of a  s t u d y  which has had, a s  

i t s  g o a l ,  the  development of i n s t runen ta t i on  and procedures fo r  

de tec t ing  i n c i p i e n t  f a i l u r e s  in  b u s  d i e s e l  engines.  The c l a s s  o f  

f a i l u r e s  toward which t h i s  research was aimed is  charac te r ized  by 

gradual  d e t e r i o r a t i o n  of performance t o  f a i l u r e .  In t h i s  context  

f a i l u r e  means unacceptable l e v e l  of performance. A t yp i ca l  

example of a  component fo r  which such gradual  d e t e r i o r a t i o n  m i g h t  

be ex2ected i s  a  f u e l  i n l e c t o r  o r  an i n j e c t o r  pump. 

In add i t i on ,  i t  has been a  goal of t h i s  research t o  provide 

d i agnos t i c  a s s i s t ance  t o  ~nechanics.  The instrrlmentation developed 

fo r  the  p r inary  goal fo r  t h i s  p ro j ec t  has the c a p a b i l i t y  of 

i s o l a t i n g  ind iv idua l  cy l inde r s  having r e l a t i v e l y  low performance, 

thereby helping the  mechanic quickly  l oca t e  a corresponding 

f a u l t .  An explanat ion of t h i s  ' s i d e - b e n e f i t '  t o  our s t u d i e s  is 

presented l a t e r  i n  t h i s  r e p o r t .  

There a r e  numerous app l i ca t i ons  fo r  de t ec t i on  of i nc ip i en t  

f a i l u r e  in  optimizing scheduled bus maintenance. Nhenever a 

f a i l u r e  is  an t i c ipa t ed  i n  a  bus, i t  can be scneduled fo r  r epa i r  

before tne performance reaches unacceptable l e v e l s .  Moreover, 

unnecessary rou t ine  maintenance opera t ions  can be reduced. 

One of the i s sues  addressed by the  present  p ro j ec t  is  t he  

f e a s i b i l i t y  and d e s i r a b i l i t y  of onboard ins t rumentat ion fo r  d i r e c t  

performance measurements, Although it i s  d e s i r a b l e  t o  have 

onboard ins t rumentat ion fo r  maintaining continuous perfor,nance 

measurements, i t  is  f a r  l e s s  c o s t l y  and perhaps adequate t o  
perforln the  measure~nents i n  the  shop using off-board 

ins t rumentat ion.  

In  t h i s  l a t t e r  case ,  performance va r i ab l e s  a r e  measured once 

each day, poss ibly  during fue l ing  o r  bus checkout t imes.  Once per 

day performance measurements represen t  sampling of the re levan t  

performance v a r i a b l e .  However, once/day sampling is s u f f i c i e n t ,  

provided the  d e t e r i o r a t i o n  of performance is  s u f f i c i e n t l y  !gradual. 

The concept fo r  ea r ly  de t ec t i on  of i nc ip i en t  f a i l u r e  of 
engine components is based upon continuous,  rea l - t ime measilrements 



of engine performance. Early d e t e c t i o n  of co~nponent f a i l u r e  i s  

der ived from these  measurements. 

Figure 1 i l l u s t r a t e s  a  t y p i c a l  d e t e r i o r a t i o n  t o  f a i l u r e  fo r  a  

component based upon the  measurement of a  performance v a r i a b l e  

P ( t )  

P ( t )  cp;form;nce 

. - t r end  l i n e  
'- >- 

P o !  

0 To t 

Figure 1.  

I n  t n e  p resen t  example, a  periormance v a r i a b l e  decreases  w i t n  time 

a s  a  component d e t e r i o r a t e s .  Fa i l u r e  is  defined a s  performance 

P ( t )  < Po. A t r end  l i n e  is  obta ined ( s t a t i s t i c a l l y )  using one of 

t h e  s tandard p red i c t i on  methods. An es t imated time- to-f  a i l u r e  T 
0 

is  cont inuously  computed based upon P ( t )  a t  the  p resen t  tirne and 

t h e  h l s t o r y  up t o  t he  p resen t  t ime.  In add i t i on  t o  es t imated 

time-to-f a i l u r e ,  con£ idence limits can be computed f o r  T o .  

The presen t  p r o j e c t  has concentra ted on cont inuous ,  rea l - t ime  

measurements of performance t o  e s t a b l i s h  the  f e a s i b i l i t y  of t he  

concept ,  In p a r t i c u l a r  t he  p resen t  p r o j e c t  has concentra ted on 

measurements of a  s p e c i f i c  performance v a r i a b l e  and the  

f e a s i b i l i t y  of using these  measurements t o  sense  degraded 

performances. 

The presen t  p r o j e c t  has e s t ab l i shed  tne  f e a s i b i i l t y  of 

cont inuous ,  rea l - t ime  performance measurements using onboard 

ins t rumenta t ion  as  explained i n  t h i s  r epo r t .  

This r epo r t  is  organized i n t o  4 s e c t i o n s  inc lud ing :  1 ) 

theory of concept f o r  rea l - t ime performance measure~nent, 2 )  

d e s c r i p t i o n  of ins t rumenta t ion ,  3 )  d e s c r i p t i o n  of experiments and 

procedures ,  and 4 ) summary of r e s u l t s  and conclus ions .  

- 2 -  



2 .  THEORY OF METHOD 

The present  method of measuring torque nonuniformity i s  based 

upon the r e l a t i o n s h i p  between torque and crankshaf t  angular  speed 

and upon noncontacting measurements of t h a t  speed. T h i s  

r e l a t i o n s h i p  is  nonlinear and r e l a t i v e l y  complex. However, f o r  

the  purpose of explaining t he  theory of the  present  measurement 

method, i t  is  convenient t o  assume a  s impl i f i ed  l i n e a r  model fo r  

t he  r e l a t i o n s h i p .  T h i s  model i s  approximately va l i d  a t  s teady RPM 

i n  the  small s i gna l  case and provides valuable i n s i g h t  i n t o  the  

p resen t  method. 

A l i n e a r  model fo r  the eng ine /dr ive t ra in  can be understood 

w i t h  r e fe rence  t o  Figure 2 which is  an equivalent  c i r c u i t  fo r  t he  

eng ine /d r ive t r a in  ( f i r s t  introduced i n  r e f .  1 ;  see Bibliography 

below, p. 6 8 ) .  

Figure 2 .  Equivalent c i r c u i t  fo r  eng ine /dr ive t ra in  

In  t h i s  equivalent  c i r c u i t  torque i s  analogous t o  vo l tage  and 

angular  speed is  analogous t o  c u r r e n t .  T h i s  equivalent  c i r c u i t  

r ep re sen t s  an engine which i s  de l iver ing  torque T R  t o  a  load 
through a  t ransmiss ion.  In  the  p a r t i c u l a r  experimental s t ud i e s  

which a r e  repor ted in  t h i s  paper the  veh ic le  i s  equipped with an 

automatic t ransmiss ion.  

I n  t h i s  f i g u r e  the  generator  vol tage T n ( t )  i s  analogous t o  

the torque which is  applied a t  the  c rankshaf t .  This torque 

r e s u l t s  from cy l inder  pressure  during the  power s t roke  l e s s  

cy l inder  f r i c t i o n a l  l o s s e s ,  pumping l o s s e s ,  and lo s se s  due t o  t he  

f o r c e s  required t o  a c c e l e r a t e  the  rec iproca t ing  components. The 

crankshaf t  angular speed is denoted w ( t )  and the  transmission 
e  

output  angular speed is  denoted w 
R '  

The var ious  c i r c u i t  parameters have the  followiny ynysical  

correspondence: 



c i r c u i t  element 

t ransformer  

physlcal  equ iva len t  

t ransmiss ion 

torsional i s o l a t o r  

frictional l o s s  which is  

propor t iona l  t o  angular  

speed 

moment of i n e r t i a  of 

engine r o t a t i n g  p a r t s  

load moment of i n e r t i a  

load power a ~ s o r b e r  

The t o r s i o n a l  i s o l a t o r  i s  a  component which i s o l a t e s  the  load 

from the  torque f l u c t u a t i o n s  r e s u l t i n g  from each cy l inde r  power 

s t r o k e .  I n  the  case of a  manual t ransmiss ion t h i s  i s o l a t i o n  i s  

provided by a  s e t  of sp r ings  i n  t he  c lu t ch  p l a t e "  The 

corresponding equ iva len t  c i r c u i t  i s  a  shunt combination of a  

c a p a c i t o r  w i t h  a  s e r i e s  r e s i s t a n c e .  

In the  case  of an automatic t ransmiss ion the  requ i red  

i s o l a t i o n  i s  provided by tne  torque conver te r .  The c i r c u i t  

equivalence f o r  t he  torque conver te r  i s  a  r e l a t i v e l y  complex 

func t ion  of frequency.  (Note: Tne fundamental frequency of the  

torque f l u c t u a t i o n s  i s  cy l inder  f i r i n g  f requency) .  Tne frequency 

co~nponents of the  torque f l u c t u a t i o n  a r e  proportional t o  engine 

angular  speed o r  RPM. For t he  purposes of the  p resen t  

d i s c u s s i o n  of tne  shunt admittance t he  torque conver ter  can be 

modelled a s  an i d e a l  i s o l a t o r .  

*T = 0 f o r  s teady torque component 

*T + - f o r  torque f l u c t u a t i o n s  

This l a t t e r  model is presumed fo r  the  p resen t  d i s cus s ion  because 

t he  experimental measurements were made in  a  bus having an 

automatic t ransmiss ion ,  and because most buses use automatic 

t r a n s ~ n i s s i o n s .  



The equ iva l en t  c i r c u i t  f o r  the  engine d r i v e t r a i n  d i t h  r e spec t  - 

t o  torque f l u c t u a t i o n s  ( a t  s teady RPN)  i s  dep ic ted  i n  Figure 3.  

I n  t h i s  reduced equ iva len t  c i r c u i t  the  torque dev i a t i on  fro,n tile 

average (d -c )  value  i s  denoted 
r n . 

I 1 

Figure 3 .  Equivalent  c i r c u i t '  f o r  engine 

T_ = s teady average to rque  

S imi l a r ly  the  angular  speed f l u c t u a t i o n s  a r e  convenient ly  denoted 

v ( t ) :  

where 

Q = s teady  average c rankshaf t  angular  speed 

The r e l a t i o n s h i p  between torque f l u c t u a t i o n  and c rankshaf t  

angula r  speed i s  expressed by t h e  fol lowing equat ion which is  

a p p l i c a b l e  wi th in  the  v a l i d i t y  of t he  small s i g n a l  l i n e a r  

approximation: 

where 

h ( t )  = impulse response f o r  t he  equ iva len t  

c i r c u i t  of f i g u r e  3. 

* 4 convolut ion 

The r e l a t i o n s h i p  between r n ( t )  and n i t )  can a l s o  be expressed i n  

t h e  f reyuency domain 

- 5 -  



n i j  A )  = - rn ( j  A)H(j A )  

where 

H ( j  A )  = frequency response 

A = radian frequency 

-r * ( j A )  = complex amplitude of torque 
n  

TI( j A )  = complex amp1 i t ude  of angular  speed.  

For the  equ iva len t  c i r c u i t  of f i g u r e  3 the t r a n s f e r  func t ion  

fo r  torque vs  angular  speed 1s given by :  

The r e l a t i o n s h i p  between c rankshaf t  angular  speed f l u c t u a t i o n  

and torque f l u c t u a t i o n  i s  RPM dependent a s  shown i n  t he  aoove 

equat ion.  This r e s u l t  can be r e a d i l y  seen from t l ( j  A) and the  

f a c t  t h a t  the  Four ier  components of T n a r e  a t  f requencies  X whicn 

a r e  p ropor t iona l  t o  RPM. 

Never the less ,  measurements of angular  speed f l u c t u a t i o n  

provide a  means of measuring torque f l u c t u a t i o n s .  This paper 

p r e sen t s  a  s c a l a r  index f o r  torque nonuniiormlty which i s  computed 

once f o r  each engine cyc le  and experimental r e s u l t s  o f  

measurements of this v a r i a b l e .  

Moreover, the  s inuso ida l  frequency response i s  given 

approximately by the  followiny express ion for  s u f f i c i e n t l y  hign 

the buses involved i n  the  
b 

exper imental 

p r o j e c t  t h i s  approxiinat ion is  v a l i d  a t  i d l e  

s t u d i e s  fo r  

and higher 

the  p resen t  

RPM' s . 

2 . 1  Nonuniformity Index 

The concept f o r  the  nonuniformity index is  based upon the  

presumption t n a t  the  e s s e n t i a l  nonuniformity is  represented by tne  

extrema of the  torque o r  c rankshaf t  angular speed. Previous 

experimental  s t u d i e s  ( r e f s .  2 and 3 )  nave confirmed t h i s  

con jec ture  of the  r e l a t i v e  importance of the  extreina i n  we. The 
- 6 -  



present  ,nethod uses nonuniformity in cranksnaf t  angular speed as  

an index of torque nonuniformity. 

The present  work i s  an extension of a  concept ~ h i c h  was f i r s t  

presented in  ( r e f .  4 ) .  The nonuniformity metr ic  presented i n  t h a t  

paper is  const ructed from r e l a t i v e  lnaxima and r e l a t i v e  minlina of 

torque.  Recent research ( r e f .  2 and 3 )  has shown t h a t  an index of 

nonuniforrnity can be const ructed froin r e l a t i v e  minima of angular 

speed. However, r e l a t i v e  maxi;na a r e  equally s u i t a b l e  fo r  

measuring torque nonuniformity . 
T h i s  study uses the  l a t t e r  method for  oota ining nonuni.formity 

index. T h i s  index i s  computed from a  block of N consecutive 

r e l a t i v e  minima in  w ( t )  and is  i n  f a c t  a  metr ic  on an N e  
dimensional vector  space .  

The nonuniformity metr ic  i s  obtained from an iq dimensional 

vector  - w(k)  which is  obtained by sampling the  measured angular 

speed w ( t )  a t  extremal values:  e  

w ' ( k )  = [ ( k ) . .  ( 1  = t ranspose of w ( k )  - - 
where 

w in ( k )  = w e [ t , ( k ) l  rn = k , k t l  , . . ,k+N-1 

k = O r  N I  2 N . .  . 
and where 

t m ( ~ )  = tiroe of mtn  r e i a t i v e  minima of u e ( t )  within the  
k t h  block of d a t a .  Prime r e f e r s  to  transpose.  

Note: a  s i in i lar  vector could be const ructed 

using r e l a t i v e  maxima of w ( t ) .  
e  

The average value of the  N components of - w(k)  is  denoted 

u a ( k )  and is computed 

Then a  nonuniforlnity vector - n ( k )  is  computed; 



where - u i s  an dimensional vec tor  each component of which is 

un i ty :  

u '  = [ I ,  1 ,  . . . 11  N dimensional - 

The nonuniformity inet r ic  which we denote n ( k )  f o r  each d a t a  

block is obta ined from t h e  L1 norn of n ( k )  which is  denoted - 
I l"k) l I ,  

T h i s  nonuniforrnity index i s  a  random v a r i a b l e  having s e v e r a l  

i n t e r e s t i n g  p r o p e r t i e s .  For example, it is  i d e n t i c a l l y  zero fo r  

maxiinally uniform torque.  In t h i s  case  each r e l a t i v e  minimum 

c o n t r i b u t e s  i d e n t i c a l l y  t o  - w ( k )  and 

w(k)  = u w,(k) - - 
However, t he  above case  r e p r e s e n t s  an i d e a l  which i s  never 

achieved exac t ly  i n  p r a c t i c e .  There is  always cyi  inder- to-  

cy l inde r  and cycle- to-cycle  v a r i a t i o n  i n  torque product ion.  T h i s  

torque v a r i a t i o n  produces a  corresponding any u l a r  speed v a r i a t i o n  

which is  measured in  the  p resen t  method. The nonuniformity index,  

n i b )  i nc rea se s  w i t h  nonuniformity i n  w e ( t )  f o r  each cyc l e .  T h u s  

n ( k )  se rves  as  an index of torque nonuniformity.  

T h i s  s tudy r e p o r t s  t h e  r e s u l t s  of experimental  s t u d i e s  of the  

s t a t i s t i c s  fo r  the  n ( k ) .  These s t a t i s t i c s  a r e  very usefu l  f o r  

c h a r a c t e r i z i n g  t he  engins  ' roughness '  i n  a c tua l  veh i c l e  

ope ra t i on .  

2 . 2  Choice of Index Period 

Although the  choice of N i n  the  d e f i n i t i o n  f o r  t h e  
nonuniformity index i s  a r b i t r a r y ,  t h e r e  a r e  c e r t a i n  choices  which 

a r e  usefu l  f o r  p a r t i c u l a r  a p p l i c a t i o n s .  For d i a g n o s t i c  

a p p l i c a t i o n s  i t  is  o f t e n  advantageous t o  compute the  nonunirorrnity 

index f o r  each engine cyc l e .  In t h i s  case N should be chosen a s  
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the  number of cy l inde r s  fo r  which choice k becomes the  number of 

enyine cyc les .  For such a  choice of N the  data  on torque 

nonuniformity is  a v a i l a b l e  t o  the  c o n t r o l l e r  on a  cycle by cycle 

b a s i s .  We have made t h i s  choice i n  the  present  s tudy fo r  which N 

= 6 .  

A t  t h i s  point  we have demonstrated t h e o r e t i c a l l y  t h a t  

c rankshaf t  speed v a r i a t i o n s  a r e  p ropor t iona l  t o  torque v a r i a t i o n  

( a t  each R P M ) .  We have a l s o  presented an index n f o r  the  speed 

f l u c t u a t i o n s  which serves  a s  an index for  torque nonunifor!nity. A 

goa l  of  t h i s  study is  t o  a s c e r t a i n  the  f e a s i b i l i t y  of represent ing 

torque nonunifonnity w i t h  n and t o  be able  t o  d e t e c t  abnormal 

engine opera t ion  ( a s  charac te r ized  by excess ively  nonuniform 

torque gene ra t i on )  from measurements of n, The f e a s i b i l i t y  of  

d e t e c t i n g  abnormal engine opera t ion  depends upon the  s t a t i s ' t i c s  

f o r  random v a r i a b l e  n under abnormal operat ion r e l a t i v e  to  normal 

ope ra t i on .  

Although the re  a r e  many c r i t e r i a  for  assess ing the 

f e a s i b i l i t y  of t h i s  app l i ca t i on ,  i n  general  a l l  of these  c r i t e r i a  

involve the  r e l a t i o n s h i p  between the  main value;  s tandard 

dev i a t i on ,  skew and k u r t o s i s ,  f o r  n under nornal and abnormal 

cond i t i ons .  The presen t  experimental i nves t i ga t i on  has s tudied 

these  s t a t i s t i c a l  parameters fo r  a  v a r i e t y  of operat ing condi t ions  

in  a  s p e c i f i c  veh ic le .  

We have pos tu la ted  t h a t  the  s t a t i s t i c s  fo r  n snif t  t o  l a rge r  

values  for  abnormal opera t ion  compared t o  normal opera t ion .  To be 

usefu l  fo r  de t ec t i ng  abnormal enyine opera t ion ,  t he  s h i f t  i n  meal1 

value fo r  < n >  should be l a r g e  cornpared t o  the standard dev ia t ion  
f o r  the  normal and abnormal cases .  I t  i s  shown i n  t h i s  r epor t  

t h a t  abnormal erigine opera t ion  can be detected from measurements 

o f  n ( k )  f o r  c e r t a i n  opera t ing  condi t ions .  

In the  present  p ro j ec t  experimental s t u d i e s  have been 

conducted of n  for  var ious  operat ing condi t ions  of a bus on the 

road i n  simulated s e rv i ce  along a  t yp i ca l  urban rou t e .  The 

in f luence  of de fec t i ve  colnponents have been simulated i n  order t o  

examine the  inf luence on n of  d e t e r i o r a t e d  component performance. 
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One of t he  goa l s  of t h i s  s t uay  has been t o  determine t n e  opera t ing  

cond i t i ons  which g ive  inaximum v a r i a t i o n  i n  the  s t a t i s t i c a l  

parameters  f o r  n f o r  s imulated d e f e c t s  r e l a t i v e  t o  normal 

ope ra t i on .  Anotner goal  of t h i s  s tudy is t o  develop an a lgor i thm 

f o r  detecting i n c i p i e n t  engine f a i l u r e  based upon measurements of 

n ( a s  expla ined i n  t h e  i n t r o d u c t i o n ) .  

I n  conducting t he se  experimental  s t u d i e s  a  p a i r  of buses were 

instrumented f o r  measurements of n  a s  explained in  the  next  

s e c t l o n  of t h i s  r e p o r t .  The expe r i~nen ta l  d a t a  was c o l l e c t e d  f o r  

t he  buses ope ra t i ng  i n  s imulated a c t u a l  rou t e s  and i n  t h e  

maintenance a r ea .  The da t a  was s to r ed  i n  i n t e r n a l  memory of the  

onboard ins t rumenta t ion  f o r  l a t e r  r e t r i e v a l .  The onboard memory 

has sufficient capac i ty  t o  c o l l e c t  da t a  f o r  an e n t i r e  d a y ' s  

ope ra t i on  i n  s e r v i c e .  T h i s  provides  t he  c a p a b i l i t y  t o  o b t a i n  

performance rneasureinents while t he  bus is i n  s e r v i c e .  

However, i n  our expe r i~nen ta l  s t u d i e s  the  da t a  r e t r i e v a l  was 

accornpllshed by means of a  po r t ab l e  computer. Tne onooard s to r ed  

d a t a  was t r a n s f e r r e d  a t  t h e  end of eacn experimental  run t o  t h e  

p o r t a b l e  computer. 

The p o r t a b l e  computer has t he  capability t o  conduct l l rnl ted 

d a t a  a n a l y s i s  which has proven usefu l  during the  experimental  

phase of t n i s  p r o j e c t .  However, t h e  primary da t a  reduc t ion  and 

a n a l y s i s  f o r  t he  experimental  s t u d i e s  have been performed on a  DEC 

11-23 computer. Data was t r a n s f e r r e d  t o  the  DEC computer from the  

p o r t a b l e  computer a t  t he  end of each experimental  t e s t .  In t he  
next  s e c t i o n  of t h i s  r e p o r t  t he  ins t rumenta t ion  and experimental  

procedures  a r e  expla ined.  



3 .  INSTRUMENTATION 

Figure 4 dep i c t s  a  block diagram of the s e t  up of a l l  t h e  

u n i t s  of  the  i n s t runen ta t i on  for  t h i s  experiment. 

b 

Sensor 1 Analoq b i 

(Angular J e l o c l i i )  , I n s t r m e n t a t  lon LiD - - d r s p l a y  

4 d b u n l  t 
C b 

.. . . 

L b 

Sensor 2 

( f l x e d  p o s r t ~ o n )  H - 
f # 

I 

C a s s e t t e  b Control U n l t  pg2-  1 1 

Player /  L 
I v 

Recorder (Ter .n~na1)  Computer 

A 

C 
I 

Figure 4 .  Ins t rumentat ion block diagram 
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Two induc t ive  sensors  a r e  used; one t o  sense englne 

ins tan taneous  angular  v e l o c i t y ,  another  to  mark the  beginning of  

eacn engine cyc l e .  The two s i g n a l s  a r e  processed through tne 

analog hardware po r t i on  of the  instrument as  shown i n  the  f i g u r e .  

The ou tpu t  i s  s en t  t o  the  inicroprocessor (mpu) (Mi58000) tnrougn the  

i n t e r f a c e .  

The app rop r i a t e  program is  loaded on the  computer using a  

c a s s e t t e  p layer / recorder ,  the  i n t e r f a c e ,  and a  t e rmina l  

( c o n t r o l / u n i t ) .  The program i s  designed t o  compute the  torque 

non-uniformity met r ic  given the  needed s i g n a l s  from the  analog 

ins t rument .  

F i n a l l y ,  the  da t a  is  s to red  i n  RAM and displayed on an LED 

d i sp l ay  u n i t .  

The main o b j e c t i v e  i s  t o  design an instrument capable of 

process ing the  c rankshaf t  angular  v e l o c i t y  s i g n a l  i n  o rder  t o  

provide the  information concerning cycle- to-cycle  and cy i inder - to -  

cy l inde r  f l u c t u a t i o n s  i n  engine performance. 

T h i s  s e c t i o n  desc r ibes  i n  d e t a i l  the  sensor ,  t he  analog and 

microprocessor i n t e r f a c e  nardware, as  well a s  t he  e s s e n t i a l  

f e a t u r e s  of the  s o f t d a r e .  

3.1  Sensors 

Two sensor inputs  a r e  requi red  by the  ins t rument ;  one 

provides  a  s i g n a l  r e l a t e d  t o  ins tan taneous  engine angular  

p o s i t i o n ,  the  o the r  provides  a  f ixed  pos i t i on  r e f e rence .  ~ o t h  
s enso r s  a r e  of the  induc t ive  type.  - -. 

permanent 

magnet 

Figure 5 .  Induc t ive  sensor  fo r  ins tantaneous angular  p o s i t i o n .  



Figure 5 is  a  sketch of the sensor providing the  

ins tantaneous  engine angular pos i t i on  which is  mounted d i r e c t l y  

over the  s t a r t e r  r ing  gear .  

The sensor c o n s i s t s  of a  permanent magnet around which a  c o i l  

is  wound. The magnetic f i e l d  of the  permanent magnet couples t o  

t n e  s t e e l  s t a r t e r  r ing  gear .  The magnetic f l u x  l inkage of the  

c o i l  v a r i e s  with crankshaf t  angular pos i t i on  being influenced by 

the  spacing between the  magnet and the  r ing  gear and by the  r ing 

gear p r o f i l e .  

Flgure 6 i s  a  sketch of the  sensor which provldes a  f ixed 

pos i t i on  re fe rence .  The same type of induct ive  sensor i s  used 

which i s  mounted over the  accessory pul ley with minor adjustments. 

A s l o t  w i t h  d inensions  of approximately 0 . 5  c!n width and 0 . 5  crn 

depth is  made on the  pu l ley .  

permanent 

magnet 
I I 

Figure 6 .  Induct ive  sensor fo r  f ixed pos i t i on  re fe rence .  

The magnetic f i e l d  of the  magnet couples t o  the  s t e e l  pu l l ey .  

The magnetic f lux l inkage i s  influenced by the  s l o t  angular 

pos i t i on  r e l a t i v e  t o  the permanent magnet. 

The gap between tne  induct ive  sensor and tne  lnetal p l a t e s  

should be s e t  between 1 .5  and 2 . 0  m m .  

Some simple s igna l  models fo r  tne  sensor s i g n a l s  are  

d iscussed p r i o r  t o  examining the  d e t a i l s  of the hardware. 

3.2 Characteristics of the Sensor Signals. 

The engine angular ve loc i t y  s i g n a l ,  obtained from the non- 

con tac t ing  measurement of angular pos i t i on  a t  the  r ing gear on the  

- 1 3 -  



flywheel appears as  a  frequency modulation component on a  c a r r i e r  

p ropor t iona l  t o  the  average speed of tne  engine. The sensor  

vo i tage  i s  approximately given by 

V s ( t )  = V s i n  [ e ( t )  + $1 ( 1  ) 

where B ( t )  i s  the  ins tantaneous angular  pos i t i on  of the  f lywheel ,  

f o r  a  r ing-gear w i t h  m t e e t h ,  t he  average frequency of the  sensor 

s i g n a l  i s  given by 

where 

?4 = number of t e e t h  on r ing gear 

The f i r i n g  frequency of an N-cylinder two-stroke cyc le  engine i s  

given by 

and is the re fo re  r e l a t e d  t o  AS by 

The ind iv idua l  cy l inder  f i r i n g  events  cause the  c rankshaf t  (hence 

t h e  f lywheel)  t o  a c c e l e r a t e  and d e c e l e r a t e  about i t s  mean speed,  

so t h a t  a t  s t eady- s t a t e  we may express  the  angular v e l o c i t y  e ( t ) ,  

a s  t he  sum of AC and DC components, i . e . :  

w i t h  

and 

n = average engine speed 

o ( t )  = speed v a r i a t i o n s  about 12. 

Any non-uniformity i n  the  genera t ion  of engine torque (and hence 

angular  v e l o c i t y ) ,  a s  would be caused by f l u c t u a t i o n s  l n  the  

co~nbustion process  from cy l inder  t o  cy l inder  and from cycle  t o  
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cyc l e ,  w i l l  appear i n  the  spectrum of n ( t )  a s  subharmanlc 

components of the  fundamental frequency of o s c i l l a t i o n ,  l f  . 
A s  was mentioned e a r l i e r ,  n ( t )  appears a s  a frequency 

modulation component i n  the  sensor ou tpu t ,  V s ( t ) ,  a t  a  c a r r i e r  

frequency A . The dynamic range of the  engine is  such t h a t  t h e  
S 

c a r r i e r  frequency, whicn is i t s e l f  p ropor t iona l  t o  RPM, v a r i e s  

over a wide range.  In add i t i on ,  normal engine opera t ion  causes 

r e l a t i v e l y  l a r g e  changes i n  $ (and i n  i 2 )  t o  occur a t  a l l  t imes,  

due t o  changes in  load caused by inputs  t o  the  t h r o t t l e  o r  

t ransmiss ion.  This i n  p r a c t i c e  makes V s ( t )  an extremely wide-band 

FM s igna l  and precludes the  use of conventional phase-locked FM- 

demodulation techniques a s  was observed during the  e a r l y  s tages  or 

t h i s  p r o j e c t .  The l imi ted  lock range on the  PLL in t roduces  

problems i n  t he  demodulation of the  sensor s l y n a l .  

hnong the  poss ib le  so lu t i ons  t o  t h i s  FM demodulation problemr 

a f requency-to-vol t age  ( F - V )  conversion scheme based on a c!harge- 

pump was found t o  be the  bes t  approach. 

This de~nodulat ion scheme sepa ra t e s  the  r l ( t )  s i gna l  from the  

c a r r i e r  by s h i f t i n g  it back t o  baseband. 

Let Vout ( A )  be the  Fourier  t ransform of the s igna l  a f t e r  the  

F-V conversion,  then 

V ( A )  = V .  + V ( A f )  + V ( 1  
ou t  S 1 W C S 

where 

V, = quas i - s teady-s ta te  component 

V = o s c i l l a t i o n s  a t  harmonic and subharmonics of A 
0 .f 

V = v e s t i g i a l  c a r r i e r  components a t  sensor frequency 
C 

Since sorne of the  c a r r i e r  frequency component remains i n  t he  

s i g n a l  spectrum a f t e r  t he  frequency t o  vol tage conversion,  some 

RPM dependent f i l t e r i n g  scheme m u s t  be implemented i n  order t o  

ob t a in  good separa t ion  between the  des i red  s igna l  and the 

undesired h i g h  frequency component. T h i s  w i l l  be d i s c u s s e d  i n  

l a t e r  subsec t ions .  
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3 . 3  Ins t rumenta t ion  Objectives 

Havlng exanined the  c h a r a c t e r l s t l c s  of the  sensor  s i g n a l ,  we 

a r e  ready t o  de f ine  a  s e t  of goa l s  f o r  the  da t a  a c q u i s i t i o n  

i n s t rumen ta t i on .  The instrument is  requ i red  t o :  

a )  perform a  frequency t o  vo l tage  conversion on the  raw 

ou tpu t  of a  non-contacting angular  2 o s i t l o n  sensor  placed 

near the  f lywheel .  The dynamic range of t he  F-V 

conve r t e r  m u s t  cover t he  f u l l  range of t he  engine RPM; 

b )  provide RPM dependent f i l t e r i n g ,  so a s  t o  have a  cons tan t  

bandwidth f o r  t h e  Q ( t )  s i g n a l  i n  the  face  of changes i n  

RPM, and t o  minimize c a r r i e r  leakage;  

c )  sample t h e  extrerna of t he  f i l t e r e d  s l ( t )  waveform and 

provide tirning pu lses  corresponding t o  the  occurrence of  

t h e  extrema; 

d )  use t h e  output  of t he  induc t ive  sensor placed near the  

accessory pu l ley  t o  i d e n t i f y  the  beginning of each new 

engine cyc le  and provide timing pu lses  t o  mark t h i s  

event ;  

e )  conver t  t he  analog extrema t o  a  corresponding 8 -b l t  

d i g i t a l  equ iva l en t ;  

f )  i n t e r f a c e  t he  tilniny Information i n  c )  and d )  and the  8- 

b i t s  of information regarding the  extrema of e )  w i t n  an 

ava ibao le  microprocessor (P~o to ro l a  6d000); 

g )  perform the  computation of the  nonunlformity me t r i c  

[ i . e . ,  n ( k ) ]  f o r  a  s e l e c t a b l e  number of engine cyc les  by 

means of the  68000 microprocessor and s t o r e  t he  r e s u l t s  

f o r  l a t e r  access ;  

h )  d i s p l a y  t he  nonuniformity rnetric f o r  immediate 

moni tor ing;  

i )  be a s  operator-independent a s  p o s s i b l e ,  so a s  t o  enable 

experiments t o  be performed by r e l a t i v e l y  unsk i l l ed  

o p e r a t o r s  i n  a  v a r i e t y  of environments. 
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3 . 4  The analog instrument 

The e s s e n t i a l  f e a t u r e s  of t n e  analog po r t i on  of the  

ins t rument  a r e  shown i n  t he  block diagram of Figure 7 .  The 

fol lowing subsec t ions  exanlne t h e  d e t a i l s  of each block.  
- - - -  - -  --- 
p,~lro 7enerrco< -: J 

f F  

Charqri On0 , lO*pa8S 

Gun, 
ftltar - # 

A' 

9 - 
fi1t.r t i lcrr  f i lcrr  sup lor  
L 

Figure 7 .  Block diagram of the  analog ins t rument  

3.4.1 Pulse Generation 

The f i r s t  s t e p  i n  the  conversion of frequency t o  vo l tage  i s  

achieved by pulse  genera t ion .  A f ixed  du ra t i on  pu lse  is required 

w i t h  frequency p ropor t i ona l  t o  t h a t  of tne  sensor s i g n a l .  For 

t h i s  purpose,  a  commercially a v a i l a b l e  F-V conver ter  ( L M 2 9 0 7 )  i s  

used a s  a  charge pump which gene ra t e s  a  f ixed  du ra t i on  pu lse  a t  

each zero c ross ing  of t he  sensor  waveform. 

To achieve a  du ra t i on  r f o r  t he  pulse  which is  i n s e n s i t i v e  t o  

environmental  f a c t o r s  and device  v a r i a t i o n s ,  the  pulse  a t  the  
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outpu t  of t he  charge pump i s  fed t o  a  h ighly  s t a b l e  C,VOd one-snot 

(CD 4538) .  For a  d e t a i l e d  schelnatic of tne  c i r c u i t r y ,  r e f e r  t o  

Appendix A. 

I t  is  e a s i l y  shown ( d e r i v a t i o n  i n  Appendix 3 )  t h a t  the  

average value  of t h i s  pulse  i s  propor t iona l  t o  the  input  waveform 

frequency ( sensor  frequency) by 

where 

r = f ixed  pulse  width of one-shot 

VDD = supply vo l t age  
f = input  s i g n a l  frequency 

i n  

3 . 4 . 2  F i l t e r i n g  

I n  the  next s t a g e ,  we use f i l t e r i n g  i n  o rder  t o  achieve 

rnaximuin c a r r i e r  r e j e c t i o n  without the  d i s t o r t i o n  o r  t ne  o(t) 

s i g n a l .  A f i l t e r  w i t h  a f ixed  cu tof f  frequency is  inadequate f o r  

t h e  purpose of e l imina t ing  tne  r i p p l e  due t o  the  v e s t i g i a l  c a r r i e r  

component a t  the  lower s i g n a l  f requenc ies .  Recall  t h a t  the  r a t i o  

between c a r r i e r  and s i g n a l  frequency i s  f ixed  a t  

where 

m = number of t e e t h  on the  r i ng  gear 

N = number of c y l i n d e r s  

Thus w i t h  m = 102 t e e t h  and N = 6 cy l inde r s  we have 

L 

Calcu l a t i ons  a r e  t h e r e f o r e  made according t o  the  wide range 

of 350-3500 RPM. In o rder  t o  s a t i s f y  the  dynarnic range of s i g n a l  

and c a r r i e r  f requenc ies ,  a  f i l t e r  with RPi4 con t ro l l ed  cu tof f  

frequency is  r equ i r ed .  A t h r e e  pole a c t i v e  f i l t 2 r  i s  used. 

D e t a i l s  f o r  the  f i l t e r  a r e  snown i n  Appendix A .  
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The next i s sue  in  obta ining an analog of o ( t )  i s  t h a t  the  

separa t ion  between low frequency components due t o  the  t h r o t t l e  

and load t r a n s i e n t s ,  $1, and the  subharmonics of f i r i n g  frequency 

generated by the presence of torque ( v e l o c i t y )  non-uniformity. 

T h r o t t l e  t r a n s i e n t s ,  especially wlth tne enylne unloaded o r  

l i g h t l y  loaded, can cause l a rge  ' s t e p s '  i n  average engine speed 

whlle the  o s c i l l a t i o n s  a t  the  f i r l n g  frequency reinain r e l a t i v e i y  

small i n  amplitude, i n  p a r t i c u l a r  i n  a  smoothly running engine. 

After  a  gain  s tage  following the  f i r s t  low pass f i l t e r ,  we 

sepa ra t e  Q ( t )  i n t o  AC and quasi-DC paths  by means of two three- 

pole f i l t e r s :  one a  hiyh-pass with cutoff  frequency around 5 r p s ,  

the  o the r  a  low pass with the  same cutoff  frequency of 5 rp s .  The 

s i g n a l  a t  the  output  of t h e  high-pass f i l t e r  is  i d e a l l y  equal t o  

w ( t ) ,  while the low-pass f i l t e r  produces a s i gna l  p ropor t iona l  t o  

t he  SZ DC t e r ~ n  a t  s t eady - s t a t e .  

Following the  analog f i l t e r  j u s t  descr ibed,  the s igna l  V w ( t )  

i s  s t i l l  contaminated by a  r i p p l e  component a t  the  c a r r i e r  

frequency. In order  t o  e l imina t e  t h i s  d i s t o r t i o n ,  a  t u n a ~ l e  

f i l t e r  is  implemented using a  switched-capacitor  (sampled) f i l t e r  

w i t h  a  four-pole Butterworth c h a r a c t e r i s t i c  followed by a  

smoothing f i l t e r  ( three-pole  low-pass) .  The l a t t e r  is  needed t o  

smooth ou t  the  s t ep - l i ke  output  of the  foriner which is 

e s s e n t i a l l y  a  sampling device.  

The switched capacitor f i l t e r  has a  cutoff  frequency whicn is  

r e l a t e d  t o  an ex t e rna l  clock frequency by a  cons tan t ,  i . e . :  

By using an RPM derived clock s i g n a l ,  such a s  i s  ava i l ab l e  a t  

t h e  output  of the  one-shot following the pulse genera tor ,  the 

f i l t e r  w i l l  have an ins tantaneous  bandwidth propor t ional  t o  t h e  

ins tantaneous  R P M .  Recall t h a t  the sensor frequency, is 

(converted i n t o  a  pulse  t r a i n  by the  charge pump) is l a r g e r  than 

the  f i r i n g  frequency, h f ,  by a f a c t o r  of 17  a s  ca lcu la ted  e a r l i e r .  
- 1  9-  



A nominal PI of 20  f o r  the  f i l t e r  w i l l  then mainta in  the  

f i l t e r  bandwidth above h f ,  maximally r e j e c t i n g  the  undesired 

c a r r i e r  component. For a  d e t a i l e d  diagram of c i r c u i t r y  and design 

procedures f o r  t he  switched c a p a c i t o r  f i l t e r  (XF-10)  r e f e r  t o  

Appendix C .  

3 . 4 . 3  External Sampling 

The sampled r e l a t i v e  maxima and minima va lues  of t h e  V w ( t )  

waveform which w i l l  be used f o r  me t r i c  c a l c u l a t i o n s  a r e  obta ined 

by a  simple extremal sampler,  c o n s t i t u t e d  of a  d i f f e r e n t i a t o r ,  

comparator,  and track-and-hold c i r c u i t .  I n  o rder  t o  avoid any 

delay caused by the  presence of h y s t e r e s i s  i n  t he  comparators 

(which is necessary  f o r  no i se  r e j e c t i o n ) ,  use was made of two 

comparators,  one f o r  d e t e c t i o n  of t he  r e l a t i v e  maxima, one fo r  t h e  

r e l a t i v e  minima. The track-and-hold c i r c u i t  is inplemented by 

means of an o p e r a t i o n a l  t ransconductance-ampl i f ier  ( O T A ) ,  w i t h  

ga in  c o n t r o l l e d  by an e x t e r n a l  c u r r e n t .  

The pu lse  generated by the  occurrence of e i t h e r  extremum 

t u r n s  on t he  track-and-hold c i r c u i t  f o r  an app rop r i a t e  l eng th  of 

t ime.  Figure  8 shows a  d e t a i l e d  diagram of the  c i r c u i t .  

Control  i n p u t  

Figure 8 .  Track & hold c i r c u i t  



Loaic and A/D Conversion 

The track-and-hold s i g n a l ,  V W ,  is then mult iplexed w i t h  the 

s i g n a l  V so t h a t  e i t h e r  can be fed t o  an A/D converter  by an n ' 
appropr ia te  decoding scheme. Simple l og i c  allows the  user t o  

perform A/D conversions fo r  four d i f f e r e n t  experimental condi t ions  

simply by s e t t i n g  a DIP switch: 

1 ) convert  j u s t  maxima of V , 
W' 

2 )  convert  j u s t  minima of V ; 
W 

3 )  convert  both rnaxi~na and minima of V ; 
W 

4 ) convert  both maxima and minirna of V W  and a sample of V h 2  

a f t e r  every V sample. 
W 

Option 4 )  i s  p o t e n t i a l l y  useful  i n  t n a t  i t  auto!natical.iy 

provides a measurement of the  average RPM fo r  each engine cyc le .  

A d e t a i l e d  schematic of the  l o g i c  c i r c u i t r y  is  ava i l ab l e  i n  

Appendix A .  

Along with the  da t a  output  of the  A/D converter  (8 -b i t  word) ,  

the  end of conversion ( E O C )  pulse provides a timing re fe rence  t o  

s igna l  the  occurance of an ava i l ab l e  sample t o  the  HPU on an 

i n t e r r u p t  l i n e .  

A s epa ra t e  i n t e r r u p t  s i gna l  i s  a l so  provided t o  i nd i ca t e  the 

beginning of a new cyc l e ,  This is  obtained by means of an 

induc t ive  sensor s i gna l  (descr ibed e a r l i e r ) .  The s igna l  i s  

processed through a comparator and a one-shot so t h a t  a  clean da t a  

cyc le  pulse i s  obta ined.  The c i r c u i t  d e t a i l s  a r e  shown in  

Appendix A .  A d e t a i l e d  timing diagram is  shown i n  Figure i3. 

end-of- 

cycle 

min 

samples 

max 
samples 

RPM 

sampler 

Figure 9 .  Timing Diagram. 
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LED Display 

For t he  purpose oC v i s u a l  monitoring of the  nonuniformity 

me t r i c  while the  instrument is being used, an LED d i sp l ay  un i t  i s  

des igned.  Tnis  u n i t  uses t he  EOC pulse  t o  l a t c h  o r  enable  two 7 -  

segment d i s p l a y s .  The computed me t r i c  obta ined from the  MPU i s  

shown i n  Hexadecimal r e p r e s e n t a t i o n  and is  updated every 3-4 

seconds. 

I n t e r f a c e  with Motorola 68000 M i c r o ~ r o c e s s o r .  

The two i n t e r r u p t s ,  i n d i c a t i n g  t he  beginning of a  cyc le  and 

the  a v a i l a b i l i t y  of a  sample a t  t he  A/D conver ter  ou tpu t ,  as  well 

a s  the  8 b i t s  of da t a  corresponding t o  each sample of an extremum, 

a r e  i n t e r f a c e d  with the  68000 MPU by means of a  Pe r iphe ra l  

I n t e r f a c e  Adapter ( P I A ) .  

Po r t  B of t h e  P I A  is  employed a s  an input  po r t  t o  the  MPU f o r  

t he  A/D conver te r  da t a  l i n e .  The EOC i n t e r r u p t  s i g n a l  i s  

connected t o  Por t  C (H3-H4). Po r t  C i s  used t o  process  t he  

beyinning/end-of-cycle i n t e r r u p t .  Por t  A of t he  PIA i s  employed 

a s  an ou tpu t  po r t  t o  the  LED me t r l c  d i sp l ay  u n i t .  

In  a d d i t i o n ,  t h e r e  a r e  two o t h e r  s i g n a l s  a v a i l a b l e  a t  t h e  

d i g i t a l  hardware ou tpu t s  which i n d i c a t e  whether the  cu r r en t  

informat ion on the  sampled extre,na i s  about the  maxima o r  t h e  

minima. (They a r e  shown a s  FlagO, Flag1 i n  tne  schemat ic ,  

Appendix A ) .  These s i g n a l s  could be used a s  sof tware  f l a g s  which 

would be obta ined by i n t e r f a c i n g  t he  s i g n a l s  w i t h  t he  NPU through 

Por t  C ( H l - H 2 )  i f  d e s i r e d ,  The cu r r en t  vers ion  of t he  sof tware  

however, does not make use of t h i s  op t ion .  

The ind iv idua l  connections fo r  the  MPU i n t e r f a c e  a r e  made by 

e x a c t l y  fol lowing the  i n s t r u c t i o n s  from the  MC68000 Educational  

Computer Board Use r ' s  Manual. For f u r t h e r  d e t a i l s  p lease  r e f e r  t o  

t h i s  manual. 

Power Supply 

The analog c i r c u i t  and the  d i g i t a l  i n t e r f a c e ,  along w i t h  the  

MPU ope ra t e  on t 1 2 ,  - 1 2 ,  +5 vo l tage  supp l i e s .  A vo l tage  of  

approximately + 1 4 V  i s  obta ined from t n e  power d i s t r i b u t i o n  u n i t  of  

the  b u s  underneath the  d r i v e r ' s  s e a t .  T h i s  s i n g l e  power supply i s  
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t r a n s i e n t  protected and regula ted (us ing an I n t r o n i c s  II-3C12/12/D 

DC-DC conve r t e r )  t o  provide adequate cu r r en t ,  and is  i n s e n s i t i v e  

t o  load changes such a s  engagng the  A / C ,  the  s t a r t e r  motor or 

turning the  i g n i t i o n  o f f .  

3.4.4 Software 

The software performs the  computation of the metr ics  and 

s t o r e s  the r e s u l t s  i n  a  W Y  so as  t o  generate  a  d i s t r i b u t i o n  

(h i s togram)  of values  fo r  the met r ic .  

Programs a r e  recorded and s to red  on spec i a l  c a s s e t t e s  and a r e  

loaded onto t ne  computer throuyn an i n t e r f a c e  w i t h  a  c a s s e t t e  

p layer / recorder .  The r e s u l t s  (non-uniformity me t r i c )  can a l so  be 

loaded onto a  c a s s e t t e  through tne  sane i n t e r f a c e  to  be recorded 

permanently. 

Figure 10a and 1 0 ~  show f lowchar ts  of the  cu r r an t  vers ion of 

the  software w i t h  the  e s s e n t i a l  f ea tu re s  of the program. A 

d e t a i l e d  l i s t i n g  of the  program in  Assembly 68000 Language i s  

ava i l ab l e  i n  Appendix D .  

4 .  EXPERIMENTAL FACILITIES 

A l l  of the  experimental work described i n  t h i s  s ec t i on  was 

perforned on two GMC RTSO4 1981 buses nade ava i l ab l e  t o  us by the  

Ann Arbor Transpor ta t ion Author i ty ,  Both buses have a  V 6 7 1 N  

engine.  

Throughout t he  course of s tudy,  both buses were s t i l l  

operat ing on a  regu la r  schedule,  on regu la r  rou te .  Thus, the  

tuneups and o ther  maintenance worK on tnese  buses were s lml la r  t o  

a l l  the  o the r s  i n  s e rv i ce .  

Buses had t o  be reserved ahead of time fo r  any p a r t i c u l d r  

t e s t .  For t h i s  phase of the  s t u d y ,  the two induct ive  sensors were 

i n s t a l l e d  on the  buses w i t h  minor adjustments as  described 

e a r l i e r .  The s e t  up and wiring fo r  these sensors and for  the  

power supply from the power d i s t r i b u t i o n  un i t  required an average 

of 4-6 hours per b u s .  The sensors  and the  wiring were l e f t  on the  

buses throughout the s tudy.  The monitoring instruinentat ion,  

- 23 -  



a 

In~tlalize c o u n t e r s  
.' 

I c l e a r  a l l  

r e l e v a n t  o ~ a s  I 

Figure 10a. Flow c h a r t  f o r  t he  main rou t ine  of t he  program. 

Aote: The processor  s t a y s  i n  the  r o u t i n e  u n t i l  an 

i n t e r r u p t  e i t h e r  due t o  the  new da t a  or  new cyc l e  

occu r s .  
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however, was c a r r i e d  on the  b u s  and e a s i l y  i n s t a l l e d  for  each 

t e s t ,  

4.1 Experimental Conditions 

Experiments were performed both on the  road and i n  the  AATA 

garage.  The t e s t  condi t ions  were mainly ruled by two major 

v a r i a b l e s :  

a .  RPPI and Load 

b .  engine torque nonuniformity l e v e l .  

RPM and Load 

Road Tes t s :  

On a normal AATA rou te ,  the  buses cover a  range of 10-45 mpn. 

Thus ,  t o  s imula te  these  cond i t i ons  a s  c lo se ly  a s  p o s s i b l e ,  we 

designed t e s t s  a t  cons tan t  RPM's  and cons tan t  l oads .  T h i s  was 

done by choosing rou te s  which allowed the  bus t o  t r a v e l  a t  a  

cons tan t  RPM without the  use of the  brakes or  a  s h i f t  i n  gear fo r  
a long enough period t o  ob ta in  adequate da t a .  Also, the  load was 

kept  f a i r l y  cons tan t  on a l l  t e s t s  by choosing roads w i t h  the  sane 

roughness and the  same grading (a11 of the chosen rou te s  were 

f l a t ) .  

A speed range of 15-50 mph was covered on each t e s t .  The 

number of engine cyc les  of da t a  c o l l e c t e d  fo r  each case var ied  

somewhat w i t h  each ind iv idua l  t e s t  condi t ion ,  but was kept around 

5000 cyc les / run .  

4.2 Garage Tests 

On a  normal run, the  buses spend a cons iderab le  amount o f  

time i n  i d l e  cond i t i ons  i n  tne  garage (wai t ing  t o  be parked, 

tuned,  o r  fue l ed ,  e t c .  ) . I n  o rder  t o  s imulate  these  cond i t i ons ,  a  

s e r i e s  of t e s t s  were performed i n  the  garage while tne  buses were 

i d l i n g .  The var ious  t e s t s  cons i s ted  of 4 break-loaded i d l e  

cond i t i ons  : 

1 ) i d l e  i n  Neut ra l ;  

2 )  i d l e  i n  Drive; 



3 )  i d l e  i n  Reverse; 

4 )  f a s t  i d l e  i n  Neutra l .  

Tne parking brakes on the  bus  were used ( j u s t  as would be i n  

normal runs )  and using the  manual gear ,  the  f i r s t  3 condi t ions  

were t e s t e d .  Fas t  i d l e  i n  Neutral  is  an ava i l ab l e  opt ion on a l l  

the  buses. 

The number of engine cyc les  co l l ec t ed  on these  runs were more 

c o n t r o l l a b l e  (around 4 0 0 0 - 5 0 0 0  c y c l e s )  and took an average of 3-5  

m i n  t o  ob t a in .  

Engine torque nonuniformity l e v e l  

In  order  t o  show the  e f f e c t s  of engine nonuniformity on the  

met r ic  c a l c u l a t i o n s ,  a l l  of the  t e s t s  described above were run f o r  

normal and extremely nonuniform engine condi t ions .  I n  order  t o  

achieve a  condi t ion of extreme torque non-uniformity, the  engine 
was operated w i t h  one fue l  i n j e c t o r  (lower l e f t )  disconnected.  

T h i s  condi t ion  i s ,  i n  f a c t ,  f a r  worse than would be encountered i n  

any normal engine ope ra t i on ,  b u t  i l l u s t r a t e s  the  d i s t i n c t i o n  

c l e a r l y .  

For a l l  operat ing condi t ions  a  permanent record was inade or' 

the  computed nonuniforxi ty  rnetric histogram and, when pos s ib l e ,  

t h e  analog ve loc i ty  waveform was a l s o  recorded. 

The next s ec t i on  includes the  s e r i e s  of repeated t e s t s  a s  

descr ibed  above and the  r e s u l t i n g  nonuniformity metr ic  histograms. 



5.SUMMARY OF EXPERIMENTAL RESULTS 

In t h i s  s ec t i on  of the  r epo r t  the  d e t a i l e d  r e s u l t s  o f  
experimental  measurements a r e  presented.  These da t a  a r e  presented 

i n  both g raph ica l  and t abu la r  form. On each page the  r e s u l t s  of 

both normal and abnormal opera t ing  condi t ions  a r e  presented s i d ?  

by s i d e  f o r  each operat ing condi t ion .  In t h i s  way the  s t a t i s t i c a l  

d i s t r i b u t i o n s  f o r  normal and abnormal operat ing cond i t i ons  can 

most e a s i l y  be compared. P a r t i c u l a r  a t t e n t i o n  should be paid t o  

t he  s h i f t  in  the  d i s t r i b u t i o n  fo r  these  extreme opera t ing  

condi t ions .  

I n  a d d i t i o n ,  the  s t a t  i s t i c a l  parameters a r e  presented f o r  

each measured d i s t r i b u t i o n  i n  t a b u l a r  form. Here, a s  i n  the 

g raph ica l  p r e sen t a t i on  comparison of performance of normal and 

abnormal, engine opera t ion ,  the  s t a t i s t i c a l  parameters a r e  r e a d i l y  

comparable. Each t a b l e  and each graph is  i d e n t i f i e d  w i t h  r espec t  

t o  t he  ac tua l  operat ing cond i t i on ,  



TABLE 1 

Summary of Data 

DA'PA SET # 1  . l :  BUS A 

General Operating Condit ions:  I d l e  i n  var ious  Gears ( 5  m i n .  ) 

I D #  l S t  moment 2nd moment 3 r d  moment d t h  moment 
(Desc r ip t i on )  Normalized Normalized 

NORMAL 

ABNORMAL 

NORMAL 
- 

ABNORMAL 

NOKMAL 

ABNOHNAL 

NORPlAL 

ABNORMAL 

1 0 2 3 0 0  *4Alvl 
I d l e  - Neutral 

1 0 2 5 0 0  *1AM 
I d l e  - Neutral  

1 0 2 3 0 0  '2AM 
I d l e  - Drive 

1 2 0 5 0 0  *2AM 
I d l e  - Drive 

1 0 2 3 0 0  *5Alvl 
I d l e  - Reverse 

1 2 0 5 0 0  *3AM 
I d l e  - Reverse 

1 0 2 6 0 1  *1AM 
Fast I d l e  

1 2 0 5 0 1  *JAM 
Fast  I d l e  

9 . 4 3  

1 1 . 8 7  

1 0 . 5 7  

2 4 . 2 2  

1 0 . 3 3  

2 4 . 1 4  

7 . 3 5  

9 . 1 2  

1 3 . 5 8  

1 0 . 7 4  

2 2 . 5 0  

1 7 . 7 0  

8 . 2 0  

6 . 5 0  

2 1 . 5 4  1 -::: 1 2 - 0 7  

---- - - 
1 0 . 1 5  2 . 7 4  

- . 2 6  

-- 
- . I 8  

- . 3 8  

- 
. 0 7  

1.1'1 

-- - 
2 . 1 0  

-- 
2 . 5 1  

1 . 9 5  

---- 
2 . 5 8  



TABLE 1 ( C o n t i n u e d )  

DATA SET # 2 . 1 :  BUS A 

G e n e r a l  O p e r a t i n g  C o n d i t i o n s :  C o n s t a n t  S p e e d s  a t  15-50 mph (3 -5  r n i n . )  

I D #  l S t  moment Pd n o m e n t  3rd moment 4 t h  ino,nent 
( D e s c r i p t i o n )  N o r m a l i z e d  N o r m a l i z e d  

- 

102615-1AM 
1 5  mph 

120515-1AM 
1 5  mph 

102620-1AM 
20 mph 

120520-IAN 
20 mph 

102625-1AM 

120525-1AM 
25 mph 

102630-1AM 
30  mph 

120530-1AIY 
30 mph 

102635-1AM 
3 5  mph 

120535-1AM 
3 5  mph 

102640-1AM 
40 mph 

120540-1AM 
40 mph 

102645-1AM 
45 rnph 

1 2 0 5 4 5 - 1 ~ ~ 4  
45 mph 

102650-1AM 
50 mph 

120550-1AM 
5 0  mph 

C 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NOF31AL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORYAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

7 . 3 4  

1 0 . 3 3  

7 . 0 9  

9 . 1 3  

7 . 2 4  

1 3 . 5 2  

7 . 1 8  

1 1 . 3 7  

7 . 3 8  

9.35 

7 . 4 0  

1 2 . 1 9  

8 .14  

1 1 . 7 3  

8 . 1 6  

9 . 6 0  

-30- 

6 .11  

7 . 5 5  

6 . 1 0  

6 . 9 2  

5 . 5 9  

8 . 3 7  

5 . 9 7  

6 . 3 0  

5 . 9 5  

9 . 2 4  

6 . 1 4  

1 1 . 8 4  

6 . 7 3  

11 .91  

5 . 9 5  

7 .31  

------- 

. I 6  

0 . 3 7  

1 . 4 0  

-- 
- 8 . 0 1  

0 . 6 4  

0 . 2 8  

0 . 3 7  

- 0 . 1 3  

0 . 2 6  

- 
0 . 4 6  

0 . 2 7  

- 
- 0 . 1 8  

U.12 

- 
3 . 1 6  

0 . 1 5  

0 . 3 5  

-- 
2.71  

- -- 
5 . 8 3  

1 2 . 4 5  

- 
3 . 0 9  

7 . 5 1  

--- 
5 . 9 8  

4 . 7 9  

- - 
2 . 2 8  

4 . 0 5  

- 
4 . 6 4  

4 . 7 3  

-- - 
3 . 6 5  

2 . 8 5  

- 
3.61) 

2 .86  

- 
3 . 5 9  

- -- 

- 



TABLE 1 ( c o n t i n u e d )  

DATA SET # 3 . 1 :  BUS B 

G e n e r a l  O p e r a t i n g  C o n d i t i o n s ;  I d l e  i n  v a r i o u s  years  ( 5  m i n ) .  

ID# lSt  moment znd moment 3rd aoment  4 t h  moment 
( D e s c r i p t i o n )  Normal ized  ~ o r n a l i z e d  

- 

NOmlAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL - 

1031 00-3BlY 
I D L E  - NEUTRAL 

11.2800-4BM 
I D L E  - NEUTRAL 

103100-2BM 
I D L E  - D R I V E  

112800-5BM 
I D L E  - DRIVE 

103100-1BM 
I D L E  - REVERSE 

112800-6BIY 
I D L E  - REVERSE 

103101-1BM 
FAST - I D L E  

112801-2BM 
FAST - I D L E  

13.38 

13.13 

14 .46  

18.51 

14.37 

22.84 

7.99 

8 .32  

-0 .03  

- 

0 .35  

-0 .12 

0 .20  

-0.14 

----- 
-1.01 

0.08 

-- 
2.20 

-- - 

21.81 

3 . 8 8  

28.6 

22.57 

28.93 

13.08 

7 .55 

b .  06 

-- -- 
1.93 

- 
3.14 

1.91 

- 
3.18 

1 .88 

- 
5 . 8 5  

2.76 

- - 
20.48 

-- -..-- 



TABLE 1 (Continued) 

DATA SET #4.1: Bus 21 
General Operating Conditions: Constant speeds at 15-50 mph (3-5 min) 

ID# l S t  moment znd moment 3rd moment 4 t h  ~ o m e n t  
(Description) Normalized Normalized 

102820-1BM 

102825-1BM 

103135-2BM 

103140-1BM 

1 1  2845-2BM 

103150-1BM 

-32- 



TABLE 1 ( C o n t i n u e d )  

DATA SET # 1 , 2 :  Bus B 
G e n e r a l  O p e r a t i n g  C o n d i t i o n s :  I d l e  i n  v a r i o u s  g e a r s  ( 5  m i n )  

I D #  lS t  moment 2nd a o m e n t  3rd inoment 4 th  moment 
( D e s c r i p t i o n )  N o r m a l i z e d  Norxal i zed  

ABNORMAL 

1 7 . 3 8  

7 . 3 8  

22 .50  

9 . 3 7  

8 . 8 7  

10 .57  

- 

NORMAL 

ABNORMAL 

NORMAL 

NORMAL 

ABNORMAL 

- 
4.30 

5 .04  

-0 .38  1 . 9 5  

092500-1AM 
I d l e - N e u t r a l  

110700-1AM 
I d l e - N e u t r a l  

102300-2AM 
I d l e - D r  i v e  

110700-2AM 
I d l e - D r i v e  

NORMAL 

102300-5AM 
I d l e - R e v e r s e  

110700-3AM 
I d l e - R e v e r s e  

092501-1AM 

ABNORMAL - 

2 1 . 0 3  

F a s t - I d l e  

1 0 . 3 3  

1 9 . 8 5  

7 . 4 2  

-- I - _  
110701-1AM 
F a s t - I d l e  

2 0 . 3 8  

21.54 -0 .38  

1 9 . 2 2  

8 .14  

1 6 . 6 6  / 2 6 . 2 8  1 2 . 47  1 1 9 . 6 8  

- 0 . 3 5  



TABLE 1  ( C o n t i n u e d )  

DATA SET # 2 . 2 :  Bus  A 
G e n e r a l  O p e r a t i n g  C o n d i t i o n s :  C o n s t a n t  s p e e d s  a t  15-50 mph ( 3 - 5  m i n )  

ID# 1 St  m o ~ e n t  2nd moment 3rd moment 4th ,no!nent 
( D e s c r i p t i o n )  N o r m a l i z e d  Nor,nal  i z e d  

L 

NORMAL 

ABNORMAL 

NORMAL 

092515-1AM 
1 5  mph 

-.-- 

110715-1AM 
1 5  mph 

092520-1AM 
20 mph 

110720-1AM 9 . 4 4  

0925250-1A.M 1 1 . 7 3  

- 
3 . 6 6  

7 .70  

- 
4 . 6 2  

8 . 5 8  

NORMAL 

ABNORMAL 

NOKMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

L\IORP~AL 

ABNORMAL 

1 4 . 3 4  

-34- 

092535-1AM 
3 5  m?h 

110735-1AM 
35 mph 

092540-1BM 
40 mph 

110740-1AM 
40 mph 

092545-1AM 
45 mph 

110745-1AM 
45 mph 

092550-1AM 
513 nph 

1 1 0 7 S d - 1 M  
SO mph 

1 0 . 1 8  

7 .22  

1 . 2 8  

7 . 4 3  

1 0 . 0  

7 . 2 8  

1 2 . 3 8  

7 . 8 2  

1 1 . 0 9  

8 . 3 8  

1 0 . 0  

- -- 
6 . 4 3  

- 
9 . 7 7  

6 . 5 3  

6 . 4 0  

7 . 3 6  

6 . 4 7  

1 1 . 9 2  

6 . 7 6  

3 . 6 1  

6 . 2 4  

7 . 3 1  

0 . 5 4  

1 . 5 3  

- 

- 
5 . 0 8  

1 3 . 9 6  

- 

1  . 2 6  

0 .49  

0 . 8 4  

3 . 1 9  

0 . 3 0  

0 . 3 4  

0 . 2 0  

0 . 0 8  

1 5 . 4 8  

- - 
6 . 6 9  

8 . 5 7  

- 
4 . 5 6  

4 . 2 5  

- 
3 . 7 6  

2 . 9 3  

- 
3 . 7 6  

.---- 



TABLE 1 ( C o n t i n u e d )  

DATA SET # 3 . 2 :  Bus B  
G e n e r a l  O p e r a t i n g  C o n d i t i o n s :  I d l e  i n  v a r i o u s  g e a r s  ( 5  m i n )  

I D #  lS t  moment znd  moment 3rd moment 4th inoment 
( D e s c r i p t i o n )  N o r m a l i z e d  Nor ina l i zed  

- -- 
2.67 

- - 
3 . 5 6  

1.91 

- - 
3 . 0 6  

1 .88  

- 
3 . 8 4  

4.47 

- 
1 6 . 3 5  

- - - - - 

- 
0.17  

0 . 2 6  

-0 .12  

0 . 1 2  

-0 .14  

0 .55  

0 .91  

1 69 

---- 

1 6 . 7 3  

6 . 7 4  

28 .69  

29 .10  

28 .93  

2 4 . 3 0  

13.87 

5 .30  

- 

LIORMAL 

ABNORMAL 

t\lONlAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORi'l AL 

ABNORMAL 

092300-1BM 
I d l e - N e u t r a l  

112800-1BM 
I d l e - N e u t r a l  

103100-2B~vl 
I d i e - D r  i v e  

112800-2BM 
I d l e - D r i v e  

103100-1BM 
I d l e - R e v e r s e  

112800-3BM 
I d l e - R e v e r s e  

092301-1BM 
F a s t - I d l e  

112801-1BM 
F a s t - I d l e  

11 .48  

1 2 . 6 0  

1 4 . 4 6  

2 0 . 4 9  

14 .37  

1 8 . 2 3  

8 .74  

8 . 2 9  



TABL8 1  (Continued) 

DATA SET # 4 . 2 :  Bus  B 
General Operating Condi t ions:  Constant  speeds a t  15-50 inph (3 -5  inin) 

L 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORYAL 

NORYAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NORMAL 

ABNORMAL 

NOFMHL 

ABNORMAL 

I D #  I s t  monent znd moment 3rd moment 4th moment 
( D e s c r i p t i o n )  

09351  5-1BM 
1 5  mph 

112815-1BM 
1 5  mph 

093520-1BM 
20 mph 

112820-1BM 
20 mph 

093525-1BM 
25 mph 

112825-1BM 
25 mph 

093530-2BM 
30  mph 

11 2830-1BM 
30 mph 

093535-1BM 
3 5  nph 

112835-2BM 
3 5  mph 

093540-1BM 
40 rnph 

112840-1BM 
40 mph 

093545-1BM 
45  mph 

112845-1BM 
45 mph 

093550-1BM 
50 nph 

112850-1BM 
5 0  mph 

7 . 5 4  

3 . 6 9  

7 . 0 7  

8 . 4 5  

7 . 2 4  

8 . 3 4  

7 . 5 2  

1 0 . 0 7  

7 .26  

1 0 . 1 9  

8 . 0 1  

1 0 . 5 9  

7 . 8 7  

19 . 8 6  

7 . 5 0  

1 1 . 3 8  

-36- 

5 . 5 9  

8 . 2 5  

5 . 7 9  

6 . 5 5  

6 . 6 2  

8 . 2 7  

5 . 6 9  

9 . 8 3  

5 . 2 7  

1 0 . 6 4  

6 .67  

1 4 . 3 0  

5 .94  

1 3 . 9 6  

4 .79  

1 2 . 2 3  

Normalized 

0 . 7 5  

8 . 8 5  

1 . 0 1  

1 . 7 8  

0 .47  

- 
1 . 1 3  

0 . 4 2  

0 . 4 6  

0 .14  

- 
0 . 4 3  

0 . 4 4  

0 . 4 4  

0 . 2 2  

__-- 
0 . 0 5  

0 . 3 7  

0 . 0 0  

-- - 

Normalized 

6 . 5 2  

- - 
7 . 7 3  

6 . 3 4  

- 
1 4 . 8 6  

4 .39  

- - 
8 . 3 1  

3 . 4 9  

- 
4 . 4 0  

3 . 1 7  

- 
3 . 7 1  

3 . 7 0  

- 
3 . 6 0  

3 . 2 4  

- 
3 . 4 3  

3 . 2 5  

- 
3 . 2 1  

-- - 



IC. ' 1  I 'I 



be. d 

. . .  . . - - 
sa. q - _ - _  



C'VP 0'9s C ' P  

C'VS D'9S 9'9, O ' P  C'U C ' t :  t ' 9 !  f ' 8  C'C, 

I 

i c b l - S Z S D Z I  

i 
j;'C-lrjEELKlc ;I;II,;'t'Sil!;qNZl; 

. x':.:c; 

bib': 'DZ9ZDl 

. . 

4 'St 

LU 'St 

.It g 1 :  

I 
(0 '95 



a6n no. 

a 

a 
f 

IS. ? ' ~ . i  " 

3 
Z 

IS. "1 









I 4 
I 

I 
LC. "-4 - %* I 

i i 
I 

I 
:.a 0.3 1 6 . 8  a I p a  48.a a a 54.3 

BIN n u n m  

it. Ot 







sa. 3 1 

i .rrr  -...---- ,, --., '"-"".-".. 
6. L4d,Y"  .,*- JY.-+.&-: d - z - ? - 5 a L & d . 4  

182388.2R3 
LC. 

-*-  - - -..- 
Ld-2-2?,A d L 

a. J) R = 1;. j; 
I d 
u 3.b) 

2 3.3 
1: i 

I 
LC. J )  

SO. q 

0 

IS. 1 
1 c . 4  i l h  



. ,  
sa. q - - 

..._.._ -._. .- - . .  - - .--  - - . - . .  
. / - . , u _ / _ _  - i - -  - .  - -  . _  _ , *.JI ' .  - 



sa. jr ...---- - -'m 1 ~ ~ 2 i L . r  -: v:.:s!IT'i I ~ A ? . 1 3 L ' T T C N  
" .g  

69252S.IRR 1 
aa. at 

sa. q 



, . - - t . >  - 
. I  4 - .' --. d 

sa. q 
, .,.,r-... --- -*,--.. - - .--. ..-..--... - -. d 

? i * . l * . l  -: -:.:a- - 1 2 -*  -. - -  d -  - 4 . 3  

6.4 

IS. 

lC.* "*I 
3.0 0.8 6 24.3 32.8 cd.0 48.8 S6 .J  4.  

B I N  HUH8ER 8111 HO. 

so. br i 

IS. 

sa. q 

45. 8- 

T'-,;'TT-,J 7 ""-- - 7 7 . 7 - T . -  :Ja::;X-- "- .'.A - - 2 *JIx-:u - - d.4 

1 





B I N  tlUIl8ER 

sa. br 

sa. 3 
1 " , - . . . 9 y T - - , - - , , - - , {  -+-.----..- 8 -  4 - - ,~ .  

-iw1.<- . iL :  d m d . , . - -  - - 2 -  * - - . I  

6.6, 

a 2G. ; - 1 
IS. 

.,q, $'.,,--- -"--.' - - --- - - --- . .. . - 8 -  

.;'"A i i , i - . -  a?-'.'-: d - " & . . i l r , - J . 6  



. .--\ , .  - 

. ,w .-:-".A 

so. 6, .?. ..... -- ._ . ,__ . .  - - .--- -..- -- . .  - - . - -  1 I ,u.,w.,-- ,....-- : 2 - - - .  -.."A - - . b  

~ 9 2 3 0 s .  iaa 
4a. 4 

i 7 . 1 . ~ ~ -  - 13:- 
- ,  :< = 3 . , 4  

LA 

5 3a.ej 



. . - - , , *  - 

. < - .-- -7- 

so. h 
.,^ .,.. ...- - - - ,  ,--. . - - --- - -. .-- .. 

- < -  

6.4 
.,"-#".#-: *.-..*i--: d -- - - . - -  " - - > : ,  

j 
I 

I 

- . ,  - - - 
- .  . . -  sa. q 

..-.....---_-. I -  - ---- - - . _ _ _ .  .. - - ,  , - - -  

. 1 1 . 1 - 1 1 - .  *..-.-- - - -1 -..--- _ _  _ ., 



. . _ - . , . . 
.I , - .,-?- 

so. q ..-......--.-..--.. . ,  - - - , - - - - . .  --..- 
.,d .Iu.,-- - . - . - - :  d-:-.-,-2L- - d . l  

692338.10!l 
40. 3c I,;?, - 
35. j( = 7 . 5 2  



B I N  llUM8ER 



6 .  OBSERVATIONS OF EXPERIMENTAL DATA 

Several  important observa t ions  can be made frorn the  da t a  

which has been co l l ec t ed  on the  buses operat ing i n  simulated 

s e rv i ce  on the  road. Perhaps the  most importdnt observat ion i s  

t h a t  the  s h i f t  i n  nonuniformity w i t h  abnormal engine operat  ion 

r e l a t i v e  t o  normal opera t ion  is g r e a t e s t  f o r  the engine a t  or  near 

i d l e  condi t ion .  I t  should be r e c a l l e d  t h a t  i t  is  t h i s  s h i f t  i n  

the  s t a t i s t i c a l  d i s t r i b u t i o n  fo r  n  which serves  as  the  ' s i g n a t u r e '  

f o r  abnormal engine opera t ion .  In making t h i s  observat ion it  is  

important t o  recognize t h a t  the  i d l e /nea r - id l e  condi t ion is  being 

compared w i t h  many opera t ing  condi t ions  involving the  bus dr iv ing 

on the  road. 

In  p a r t i c u l a r  a  comparison of the var ious  opera t  in3 

condi t ions  is  presented i n  Table 1 .  T h i s  t a b l e  l i s t s  the var ious  

s t a t i s t i c a l  parameters fo r  the s t a t i s t i c a l  d i s t r i b u t i o n  of n fo r  

each operat ing condi t ion .  Specia l  a t t e n t i o n  should be y iven t o  

the  s h i f t  i n  mean value.  The mean value provldes a  useful  index 

of engine torque production i n  the  sense t h a t  l a r g e r  values  of n  

i n d i c a t e  r e l a t i v e l y  poorer engine torque uniformity and r e l a t i v e l y  

poorer engine performance. The o the r  s t a t i s t i c a l  parameters 

( i . e . ,  s tandard dev i a t i on ,  skew and kurtosis) a re  useful  pri!narily 

a s  indicators of the  shape of the  p robab i l i t y  d i s t r i b u t i o n  

func t ions .  

The relatively small s h i f t  i n  the  mean value of n f o r  road 

operat ing condi t ions  can be explained p a r t l y  i n  t e r m  of the  

r e l a t i v e l y  h i g h  moment of i n e r t i a  of the  engine r o t a t i n g  

components. A s  explained in  the  theory s ec t i on  of t h i s  r e p o r t ,  n 

v a r i e s  inverse ly  w i t h  t h i s  moment of i n e r t i a  fo r  any given torque 

nonuniformity l e v e l .  

Another observat ion which can be made from the  experimental 

da t a  i s  t h a t  the  shape of the  p robab i l i t y  d i s t r i b u t i o n  remains 

r e l a t i v e l y  unchanged as  tne  mean value s h i f t s .  That is ,  i n  going 

f rorn normal opera t ion  t o  abnormal opera t ion  the  p robab i l i t y  

dens i t y  funct ion fo r  n s h i f t s  t o  highar values b u t  the  shape 

remains roughly cons tan t .  

-57- 



S t i l l  another  important observa t ion  whicn can be inade i s  t n a t  

an ind iv idua l  cy l inde r  producing abnormal torque can be i d e n t i f i e d  

d i r e c t l y  frolo t h e  vec tor  n.  T h i s  i d e n t i f i c a t i o n  i s  poss ib l e  - 
because t h e r e  is  a  unique s i g n a t u r e  f o r  n which is  a s soc i a t ed  w i t h  - 
f a i l u r e  o r  p a r t i a l  f a i l u r e  of each cy l inde r  t o  produce r a t ed  

to rque .  Unfor tunate ly ,  the  funding fo r  the  presen t  p r o j e c t  has 

not  permit ted an exhaust ive  study of t h i s  important aspec t  of the  

performance measurements. 

The above observa t ions  form the  bas i s  fo r  s i g n i f i c a n t  r e s u l t s  

i n  t he  presen t  p r o j e c t .  The most important r e s u l t  of t he se  

s t u d i e s  is  the  a b i l i t y  t o  conduct hypothesis  t e s t i n g  measureinenta 

t o  a s c e r t a i n  whether the  engine is  opera t ing  normally o r  

abnormally. 

Figure  ( 1 0 )  i l l u s t r a t e s  the  concept fo r  t h i s  hypothesis  

t e s t i n g  based upon measurements of n. T h i s  f i g u r e  i s  a  sketch of 

t h e  p r o b a b i l i t y  dens i ty  func t ion  f o r  the  random v a r i a b l e  n under 

two hypotheses: Ho + normal engine opera t ion  and H + abnormal 
1 

engine ope ra t ion .  

p ( n J ~ )  

n 0 n 
1 

n 

Figure 1 0 .  Condi t ional  p r o b a b i l i t y  f o r  nonuniformity index 

In t h i s  f i g u r e  t he  s o l i d  curve is  the  p r o b a b i l i t y  d e n s i t y  

func t ion  for  n under hypothesis  H and the  dashed curve 
0 

corresponds t o  H . The a b i l i t y  t o  d i s t i n g u i s h  H from B depends 
1 0 1 

upon the  s h i f t  i n  p ( n l ~  ) r e l a t i v e  t o  p(nlH ) .  
1 n 

The observa t ions  of the  experimental  results have 

demonstrated t h a t  the  s h i f t  i n  t he se  two func t ions  is g r e a t e s t  fo r  

i d l e  and near i d l e ,  i n  gear .  Hence the  p r o b a b i l i t y  of 

success£ u l l y  de t ec t ing  H1 i s  g r e a t e s t  f o r  t h i s  opera t ing  
condi t ion .  



We conc lude  t h e r e f o r e  t h a t  measurements of n 

a r e  best made w i t h  t h e  t r a n s m i s s i o n  i n  g e a r ,  

t h e  b r a k e s  l o c k e d ,  and t h e  e n g i n e  a t  or n e a r  i d l e .  

We f u r t h e r  recommend, w i t h  respec t  t o  de tec t ing  component 

i n c i p i e n t  f a i l u r e  fo r  gradual  d e t e r i o r a t i o n  t o  f a i l u r e ,  t h a t  one- 

per-day sampling of the s t a t i s t i c s  f o r  n  i s  probably s u f f i c i e n t  

f o r  maintenance scheduling purposes. Elowever, we were unable t o  

v e r i f y  t h i s  recomrnendation w i t h  r espec t  t o  mean-t ines-to-fai lure 

because t he re  were no f a i l u r e s  on the  buses on which our s t ud i e s  

were conducted during the  period of data  c o l l e c t i o n .  Recal.1, t h a t  

t e s t s  were conducted using AATA buses. T h i s  t r a n s i t  au tho r i t y  has 

an outs tanding maintenance program and has a  very well maintained 
bus f l e e t ,  

Never theless ,  f o r  r e l a t i v e l y  gradual  d e t e r i o r a t i o n  t o  f a i l u r e  

the once per day sampling should be adequate. I n  t h i s  case ,  i t  i s  

f u r t h e r  recolnrnended t h a t  t he  instruinentat ion f o r  n measureiilent be 

maintained i n  the  garage and t h a t  the  buses ca r ry  only the two 

flywheel sensors  required t o  measure n. The s i g n a l s  from these  

sensors  can be provided t o  the  ins t rumentat ion v i a  a  connector.  

I t  should be noted t h a t  i f  each bus is equipped w i t h  t h e  

ins t rumenta t ion ,  then meaningful da ta  can only be co l l ec t ed  during 

the  tilne the  bus is  stopped. Continuous monitoring o r  bus 

performance throughout the  day i n  a c tua l  s e rv i ce  i s  bene f i c i a l  f o r  

de t ec t i ng  r e l a t i v e l y  rapid perforinance d e t r i o r a t i o n .  

Measurements can be taken from the  two onboard using a s i n g l e  

garage-based instrument.  T h i s  instrument w i l l  include s u f f i c i e n t  

memory t o  maintain a  record fo r  each bus  i n  the  f l e e t .  From the 

d a i l y  neasurements the  time t o  f a i l u r e  can be es t imated .  

Another bene f i t  of keeping the  performance monitoring 

equipment i n  the  shop is the  a b i l i t y  t o  coordinate  the  d iagnos t ic  

c a p a b i l i t y  of the  n  measurements w i t h  an exper t  system. 1.t i s  

l i k e l y  t h a t  over the  next decade exper t  systems w i l l  be u t i l i z e d  

i n  b u s  maintenance app l i ca t i ons .  There is  a l ready a  s t rong trend 

toward such development i n  autornotive maintenance ( e . g . ,  G M ' s  CAMS 

sys tem).  The performance data  ava i l ab l e  froin ineasureinents of - n i s  
well su i t ed  fo r  exper t  system d iagnos i s .  
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7 .  SUMMARY AND CONCLUSIONS 

We have concluded from our study t h a t  the  concept f o r  

d e t e c t i n g  i n c i p i e n t  engine component f a i l u r e s  based upon 

measurements of n is  f e a s i b l e .  Experimental v e r i f i c a t i o n  of r e a l  

time engine performance measurements has been completed. The 

ins t rumenta t ion  f o r  t he se  measurements has been designed so t h a t  

on-board measurements can be inade fo r  a  b u s  i n  a c t u a l  ope ra t ion .  

However, we reco~nmend, based upon experimerltal s t u d l e s ,  t h a t  

the  ins t rumenta t ion  fo r  performance measure~nents be maintained i n  

t h e  shop. The r eyu i r sd  sensors  fo r  performance measurements 

should be maintained on each bus. 

I n  a d d l t l o n ,  we have concluded t n a t  tne  optimun engine 

opera t ing  condi t ion  f o r  de t ec t ing  abnormal ope ra t ion  is  a t  o r  near 

i d l e  w i t h  the  t ransmiss ion  i n  gear  and the  brakes locked. T h i s  

opera t ing  condi t ion  y i e l d s  the  g r e a t e s t  " s igna tu re"  f o r  abnormal 

engine ope ra t ion .  

We recornmend sampling the  s t a t i s t i c s  once per day by 

connecting the  sensors  t o  the  garage based instrument and 

c o l l e c t i n g  d a t a  fo r  2-5 m i n .  T h i s  measurenent could be conducted 

during fue l ing  ope ra t ions .  The computer based garage instrument 

then c a l c u l a t e s  es t imated t ime- to - f a i l u re  from presen t  and pas t  

measurements of n each day. I n  add i t i on  t o  t ime- to - f a i l u re ,  the  

computer can i d e n t i f y  i nd iv idua l  cy l inde r s  w i t h  low performance 

based upon the  vec tor  - n .  

A c r i t e r i o n  fo r  optiinun maintenance schedu l in j  can r e a d i i y  De 

formulated from the  t ime- to- fa i lu re  e s t ima te s .  



APPENDIX A 

D e t a i l e d  S c h e m a t i c  for  t h e  Analog I n s t r u m e n t  

a n d  t h e  Computer  I n t e r f a c e  

L i s t  of IC's u s e d  f o r  t h e  i n s t r u m e n t  

I C -  1 

IC-2 

IC-3 

IC-4 

IC-5 

IC-6 

IC-7 

IC-8 

IC-9 

I C -  10 

I C - 1 1  

IC-12 

IC-13 

IC-14 

IC-15 

IC-16 

I C -  17  

IC-18 



Digital Parts of UMTA \EL Board 



Analog Parts of the UNTA VEL Board 



A P P E N D I X  B 

Pulse Generator Output Proportional t o  Sensor Frequency 

I f  we p ic tu re  the waveform from the sensor a s  follows 

t 

Then the output of the puls u n i t  (change pump and one 

s h o t )  would be as  follows: 

For every zero-crossing of the sensor s ignal  the re  i s  a pulse  

w i t h  the w i d t h  of T i n sens i t ive  t o  va r i a t ions .  The pulse has an 

average value equivalent to:  
1 

T 

where 
= 2 r  VDD f i n  

1 
f i n  = - *T 

T = fixed pulse w i d t n  of one-shot 

VaD = supply vol tage 
I f i n  = input s ignal  frequency (T) 



APPEl\IDIX C 

Circuitry and theory of design f o r  the  

switched capac i to r  f i l t e r  (MP-10) 

Requirements: 

1 ) f c  (overa l l -cu tof  f frequency) - f  t - ( t i r i n g  frequency) 
2 )  f = 1 0  f H 

S C I 

3 ,  Amax =a 1 . o  dB 

4 ,  Amin =h 80 dB 

Order Calcu la t ions :  
A m i n  / 1 0  

- 1 n = l o g l 0  ( l o  FfS 

1 0  ) / 2  l o g l o  
Amax' -, c 1 0  

4 . 3  

Since ME'-10 i s  c o n s t i t u t e d  of t ~ o  2nd-order f i l t e r s ,  order of n = l  

was used. 

For n = l ,  A = 1 d~ f = f f  and L = 10 f c ,  we have 
max c s 

and 

t h u s  



The two Butterworth Low ?ass F i l t e r s  a re  chosen a s  follows: 

1 F2 

Using model I1 on the spec. sheet  for  MF-10 

2nd order LPF 

Q = 0.541 

f  = 1.2f 
0 C 

f R 
c lk  2 1 / 2  

f R - 
(- + 1 )  f o  - 100 R 4  

or f = -  clk + 1 ) 1 / 2  
o 50  ( ~ i ;  

2nd order LPF 

rl = 1.306 

0 I- f  = 1.2fc 

r - clock 
'notch - 1 0 0  

Q = ( ( X 3 / R 4  + 1 ) / R 2 / R 3  1 /2  H 
O ~ P  

= -R2 /HI  / ( R 2 / R 4  + 1 )  

f  = 1 . 2 f  = 1 . 2 £ ,  
0 C 

clock = 2f = 34ff 
S 

Design Calculat ions 

1 ) F i r s t  F i l t e r  ( F 1 )  

Chosen values R = 8.2KI R 2  = 22K 
1 

R 3  = 5K. R4 = 18R 



2) Second Filter (F 2 )  

Chosen values 13; = 8.6K R'  = 38.5K 2 

MF-10 IC connection diagram 

Output to 

smoothing 

filter 

l?. 
4 

From one shot - ). - - 

R 4 '  1 .  

+lov( 

SIA 

SA/B 

6- 

1 9  2' 
20 

"1. 

. 2 .  

7.. VA+ VA- 

VD+ VD- 

LSH 50/100SG - 
CLKA CLKB 

LPA LPB 

BPA ,pP 

+ * 
' 

14 - 

1 1  - 

HPA MI?-10 N/AP/HPB 18 

INVA I NVB 17 From HPF- 
1 

2- 

- 

2 

* 

- 

- 
12 3,D 



$2000 MOVE. W 

MOVE. B 

IviOVE . B 

MOVE. B 

MOVE. I; 

MOVE. B 

MOVE. B 

MOVE. B 

MOVE. L 

MOVE . B 

MOVE. L 

MOVE . L 

MOVE, W 

MOVE. W 

MOVE. W 

MOVE. L 

$206C MOVE. W 

ADD1 . VJ 
CMPI . W 

BMI 

MOVE. B 

$2082 BRA , 

APPENDIX il 

L i s t i n g  of t h e  Program i n  

A s s e m b l e r  68000 Language 

#8192,SR 

#OI$1U001 

#255,$1005 

$0,$10007 

#12288,$003C 

#68,$1000D 

#4,$1000F 

#29,$10003 

#16384, A 9  

#1 ,$998 

#0,$1000 

#0,$1004 

#10,$1008 

#12,D7 

#O,D6 

#20480,A3 

#'Jr(A3)+ 

3'1 D6 

#256,D6 

$206C 

#52,$10001 

$2082 

Main R o u t i n e  

$3000 B T S T  #lI$lOOIB 

BNE $3028 

MOVE. B $10013, ( A $ ) +  

ADD. W #1 ,$I002 

MOVE. B #0,$10001 

MOVE. B #52,$10001 

RT E 



$ 3 0 2 8  B T S T  

BNE 

MOVE. L 

MOVE. B 

MOVE. L 

BRA 

$ 3 0 4 4  MOVE. L 

MOVE. 3 

MOVE. L 

$ 3 0 5 6  MOVE. L 

MOVE. W 

MOVE .W 

MOVE. B 

MOVE. B 

CMP. W 

BG'T 

CMP.W 

BLT 

BRA 

$ 3 0 8 4  ADDI .  W 

B RA 

$ 3 0 8 C  MOVE. L 

HOVE . W 

$ 3 0 9 6  MOVE. W 

MOVE. B 

Al3D.W 

ADD1.W 

CMP. W 

BELI 

B RA 

$ 3 0 8 A  D1VS.W 

MOVE. L 

MOVE. W 



$3084 MOV&. W 

MOVE. B 

SUB. W 

BPL 

NEG. VJ 

$30CO ADD .W 

ADDI .W 

CMP . W 
BEQ 

BRA 

$30CC DIVS. W 

MOVE. L 

MOVE. W 

ADD. W 

MOVE. L 

ADDA . W 
ADD1 . W 
ADD1.W 

ADDI . W 
CMPI . N 
BEQ 

$30F8 KT E 

$30FA PIOVE . W 

MOVE. L 

MOVE . W 
DIVS. W 

S FJAP 

LSL.W 

LSR.L 

MOVE. B 

$31 18 HE T 
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