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I. INTRODUCTION 

This repor t  summarizes technical  progress i n  a  study which 

has the goal of de tec t ing  inc ip ien t  f a i l u r e s  i n  c e r t a in  c r i t i c a l  

components i n  buses. The present  study has considered the 

f e a s i b i l i t y  of predic t ing b u s  component f a i l u r e s  from optimal 

electronic: instrumentat ion.  The concept fo r  t h i s  study involves 

d i r e c t  measurements of bus  component performance. Degradation i n  

performancx is an ea r ly  ind ica tor  of inc ip ien t  f a i l u r e  and can be 

used t o  p red ic t  f a i l u r e s  before they occur. The s p e c i f i c  bus 

components f o r  t h i s  study include: 

Engine 

Transmission 

a Brakes 

The present  study has g rea t  po t en t i a l  f o r  reducing maintenance 

cos t s  fo r  bus f l e e t s .  

The po t en t i a l  areas  fo r  maintenance cost  reduction and 

improved e f f ic iency  a re :  

reduction of road c a l l s  by ea r ly  de tec t ion  of de fec t s ,  

reduction i n  incorrect  d iagnosis ,  and 

reduction of d iagnos t ic  time. 

Each of these areas has a  g rea t  impact on r epa i r  cos t s  for  bus 

f l e e t s  of a l l  s i z e s .  

A system fo r  de tec t ing  inc ip ien t  bus system f a i l u r e s  has been 

r e l a t i v e l y  expensive i n  the  pas t  compared w i t h  cos t s  of ground- 

based t ranspor ta t ion .  However, the commercial a v a i l a b i l i t y  of 

r e l a t i v e l y  low cost  sensors and microprocessor-based e l ec t ron i c s  

r a i s e s  the p o s s i b i l i t y  of applying t h i s  f a i l u r e  de tec t ion  concept 

t o  bus  or  truck f l e e t s .  
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There are  several  i ssues  a f f ec t ing  the f e a s i b i l i t y  of t h i s  

concept i n  bus  f l e e t s .  For example, the  s i z e  of the system and 

the  maintenance cos t s  i n  t o t a l  and per bus are  important. I n  

add i t ion ,  the  cos t s  involved i n  bus in-service breakdowns g r e a t l y  

influence t h i s  f e a s i b i l i t y  because t h i s  f a i l u r e  de tec t ion  scheme 

has the po ten t i a l  t o  nearly e l iminate ,  o r  a t  l e a s t  g r ea t ly  reduce, 

the  number of such brealcdowns. 

The proposed system i s  s i g n i f i c a n t l y  d i f f e r e n t  from ex is t ing  

f l e e t  maintenance a id s  o r  automatic diagnost ic  instrumentation.  

I n  the  l a t t e r  case,computer-aided t e s t i n g  i s  performed t o  i den t i fy  

the ex i s t i ng  s t a t u s  of individual  components i n  an attempt t o  

de t ec t  ex i s t i ng  f a i l u r e s .  Such t e s t s  are  normally performed a t  

t e s t  s t a t i o n s  (e.g. fue l  i s l ands )  and the monitoring r e s u l t s  i n  a  

sample of the  system's s t a t u s  a t  the  time t h a t  measurements a re  

made. 

I n  the  inc ip ien t  f a i l u r e  de tec t ion ,  the veh ic l e ' s  overa l l  

performance is cont inual ly  monitored during normal operat ion.  

Performance degradation can be detected a t  an ea r ly  s tage.  

Whenever performance degradation is detected,an on-board 

d iagnos t ic  rout ine  can be ca l led  upon t o  i s o l a t e  the  degraded 

component(s).  Appropriate warning messages, ca l l i ng  fo r  s p e c i f i c  

maintenance ac t ion ,  can be displayed or  s tored.  

The concept of the  i nc ip i en t  f a i l u r e  de tec t ion  system can be 

understood with respect  t o  f i gu re  1 which is a  block diagram for  

the instrumentation. 



I Engine/Train Brakes Steering Coach I 
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Support , Diagnostic 
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Opera tor 

Disploy/Warning 

1 
Figure 1 

In this figure a group of sensors are schematically indicated 

which measure/monitor various vehicle variables or parameters. 

The electrical signals from these sensors are coupled to a 

dedicateid on-board computer. This computer performs all 

computations or logical operations required to determine whether 

the vehi'cle subsystem is within allowable bounds. It also 

performs decision logical operations as required to issue a 

warning message. If this is a short-term, action-required issue 

the warning is given to the operator via the display. If this 

message is a longer-term maintenance item it might be stored in a 

non-volatile memory. 

The longer-term action items (e.g., at end of in-service 

period or at routine maintenance period) messages are obtained 

from memory by Ground Support ~ ~ u i ~ m e n t  (GSE). This equipment 

can, for example, be connected to the vehicle during normal 

maintenance or it might be connected briefly when the vehicle is 

removed from service log at end of day. 
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I n  addi t ion t o  a l e r t i n g  maintenance personnel t o  i nc ip i en t  

component/subsystern f a i l u r e ,  t h i s  GSE can a s s i s t  i n  maintenance 

d iagnos t ics .  I n  t h i s  app l ica t ion  each vehicle  e l e c t r i c a l ,  

e l e c t r o n i c ,  o r  electromechanical component can be performance 

t e s t ed  by a  computer rou t ine .  T h i s  f ea tu re  has the  benef i t  of 

reducing d iagnos t ic  time and can thereby reduce maintenance 

c o s t s .  

I t  is he lpfu l  t o  consider a few examples of vehic le  

performance monitoring t o  i l l u s t r a t e  the  system concept. One of 

t he  most s i g n i f i c a n t  performance ind ica to r s  of any vehicle  i s  the  

engine brake torque o r  output  power. A simple, inexpensive, non- 

contact ing sensor fo r  torque measurement has recen t ly  been 

reported [Ref. 1 Although the  sensor concept as  explained t h e r e  

is appl icable  only t o  veh ic les  equipped w i t h  automatic 

t ransmiss ions ,  recent  improvements have yielded a  system equal ly  

appl icab le  t o  veh ic les  w i t h  a manual transmission.  

Engine output  power can be obtained simply by multiplying t h e  

torque by crankshaf t  angular speed. T h i s  speed measurement may be 

obtained from the  same sensor used t o  measure torque. Thus ,  a 

simple and inexpensive sensor e x i s t s  fo r  continuously monitoring 

engine performance. T h i s  sensor ,  i n  conjunction w i t h  a  simple 

computer algorithm, can e s s e n t i a l l y  ins tantaneously  d e t e c t  

degradation i n  engine torque/power. 

Another major engine performance va r i ab l e  is torque non- 

uniformity. Although engine torque is inheren t ly  non-uniform, 

excessive non-uniformity is  a  d i r e c t  ind ica t ion  of engine 

performance degradation. 
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Another important performance var iab le  of a highway vehic le  

is braking e f fec t iveness .  This performance var iab le  is 

p a r t i c u l a r l y  important f o r  buses as a  s a f e t y  issue--a l a rge  

proport ion of urban bus f a t a l  accident  involvements i n  t he  U. S .  

involve pedest r ians  and o ther  veh ic les  being s t ruck  by the  f r o n t  

of the  bus. Braking e f fec t iveness  involves the r e l a t i o n s h i p  

between brake l i n e  hydraul ic  pressure  and braking force  f o r  a  

given vehic le .  Braking force  can be measured using sensors a t  t h e  

wheel, and brake l i n e  pressure  may be est imated c lo se ly  from 

sensors  i n  the vehic le  suspension system. From such measurements, 

braking e f f ec t i venes s  can be computed and presented o r  recorded 

each time brakes a r e  used during normal operat ion of the  veh ic le .  

Degradation of the  braking system thus can be i d e n t i f i e d  as  a  

continuous r a t h e r  than a  pa s s / f a i l  measure, and the  r e s u l t s  can 

a l e r t  maintenance personnel f o r  e a r l y  r epa i r  or  replacement. 

The procedures f o r  the  present  study involve severa l  key 

s t e p s .  The i n i t i a l  s t e p  has been t o  develop r e l a t i v e l y  low cos t  

e l e c t r o n i c  instrumentat ion f o r  monitoring the  performance of t he  

bus components l i s t e d  above. T h i s  instrumentat ion can de t ec t  

degradation i n  performance which serves  as  the  f i rs t  ind ica t ion  of 

i nc ip i en t  f a i l u r e  (except  f o r  the  case of sudden ca tas t rophic  

f a i l u r e ) .  The next phase of the  study involves development of a  

s t a t i s t i c a l  model f o r  t he  r e l a t i o n s h i p  between time t o  f a i l u r e  and 

a  given l eve l  of degradation.  This has been the  most d i f f i c u l t  

por t ion  of the study because of the  unava i l ab i l i t y  of s u i t a b l e  

da ta  bases upon which the  s t a t i s t i c a l  model can be formed. The 

f i n a l  aspect  of the  study has been t o  synthesize  a  s u i t a b l e  
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maintenance s t ra tegy  which optimally u t i l i z e s  the information from 

the  performance instrumentation. Owing t o  l imited f u n d s  f o r  t h i s  

p ro j ec t ,  not a l l  of the intended s tud ie s  could be completed. 

11. PERFORMANCE MEASURING INSTRUMENTATION 

The present  study i s  concerned w i t h  measurements of 

performance of 3 primary bus components: the  engine, t ransmiss ion,  

and brakes. Performance measurements are  d i s t i n c t l y  d i f f e r e n t  fo r  

each of these components. The primary performance measurement f o r  

the  engine is the  torque ( o r  horsepower). Accurate measurements 

of engine torque and torque non-uniformity can be made using 

instrumentation developed during t h i s  study. These measurements 

can give engine performance degradation d i r e c t l y .  

Brake performance can a l s o  be represented d i r e c t l y  by braking 

e f f i c i ency  or  by the  hydraulic pressure required fo r  a  given 

vehicle  dece le ra t ion  i n d i r e c t l y .  The sensors required f o r  e i t h e r  

d i r e c t  or  i nd i r ec t  brake performance measurements a r e  cu r r en t ly  

ava i lab le  and require  no addi t iona l  development. 

The instrumentation fo r  each of the  bus components i s  

discussed separa te ly  i n  t h i s  repor t .  We begin w i t h  the 

instrumentation fo r  torque non-uniformity measurements. 



Torque Non-Uniformity Measurement 

I d e a l l y ,  the torque produced by an i n t e r n a l  combustion engine 

should be maximally uniform. That is,  the  torque produced during 

s teady s t a t e  operat ion by each cyl inder  should be i den t i ca l .  I n  

add i t ion ,  the  torque should be i den t i ca l  f o r  each engine cycle 

during steady s t a t e  operat ion.  

I n  p r ac t i ce  the  torque production va r i e s  from cycle t o  cycle 

and from cylinder t o  cyl inder .  However, i n  a  normal engine t he  

torque va r i a t i on  from cyl inder  t o  cyl inder  i s  r e l a t i v e l y  small.  

On the other  hand, the va r i a t i on  i n  torque production f o r  an 

engine w i t h  degraded performances is r e l a t i v e l y  l a rge .  For 

example, a d i e se l  engine having one p a r t i a l l y  malfunctioning f u e l  

i n j e c t o r  has a  l a r g e r  va r i a t i on  i n  cylinder-to-cylinder torque 

producti.on than f o r  a  normal engine. 

There a r e  severa l  types of component malfunctions o r  

degradation which r e s u l t  in  engine performance degradation. For 

example,, the  f u e l  i n j ec to r  performance is  influenced by wear, d i r t  

i n  the  i n j ec to r  nozzle assemblytincorrect  pressures  ( l i n e ,  

openingp closing),  and many other  non-catastrophic f a i l u r e s .  Any 

such change i n  the i n j ec to r  causes the  f u e l  in jec ted  i n t o  t he  

cy l inder  t o  be incor rec t  f o r  any p a r t i c u l a r  operat ing condit ion.  

The torque produced by the  af fec ted cylinder w i l l  be 

d i f f e r e n t  from normal torque production and, in  p a r t i c u l a r ,  

d i f f e r e n t  from the  other  cyl inders .  That is,  the  non-uniformity 

i n  torque production w i l l  be l a r g e r  than fo r  normal cyl inder  

operat ion.  A measurement of torque non-uniformity serves  a s  an 

ind ica tor  of degraded (non-standard) performance of t he  components 

associated w i t h  t h a t  cyl inder .  
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The i n s t r u m e n t a t i o n  d e v e l o p e d  on t h i s  p r o j e c t  is  c a p a b l e  of  

m e a s u r i n g  s u c h  t o r q u e  n o n - u n i f o r m i t y .  Moreover t h i s  

i n s t r u m e n t a t i o n  is c a p a b l e  o f  i d e n t i f y i n g  t h e  a f f e c t e d  c y l i n d e r ( s )  

c a u s i n g  t h e  n o n - u n i f o r m i t y .  

Once it h a s  been  d e t e r m i n e d  t h a t  a  g i v e n  c y l i n d e r  h a s  

d e g r a d e d  p e r f o r m a n c e  t h e r e  a r e  s e v e r a l  s t a n d a r d  p r o c e d u r e s  f o r  

i d e n t i f y i n g  t h e  component which is r e s p o n s i b l e  f o r  t h e  d e g r a d e d  

p e r f o r m a n c e .  For example ,  c o m p r e s s i o n  measurements  c a n  i d e n t i f y  

p o o r  v a l v e s  o r  worn/broken r i n g s .  I n  a d d i t i o n , v a r i o u s  p r e s s u r e  

measurements  can  i s o l a t e  m a l f u n c t i o n i n g  i n j e c t o r s  ( r e f .  Henein 1 ) . 
O t h e r  f u e l  s y s t e m  components  c a n  s i m i l a r l y  c a u s e  a n  i n c r e a s e  

i n  t o r q u e  n o n - u n i f o r m i t y .  Depending upon t h e  t y p e  o f  f u e l  s y s t e m  

used ,  t h e r e  can  be f a i l u r e s  i n  t h e  pump or t h e  r a c k  as w e l l  a s  

i n d i v i d u a l  f u e l  i n j e c t o r s .  Moreover,  p o o r l y  s e a t i n g  v a l v e s ,  worn 

or b roken  p i s t o n  r i n g s , a n d  l e a k y  c y l i n d e r  head  g a s k e t s  can  c a u s e  

s e v e r e n o n - u n i f o r m i t y i n  t h e  t o r q u e  which is g e n e r a t e d  by a  d i e s e l  

e n g i n e .  Thus ,  a  measurement  o f  t o r q u e  n o n - u n i f o r m i t y  s e r v e s  a s  

t h e  b a s i s  f o r  d e t e c t i n g  d e g r a d a t i o n  i n  v a r i o u s  components  o f  t h e  

d i e s e l  e n g i n e  and c a n  be  used t o  p r e d i c t  b u s  f a i l u r e .  

I n  a d d i t i o n , t h e  p r e s e n t  method o f  m o n i t o r i n g  t o r q u e  

n o n - u n i f o r m i t y  c a n  i d e n t i f y  an i n d i v i d u a l  m a l f u n c t i o n i n g  

c y l i n d e r .  

The i n s t r u m e n t a t i o n  s y s t e m  h a s  s u f f i c i e n t  i n f o r m a t i o n  t o  

d e t e c t  d e g r a d e d  t o r q u e  g e n e r a t i o n  i n  a  c y l i n d e r  and t o  i s s u e  a n  

a l a r m  i n d i c a t i n g  a  p o t e n t i a l  f a i l u r e  i n  a  g i v e n  c y l i n d e r .  T h i s  

i n f o r m a t i o n  i s  u s e f u l  f o r  p r e v e n t a t i v e  m a i n t e n a n c e  and c a n  

s i g n i f i c a n t l y  s h o r t e n  d i a g n o s t i c  time and r e p a i r  time t h e r e b y  

improv ing  m a i n t e n a n c e  e f f i c i e n c y .  
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The present  research p ro j ec t  has developed a s c a l a r  index fo r  

torque non-unif ormity which can d i s t i ngu i sh  between normal and 

degraded torque production. T h i s  study has . a l so  developed 

r e l a t i v e l y  low cost  non-contacting instrumentat ion f o r  measuring 

t h i s  torque non-uniformity. This instrumentat ion,  which is 

discussed i n  the  next s ec t i on  of t h i s  r epo r t , r equ i r e s  minimal 

engine modificat ion.  

Theory of Method 

The present  non-contacting method of measuring I C  engine 

torque non-unif ormi t y  is based upon the  r e1  a t  ionsh i p  between 

torque and angular ve loc i ty  of t he  crankshaf t .  Although t h i s  

r e l a t i o n s h i p  is complex, it can be expressed approximately by a  

r e l a t i v e l y  simple model. In presenting t h i s  model it is 

convenient t o  represent  the  engine load i n  terms of an approximate 

equivalent  e l e c t r i c a l  c i r c u i t  such a s  is  depicted i n  f i gu re  2. 

F igure  2 



In  t h i s  equivalent c i r c u i t  torque T is analogous t o  ioltage and 

angular velocity w is  analogous t o  current .  Furthermore, e 

f r i c t i o n  i s  represented by res is tance ,  moment of i n e r t i a  by 

inductance, the angular e lastance of the clutch tors ional  damper 

springs by capacitance,and the transmission is represented by an 

ideal transformer. 

For the purposes of t h i s  report  it is convenient t o  denote 

the net torque which is applied a t  the crankshaft as T n ( B ) .  This 

torque is produced by the cylinder pressure during power s t roke .  

The force resul t ing  from t h i s  pressure is applied through the 

connecting rod t o  the crankshaft. 

However, there are several  losses  i n  the mechanism which 

couples the cylinder pressure t o  the crankshaft. There are losses  

due t o  f r i c t i o n ,  pumping of .intake and exhaust gases, accessory 

loads, camshaft loads. Moreover, there a re  forces associated w i t h  

the accelerat ion of the piston connecting rod assembly. The 

superposition of the torques from a l l  of these forces  produces a 

torque Tn which is applied t o  the  crankshaft and which we have 

denoted T n .  

Also shown i n  f igure 2 a re  a pa i r  of currents  w, and wL 

denoting: 

w = instantaneous crankshaft angular speed e 

w = instantaneous transmission output speed. L 

The instantaneous crankshaft angular speed is  represented by w e ( t )  

where 

"'e = at 
6 = instantaneous angular posi t ion of crankshaft ( r e l .  t o  e 

TDC of # I  cyl .  on compression/power), 
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The component of f r i c t i o n  torque,which is  propor t ional  t o  

crankshaft  angular speed , i s  represented by the ' torque drop 

across '  r e s i s t ance  R . The time varying f r i c t i o n a l  torque i s  e  

included i n  T n (  6). 

The moment of i n e r t i a  of the  crankshaft  flywheel and c lu tch  

pressure  p l a t e  is represented by inductance L e .  T h i s  parameter i s  

f ixed for  any given engine configurat ion.  

The so-called c lu tch  t o r s iona l  damper spr ings  have the  

g r e a t e s t  compliance of any d r i v e l i n e  component. The purpose of 

t h e  c lu tch  t o r s iona l  damper is t o  i s o l a t e  the  load from the  torque 

va r i a t i ons  which a r e  a  concommitant pa r t  of any rec iproca t ing  I -C  

engine. The t o r s iona l  e las tance  i s  analogous t o  shunt capacitance 

i n  the  equivalent  c i r c u i t .  This e las tance  i s  represented by 

capaci tor  Cc i n  f i gu re  2. 

I t  has been presumed imp l i c i t l y  t h a t  the mechanical 

conf igurat ion under d iscuss ion includes a  manual t ransmission.  

This transmission is represented by an idea l  transformer (d-c 

coupled) having t u r n s  r a t i o  1:r. That is,  the  average load torque 

<TL> is given by 

<TL> = r <Tb> 

where 

<Tb> = brake torque. 

The load is represented i n  f igure  2 by an inductance L L  and 

r e s i s t ance  RL combination. This represen ta t ion  is appl icable  t o  

a l l  s t ud i e s  reported i n  t h i s  paper, some of which were conducted 



w i t h  a water brake dynamometer. The moment of i n e r t i a  of a water 

brake varies  somewhat w i t h  the t o t a l  water content. I n  the 

present case the f u l l  water i n e r t i a  i s  1 2 %  more than the empty 

brake i n e r t i a .  The moment of i n e r t i a  of the engine rotat ing 

components combines w i t h  the load moment of i n e r t i a  yielding one 

of the ca l ibra t ion  parameters fo r  the measurements reported i n  

t h i s  paper. The variat ion i n  load moment of i n e r t i a  could 

potent ia l ly  r e s u l t  i n  a ca l ibra t ion  er ror  (or  uncertainty).  

However, it can be shown tha t  the clutch tors ional  damper springs 

provide su f f i c i en t  i so la t ion  of the crankshaft from load 

variat ions,  tha t  the ca l ibra t ion  constant var iat ion i s  

negl igible .  

The load angular speed is  represented by w L ( t )  and the 

instantaneous load torque is represented by T L ( t ) .  Power 

absorption i n  the load i s  represented by r e s i s t o r  RL,  t he  

resis tance of which depends upon the operating condition. 

The present s t u d y  and its conclusions are a l so  applicable t o  

a system having an automatic transmission. I n  t h i s  case the s h u n t  

capacitor i n  the equivalent c i r c u i t  can be replaced by a s h u n t  

res is tance.  This resis tance is nonzero a t  zero frequency 

representing torque converter s l i p  and is essen t i a l ly  zero 

resis tance for  the time varying components of torque ( i . e . ,  

harmonics of cylinder f i r i n g  frequency) . That is,  the torque 

converter provides extremely high i so la t ion  of the crankshaft from 

load variat ions.  



The torque act ing on the c lu tch  pressure p l a t e  (which can 

properly be termed the  instantaneous brake torque) i s  denoted 

T b ( t ) .  The torque mul t ip l i ca t ion  i n  the transmission i s  

represented by the  tu rns  r a t i o  l:r of the  transformer i n  f igure  2.  

The above lumped parameter equivalent  c i r c u i t  and the  

associa ted mathematical model a r e  approximations t o  the  ac tua l  

dynamic system. However, these  approximations a r e  s u f f i c i e n t l y  

accurate  t o  explain the  present  method of measuring torque non- 

uniformity. 

The present  study is  concerned w i t h  measurements of non- 

uniformity of torque T n  under steady s t a t e  condit ions.  In  t h i s  

case  it is poss ible  t o  separate  each of the  var iab les  i n  t he  

equivalent  c i r c u i t  i n t o  d-c and a-c components: 

va r iab le  d-c - a-c - 

Non-uniformity occurs i n  the  time varying components of torque.  

A n  equivalent  c i r c u i t  w i t h  respect  t o  d-c components is shown i n  

f i gu re  3 and a corresponding equivalent  c i r c u i t  f o r  time varying 

components is depicted i n  f i gu re  4. 

F igu re  3 



Figure  4 

I n  t h i s  f igure  the  load parameters have been re fe r red  t o  the  

primary of the  transformer ( i , e ,  a t  the  transmission i n p u t ) .  The 

angular speed I I ~  i s  the  time varying component of the  transmission 

input s h a f t .  

I n  c e r t a i n  con£ igura t  ions (depending upon system parameters ) 

t he  complex load impedance ZL s a t i s f i e s  the  following inequal i ty :  

where 

X = radian frequency 

A = s e t  of a l l  frequencies fo r  which T , ( t )  has non- 

neg l ig ib le  power). 

I n  p a r t i c u l a r ,  it is shown l a t e r  t h a t  t h i s  inequa l i ty  i s  

s a t i s f i e d  fo r  experimental s tud i e s  reported i n  t h i s  repor t .  For 

such cases the a-c equivalent  c i r c u i t  of f i gu re  4 can be fu r the r  

s impl i f ied  as  depicted i n  f i gu re  5. 



Figure 5 

The c i r c u i t  of f i gu re  5 is  equivalent  t o  the  condit ion i n  

which the c lutch to r s iona l  damper has e f f e c t i v e l y  caused t o t a l  

i s o l a t i o n  of the  load from torque f luc tua t ions  T q ( t ) .  

W i t h i n  the  v a l i d i t y  of a  l inear ized  model t he  crankshaft  

instantan~eous angular speed n e ( t )  i s  given by the  convolution of 

the  torque r , ( t )  w i t h  the impulse response of the  equivalent  

c i r c u i t :  

ne(t.)  = r , ( t )  * h c ( t )  

where 

hc ( t . )  = impulse response of equivalent  c i r c u i t .  

T h i s  model is approximately val id  w i t h  respect  t o  torque va r i a t i on  

~ ( t )  a t  any steady s t a t e  operating condi t ion.  

Al ternate ly  the  r e l a t i onsh ip  between torque and crankshaf t  

angular ve loc i ty  can be expressed i n  terms of the  s inuso ida l  

frequency response Ac( j A )  

where 



A = radian frequency 

For the approximate l inea r  equivalent c i r c u i t  of f igure  5 we have 

Moreover as the frequencies of the Fourier components of r, 

are  p r ~ p o r t i o n a l  t o  RPM (steady s t a t e  condi t ion) ,  t h i s  sinusoidal 

frequency response i s  a  function of RPM. 

Thus ,  non-uniformity i n  torque T n ( t )  gives r i s e  t o  an 

associated non-uniformity i n  q e ( t )  and t h i s  l a t t e r  var iable  serves 

a s  a  measurement of the non-uniformity of the torque. However, 

the re la t ionship  between the two measures of non-uniformity 

depends upon RPM and upon the spec t ra l  d i s t r ibu t ion  of ~ ( t ) .  

In ce r t a in  engine dr ive  t r a i n  configurations the system 

parameters are  such tha t  the equivalent c i r c u i t  of f igure 5 i s  

reduced t o  tha t  depicted i n  f igure 6. 

Figure 6 
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This system is  equivalent  t o  a  purely Newtonian mechanical 

system i n  which the  torque m i s  balanced by i n e r t i a l  torque of 

t h e  ro t a t i ng  components of the  engine and the  c lutch pressure 

p l a t e  

~ , ( t . )  = L e a ( t )  

where 

a ( t )  = crankshaf t  angular acce le ra t ion  

T h i s  s i t u a t i o n  involves the mathematically simplest  r e l a t i o n s h i p  

between non-uniformity i n  ~ ( t )  and i n  n e ( t ) :  

Regardless of the  complexity of the model which is required t o  

represent  the  system, it is  c l e a r  t h a t  non-uniformity i n  torque 

r e s u l t s  i n  non-uniformity va r i a t i on  i n  crankshaft  angular 

ve loc i ty .  T h i s  r e l a t i onsh ip  between ~ ( t )  and % ( t )  r a i s e s  the  

p o s s i b i l i t y  of measuring non-uniformity i n  torque r n  from a  

measurement of the corresponding non-uniformity i n  n e  ( t )  . T h i s  

paper presents  a  non-contacting method of measuring the  non- 

uniformity i n  n e ( t ) .  

I d e a l l y  the  torque generated by a  reciprocat ing I-C engine a t  

constant  load and RPM would be per iod ic  i n  time. However, i n  

p r a c t i c e ,  t h i s  torque is a  random process which is not necessar i ly  

s t a t i ona ry .  An e a r l i e r  paper ( r e f .  1 ) presented a  q u a n t i t a t i v e  
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index for  the torque non-uniformity based upon measurements of 

d r ive l ine  torque. The present paper extends t h i s  concept of 

representing non-uniformity t o  non-contacting measurements of 

crankshaft angular speed and t o  an equivalent computation of a  

non-uniformity metric. 

The concept of measuring torque non-uniformity which is 

presented i n  ( r e f .  1 )  is based upon the presumption tha t  the  

e s sen t i a l  non-uniformity i s  represented by re l a t ive  maxima and 

r e l a t i v e  minima of the torque random process. Similarly the  

torque non-uniformity is representable by the corresponding 

r e l a t i v e  maxima and minima of angular speed rl . The angular speed 
e  

can be measured using a  non-contacting sensor and straightforward 

e lec t ronic  s ignal  processing. 

I n  method of r e f .  1 the instantaneous torque i s  sampled a t  

these extrema and a  2N dimensional vector is obtained fo r  an N 

cylinder engine. From t h i s  vector a  sca lar  metric is computed by 

elementary ari thmetic operations. This sca la r  is iden t i ca l ly  zero 

fo r  maximally uniform torque and increases monotonically w i t h  non- 

uniformity. 

I n  t h i s  report  a  non-uniformity metric is introduced which is 

somewhat modified from r e f .  1. However, t h i s  metric is a lso  based 

upon extremal values of the crankshaft angular speed. Figures 7 

and 8 are records of an analog of crankshaft angular speed ( a t  

constant R P M )  for  two separate operating conditions i l l u s t r a t i n g  

the instantaneous variat ion due t o  each cylinder f i r i n g  event. 

The non-uniformity for  t h i s  operating condition, though re la t ive ly  

small, can also be seen. I n  f igures  7 and 8 the ordinate  is 

proportional t o  the negative of angular speed. 
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Consequently r e l a t i v e  maxima of the  analog s igna l  represen t  

r e l a t i v e  minima of angular speed and vice-versa. 

The non-uniformity metric fo r  torque is  obtained from an 

e l e c t r i c a l  analog of crankshaft  angular speed which is  denoted 

v , ( t ) :  

The ins t runenta t ion  fo r  generating t h i s  analog is explained i n  a  

l a t e r  sec t ion  of t h i s  paper. The e s s e n t i a l  torque non-uniformity 

information is contained i n  the  r e l a t i v e  maxima and minima of  

v , ( t )  . The following notat ion is used throughout t h i s  paper: 

vn (k l  = v,[t ,odl  n = k , k + 1  ... k t N - 1  

k =  0, N ,  2 N  ... 
where 

t n ( k )  = time of n t h  r e l a t i v e  maxima of v , ( t )  f o r  the  k t h  

block of da t a ,  

Often N is chosen t o  be an in t eg ra l  mult iple of the  number o f  

cy l inders  and k denotes the  number of blocks of sampled da t a  each 

having length N .  T h i s  is  a  convenient choice f o r  studying non- 

uniformit!y which is repeated ( a t  l e a s t  approximately) each engine 

cycle ,  However, it should be emphasized t h a t  f o r  o ther  

appl ica t ions  other  choices f o r  N a re  perhaps des i rab le .  

An N dimensional vector - v ( k )  is then formed: 
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The average value v(k) of the components is obtained: 

Next, the so-called non-uniformity vector - n(k) is formed: 

n(k) = ~ ( k )  - uv(k) - 
where 

U' = 1 1 , l  .,. 19 - N dimensional 

We define the non-uniformity metric n(k) for the kth interval 

in terms of the R 1  norm of the vector n(k) : 

In addition, the average non-uniformity metric can be computed for 

K intervals 

In the case of maximal uniformity over the kth interval all 

components of vector - v(k) are equal and - n(k) is a null vector. 
The non-uniformity metric for the kth interval is also null: 

As the torque (and consequently the angular speed) deviates 

from perfect uniformity, the non-uniformity metric increases from 

zero. 
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The r e s u l t s  of the computation for  - n ( k )  and n ( k )  depend upon 

operating conditions. I n  par t icu lar  these r e s u l t s  depend upon 

RPM. This occurs because the relat ionship between torque m and 

crankshaft angular speed rl is dependent upon RPM and load ( i . e . ,  e  
H ( j  A )  depends upon RPM and l o a d ) .  

The numerical r e s u l t s  for  n ( k )  depend upon the number N of 

samples which are used t o  construct vector v ( k ) .  The choice of N - 
depends largely upon the application of the non-uniformity metric. 

I f  the non-uniformity data  is t o  be synchronized w i t h  each engine 

cycle then N should be twice the number of cylinders.  For normal 

operation of an engine the non-uniformity is roughly synchronous 

w i t h  each engine cycle. I n  t h i s  case it i s  advantageous (though 

not necessary) to  choose N as an even integral  multiple of the 

number of cylinders. However, as N increases, the time delay for  

computing non-uniformity is a lso  increased. 

I n  itddition, the computation of n (k )  i s  highly to lerant  of 

sampling e r ro r s .  That i s ,  fo r  cer ta in  operating conditions,  

cer ta in  r e l a t ive  maxima are  su f f i c i en t ly  small tha t  they are below 

de tec tab i l i ty  (as  explained i n  the instrumentation sec t ion) .  A 

condition such as t h i s  i s  eas i ly  detected by means of a  r ea l  time 

clock and a  simple algorithm i n  the computer. I n  the case of a  

m i s s i n g  d,ata point i n  a  block of data ,  the computation proceeds 

normally w i t h  N replaced by N-1. This produces a  negl igible  

change i n  the r e s u l t s  as w i l l  be demonstrated i n  a  l a t e r  section 

of t h i s  report .  

I t  should be emphasized a t  t h i s  point tha t  the e l e c t r i c a l  

s ignals  required t o  obtain the non-uniformity vector come from an 

analog of crankshaft angular speed. I t  is shown i n  the  next 

sect ion of t h i s  report  tha t  these s ignals  a re  obtained u s i n g  a 
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single non-contacting, inexpensive sensor which can be installed 

on the engine with minimal engine modification. 

The instrumentation for measurements of crankshaft angular 

speed and for computing torque non-uniformity is depicted in 

figure 9: 

un 
to computer 

We , 

Figure 9. Instrumentation 

The measurements of crankshaft angular speed are based upon a 

non-contacting magnetic field system sensor. This sensor 

s vs 
1, PLL " * p " q - r n  
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generates an output voltage the frequency of which is  proport ional  

t o  instantaneous crankshaft  angular speed. 

A phase locked loop (PLL)  a c t s  as a  frequency t o  vol tage 

converter  generating an output voltage v  which has a  component 
P  

proport ional  t o  w A low pass f i l t e r  (LPF) separates  the des i red e  ' 

analog of crankshaft  angular speed from other  undesirable output 

components which a re  produced by the  PLL. 

A standard extremal sampler c i r c u i t  generates sampling pulses 

Sn a t  times t n , r e spec t ive ly .  This c i r c u i t  includes a  

d i f f e r e n t i a t o r  and a  zero crossing de tec tor .  The l a t t e r  device 

has binary output which changes s t a t e  as the time der iva t ive  of v ,  

changes po l a r i t y .  

Figure 1 0  



A p a i r  of  one  s h o t  c i r c u i t s  g e n e r a t e  r e l a t i v e l y  s h o r t  

d u r a t i o n  p u l s e s  a t  t h e  d e s i r e d  s a m p l i n g  times. k sample  and h o l d  

c i r c u i t  (S-H) g e n e r a t e  t h e  c o r r e s p o n d i n g  sampled v a l u e s  of  v ,  a t  

t n '  

F i g u r e  10 is a p h o t o g r a p h  o f  t h e  s e n s o r  a s  mounted i n  an  

e x p e r i m e n t a l  c o n f i g u r a t i o n .  The s e n s o r  is mounted on  t h e  b e l l  

h o u s i n g  d i r e c t l y  o v e r  t h e  s t a r t e r  r i n g  g e a r .  

The s e n s o r  c o n s i s t s  of  a  permanent  magnet a round  which a c o i l  

i s  wound. The m a g n e t i c  f i e l d  o f  t h e  permanent  magnet c o u p l e s  t o  

t h e  s t ee l  s ta r te r  r i n g  g e a r .  The m a g n e t i c  f l u x  l i n k a g e  of  t h e  

c o i l  v a r i e s  w i t h  c r a n k s h a f t  a n g u l a r  p o s i t i o n  b e i n g  i n f l u e n c e d  by 

t h e  s p a c i n g  be tween  t h e  magnet and r i n g  g e a r  and by t h e  r i n g  g e a r  

p r o f i l e .  

F i g u r e  1 1  is a s k e t c h  o f  t h e  s e n s o r - s t a r t i n g  g e a r  

c o n f i g u r a t i o n .  

permanent 
magnet 

Figure  11 

A s  t h e  c r a n k s h a f t  r o t a t e s  t h e  s e n s o r  g e n e r a t e s  o u t p u t  v o l t a g e  

v,l e e (  t )  I .  

T h i s  v o l t a g e  c a n  be a p p r o x i m a t e l y  modeled a s  f o l l o w s :  

v S = v( 0 , , Q ) f s { M e e ( t )  + q e [ e e ( t ) l  I 
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where 

M = # t e e th  on r i n g  gear 

V = amplitude function 

$[6 ( t ) ]  = pseudo-random phase due t o  tooth t o  tooth  
(3 

aper iod ic i ty .  

The insta~ntaneous sensor frequency w S ( t )  is given by: 

The phase locked loop output voltage is given by: 

v  = vo 
P 

- k w ( t )  + r ( t )  
P s 

where 

vo = d-c component 

r ( t )  = undesirable components from PLL which a r e  a t  

harmonics of frequency 

k = constant  f o r  PLL. 
P 

The low p~ass f i l t e r  output is given by the  convolutin of v  and 
P 

the  f il teir impulse response 

v , ( t )  = h L P F ( t )  * v p ( t )  

where 

h ~ ~ ~ (  a )  
= f i l t e r  impulse response. 

For the experimental measurements which a r e  reported i n  t h i s  

paper the  f i l t e r  bandwidth is  s u f f i c i e n t l y  l a rge  r e l a t i v e  t o  t he  
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important Fourier coe f f i c i en t s  of n e ( t )  t h a t  we have the  following 

approximate r e s u l t  . 

v u  = v - k LII ( t )  + ~ ( t )  
o a e 

where 

ka = .074 volt /rad/sec 

r ( t )  = e r r o r  due t o  $(Be) and amplitude f l uc tua t ion  

v( e e , w  

The e r r o r  term ~ ( t )  i s  pr imari ly  a pseudo-random process 

which is synchronous w i t h  0,. However, there  may a l so  be a non- 

neg l ig ib l e  e l e c t r i c a l  noise fo r  ce r t a in  operating condi t ions .  

E x ~ e r b e n t a l  Studv 

Experimental measurements have been made of the  non- 

uniformity metric for  a 4 cylinder 1.5 L Diesel engine. 

Separate s e t s  of measurements were made w i t h  the  engine i n  a  t e s t  

c e l l  and i n  a  vehic le  which was driven on various s t r e e t s .  The 

r e s u l t s  of these  s tud ie s  a re  presented separate ly .  

Test c e l l  measurements were made w i t h  the  engine dr iving a 

water brake load through an e l a s t i c  l i n k  coupling. Figure 1 2  is a 

photograph of the  i n s t a l l a t i o n  showing the major components. 

Figure 13 is  a schematic drawing of the  experimental 

configuration.  
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T h i s  f igure  dep ic t s  the engine ( E ) ,  the flywheel (F/W), the  

e l a s t i c  coupling l i n k  (L), the  water brake (WB), t he  angular speed 

sensor S ,  a  sensor SL fo r  measuring the VIE3 reac t ion  torque and 

another $r a t  the  r ea r  of the  KB. T h i s  l a t t e r  device i s  an 

e l ec t ro -op t i ca l  sensor which generates  a  s i ng l e  output  pulse each 

revolut ion which occurs e s s e n t i a l l y  a t  TDC of # 1  cylinder (except  

f o r  t o r s iona l  displacement along l i n k  L ) ,  The e l e c t r o n i c  s igna l  

processing SP fo r  generat ing vu.  The extremal sampling c i r c u i t  

(samp) and the  computer (comp) a r e  a l s o  depicted. 

The experiments were made using a  standard production VFI 

Diesel engine running a t  a  v a r i e t y  of condi t ions  cons i s t ing  of 

steady RPM and various load torques.  I n  a  separate  s e t  of 

measurements the engine was operated with one fue l  i n j e c t o r  

disconnected i n  order t o  achieve a condi t ion of extreme torque 

non-uniformity. For each operat ing condit ion a  permanent record 

was obtained of a  sample of the  analog waveform. I n  addi t ion t he  

torque non-uniformity metr ic  was obtained fo r  K successive engine 

cyc les .  The number of cycles varied somewhat with the  choice of 

operat ing condi t ions  b u t  genera l ly  ranged from about 600  t o  over 

1000 cycles .  

The torque non-uniformity metr ic  n(k) is ,  of course ,  a  non- 

negative random va r i ab l e  f o r  which es t imates  have been computed of 

the  mean < n ( k ) >  and standard dev ia t ion  a ( n )  from the  K 

measurements of n(k) : 



I n  r epor t ing  the  r e s u l t s  of measurements i t  is convenient t o  

express the r a t i o  o < n > :  

- - - 

20 40 60 80 100 L G ~  
Torque 

Figure 1 4  

Figure 1 4  is a  graph of the  measurement r e s u l t s  f o r  t he  mean 

value < n ( k ) >  for  severa l  operat ing condi t ions  f o r  the  standard 

production engine. The non-uniformity metr ic  va r i e s  with 

operat ing condit ion but f o r  the  p a r t i c u l a r  experimental t e s t  

engine <n> i s  genera l ly  l e s s  than about .6 rad/sec.  

The standard devia t ion v a r i e s  with load and RPM. Table 1 

p resen ts  the l a r g e s t  f r a c t i o n a l  s tandard dev ia t ion  f o r  each RPM. 
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Table 1 

RPM max P % 

1 7 0 0  1 4  

2 0 0 0  15  

2 5 0 0  6 3 

3 0 0 0  2 0  

3 4 0 0  8 

It i s ,  perhaps, i n s t r u c t i v e  t o  examine the  ac tua l  wave form 

v w  f o r  a  few represen ta t ive  example operat ing condi t ions .  Figure 

15 i s  a  s e t  of recorded samples of t h i s  waveform. 

Several i n t e r e s t i n g  f ea tu re s  of the crankshaft  angular speed 

a r e  evident  from f igu re  15. For example, it can be seen t h a t  the 

torque non-uniformity is r e l a t i v e l y  small f o r  t h i s  production 

engine except fo r  the  region near 3000  RPM. 

The experimental t e s t  engine was a l s o  operated with one 

cy l inder  d isabled.  The f u e l  i n j e c t o r  was disconnected and the  

engine operated on 3 cyl inders .  This y i e ld s  a condi t ion of 

extreme torque non-uniformity, f a r  worse, i n  f a c t ,  than would be 

encountered in  any normal engine operat ion.  The extreme non- 

uniformity i n  v, r e s u l t s  because one cy l inder  is not f i r i n g  a t  a l l  

although it i s  s t i l l  compressing the  in take a i r .  

The angular ve loc i ty  s imi l a r ly  has extreme non-uniformity a s  

can be seen from f igu re  1 6 .  T h i s  f igure  p resen ts  the  waveform 

v  u( t )  fo r  severa l  operat ing condi t ions  w i t h  3 cy l i l nde r  operat ion.  

The waveforms of f igure  1 6  can be compared with the corresponding 

waveforms of f i gu re  15. The la rge  excursions i n  crankshaf t  
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Figure 15b. 2 5 0 0  RPM, Average Load Torque 48  N - m  
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Figure 15c. 3000 RPM, Average Load Torque 37 N*m 



F i g u r e  15d. 3400 RPM, Average Load Torque 39 N * m  



F i g u r e  16a.  1700 RPM, Average Load Torque 32 Nwm, 
3 cylinder operation. 



Figure l6b. 2000 RPM, Average Load Torque 38 Ngm, 
3 cylinder operation. 
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Figure 16c. 3000 RPM, Average Load Torque 28  N*m, 
3 cyl inder  operat ion.  
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F i g u r e  16d.  3400 RPMI Average Load Torque 30 N 0 m I  
3 c y l i n d e r  o p e r a t i o n .  



angular speed under 3 cylinder operation a re  c l e a r l y  v i s i b l e  

p a r t i c u l a r l y  i n  comparison t o  normal operat ion.  

The non-uniformity metric f o r  3 cylinder operat ion i s  

s i g n i f i c a n t l y  l a rge r  than fo r  normal operat ion.  Figures 17  and 

18 present  the non-uniformity metric f o r  3 cylinder and normal 

operat ion fo r  each RPM separa te ly  and for  a  va r i e ty  of load 

torques. 

The r e l a t i onsh ip  between normal and 3 cyl inder  operat ion i s  

r e l a t i v e l y  RPM dependent and r e l a t i v e l y  independent of load. A t  

low RPM the non-uniformity metric i s  l a rge ly  due t o  the  r e l a t i v e  

maxima associated w i t h  cylinder pressure.  A t  high RPM the various 

torque losses  y ie ld  a  r e l a t i v e  maximum which tends t o  predominate. 

Nevertheless, the non-uniformity associated w i t h  the  3 cyl inder  

operat ion is  c l e a r l y  evident a t  each RPM. 

The r e l a t i onsh ip  between the  non-uniformity metr ic  n f o r  

normal and 3 cyl inder  operat ion is p a r t i c u l a r l y  s i g n i f i c a n t  i n  

comparison t o  the var ia t ion  i n  n ( k )  a t  each operat ing condi t ion.  

The r a t i o  of n f o r  3 cyl inder  t o  normal operat ion is many t i n e s  

l a rge r  than the standard devia t ion of n (k )  a t  each operat ing 

condit ion.  T h i s  r e s u l t  suggests  t h a t  intermediate l e v e l s  of 

abnormal non-uniformity between the two extreme condit ions can 

r ead i ly  be detected.  There a re  severa l  po t en t i a l  app l ica t ions  fo r  

the present  non-uniformity metric.  .For example, a t  each RPM a 

threshold l eve l  of non-uniformity could be es tabl ished.  Abnormal 

non-uniformity a t  t h a t  RPi4 corresponds t o  n (k )  exceeding the  

threshold.  T h i s  information i s ,  of course, d i r e c t l y  applicable 

fo r  bus maintenance in t h a t  i t  provides a  d i r e c t  measure of 

degraded performance. 
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EXPERIMENTAL RESULTS, LOW RPM 
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EXPERIMENTAL RESULTS, HIGH RPM 
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Furthermore, i t  is poss ible  t o  i den t i fy  an individual  

malfunctioning cyl inder  i f  a separa te  t i m i n g  reference is 

ava i l ab l e .  I n  the case of a gasol ine  fueled,  spark-ignited 

engine,  a  spark sensor on any cyl inder  provides the  required 

information. For a  Diesel engine an i n j e c t o r  pressure  sensor 

co{lld p o t e n t i a l l y  provide t h i s  same information. 
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I n  a d d i t i o n  t o  e x p e r i m e n t a l  s t u d i e s  of  t h i s  c o n c e p t  a s  

a p p l i e d  t o  a n  e n g i n e  on  a t e s t  s t a n d ,  o t h e r  s t u d i e s  h a v e  b e e n  made 

i n  a v e h i c l e .  For t h e s e  s t u d i e s  a s e n s o r  wh ich  i s  i d e n t i c a l  t o  

t h a t  u sed  i n  t h e  t e s t  s t a n d  s t u d i e s  h a s  b e e n  i n s t a l l e d  i n  a Vhl 

P a s s a t .  T h i s  car h a s  a 1.5L Diesel e n g i n e ,  5 s p e e d  manua l  

t r a n s m i s s i o n  and  is f r o n t  whee l  d r i v e .  

The i n s t r u m e n t a t i o n  for  t h e s e  s t u d i e s  is d e p i c t e d  i n  f i g u r e  

19.  

1 voice 
t 

v n  PCM 
MOD 

F i g u r e  19 

- + DeMod vw 
Comp 

1 

. n 
1 

b 

P 1 
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For the vehicular  t e s t s  the  analog s igna l  v w  was recorded using an 

instrumentat ion tape recorder and l a t e r  replayed fo r  s i gna l  

processing.  Toward t h i s  end the e l e c t r o n i c  s igna l  processing f o r  

generat ing the  analog of crankshaft  angular speed vw was i n s t a l l e d  

i n  the  vehic le  and operated from the  1 2  v o l t  vehic le  power supply 

system. For recording purposes an 8 channel pulse code modulator 

(PCM MOD) and a  4 channel tape recorder were a l so  i n s t a l l e d  and 

configured f o r  1 2  v o l t  operat ion.  

The da ta  was recorded fo r  a  va r i e ty  of veh ic le  operat ing 

condi t ions .  Then the .recorded da t a  was played back through a  PCM 

demodulator (DeMod) which yielded output  v u ( t ) .  Several  samples 

of the  waveform v u ( t )  f o r  various operat ing condi t ions  were 

p lo t t ed  using an x-y p l o t t e r .  In add i t ion ,  the  analog s igna l  was 

the  input  f o r  a  computer based system from which the  non- 

uniformity metr ic  was obtained. 

Experimental s t ud i e s  were conducted w i t h  the  vehic le  on a  

chass i s  dynamometer and with the vehic le  on various s t r e e t s .  The 

chas s i s  dynanorneter provides an e s s e n t i a l l y  steady load s imi l a r  t o  

the t e s t  stand dynamometer. 

On the o ther  hand, s t r e e t  operat ion introduces random 

va r i a t i ons  i n  the d r i v e l i n e  angular speed. Some of these random 

v a r i a t i o n s  a re  coupled through the  c lu tch  t o  the  engine. The 

random va r i a t i ons  thereby introduced i n t o  the  crankshaft  angular 

speed are  of the  form of an add i t i ve  random process i n  the s igna l  

being measured. That is ,  the  instantaneous va r i a t i on  i n  

crankshaf t  angular speed r e s u l t s  from torque non-uniformity and 

from the road induced random process.  
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One of the issues  considered i n  the present  study i s  the  

r e l a t i onsh ip  between the non-uniformity of crankshaft  angular 

speed due t o  the presence of road induced noise and t h a t  which i s  

due t o  the torque non-uniformity. Of course t h i s  r e l a t i onsh ip  

depends upon road qua l i t y .  

Experimental s t ud i e s  were conducted on a  typ ica l  Ber l in  ( W .  

Germany) road (StraBe des 17 J u n i ) ,  on an inner c i t y  expressway 

(AVUS)  and on an old cobblestone s t r e e t  (Al tva te r  StraBe) . The 

qua l i t y  of a  typ ica l  Berlin s t r e e t  is exce l len t  as  is the  q u a l i t y  

of the AVUS. However, the  cobblestone s t r e e t  is s u f f i c i e n t l y  

rough t o  represent an extreme case of road induced crankshaft  

angular speed non-uniformity. 

I t  i s  reasonable t o  expect t h a t  the crankshaft  speed non- 

uniformity would be higher fo r  s t r e e t  operat ion than fo r  the  

chass i s  d;ynamorneter. However, i t  is  reasonable t o  expect the  non- 

uniformity metric obtained f o r  the cobblestone s t r e e t  would be 

higher than for  the  good q u a l i t y  s t r e e t s .  Experimental r e s u l t s  

support t h i s  conjecture.  

In addi t ion t o  the above s t r e e t  operat ion,  the vehic le  was 

operated with one cylinder disabled by disconnecting the  fue l  l i n e  

from one fue l  i n j ec to r .  Three cyl inder  operat ion provides a  case 

of extreme non-uniformity and is a  convenient operat ing reference 

f o r  i n t e rp re t i ng  the r e s u l t s  obtained i n  s t r e e t  operat ion.  Such 

operat ion probably involves a  worse degree of engine roughness 

than would be t o l e r a t ed  by a  motor vehicle operator  without 

obtaining r epa i r s  and can be considered a t  the  upper l eve l  of 

engine roughness t o  be encountered i n  vehicle use. The 
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r e l a t i onsh ip  between torque non-uniformity fo r  normal operat ion 

and 3 cy l inder  operat ions  i s  s i g n i f i c a n t  fo r  the app l ica t ion  of 

the concept which is presented i n  t h i s  paper. 

The measurements on the  s t r e e t  were made while operat ing the  

vehic le  a t  e s s e n t i a l l y  constant  speed. During steady s t a t e  

operat ion samples of the  da t a  were recorded fo r  approximately 2 

m i n .  i n t e r v a l s  ( t r a f f i c  pe rmi t t i ng ) ,  

The recorded datawere  then played back through the 

demodulator y ie lding the analog waveform v u ( t ) .  Samples of t h e  

analog waveform were obtained and a re  presented in  f i gu re s  20a 

through 20d f o r  severa l  operat ing condi t ions .  

I t  is  i n s t r u c t i v e  t o  compare the  waveforms of f i gu re s  20a 

through 20d w i t h  t h e  corresponding waveforms of f i gu re s  15 and 1 6 .  The 

c h a r a c t e r i s t i c  shape of the  waveform associa ted with the  torque 

produced by each cylinder f i r i n g  event is e s s e n t i a l l y  the  same f o r  

t he  vehic le  engine as  fo r  the  t e s t  s tand engine. 

The non-uniformity fo r  any given condit ion is  l e a s t  f o r  t h e  

operat ion on the  chass i s  dynamometer, somewhat g r ea t e r  fo r  the  

operat ion on StraBe des 17 Juni o r  AVUS and yet  worse f o r  

operat ions  on Al tvater  S t r .  Note t h a t  the non-uniformity i s  the  

worst f o r  3 cyl inder  operat ion.  

A q u a n t i t a t i v e  s t u d y  of the  non-uniformity of the  crankshaft  

angular speed has been made by computing the  average non- 

uniformity metric n f o r  each operat ing condit ion.  The computation 

of t h i s  metric is i d e n t i c a l  t o  the method which has been explained 

e a r l i e r  f o r  the  t e s t  stand engine s tud i e s .  The parameter N has 

been 8 f o r  a l l  of these  s tud i e s .  The number of cycles  K v a r i e s  



somewhat w i t h  o p e r a t i n g  c o n d i t i o n  b u t  was g e n e r a l l y  i n  t h e  r a n g e  

f rom 150 t o  4 0 0 .  

F i g u r e s  21 and 22  p r e s e n t  t h e  r e s u l t s  of t h e  study of  t h e  

v e h i c l e  n o n - u n i f o r m i t y  s t u d y .  F i g u r e  21 is f o r  o p e r a t i o n  a t  

s t e a d y  s t a t e  i n  5 t h  g e a r .  F i g u r e  2 2  is f o r  c o r r e s p o n d i n g  s t u d i e s  

i n  t h e  4 t h  g e a r .  
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F i g u r e  20a. Chassis dynomometer, 5 t h  g e a r ,  50 km/hr 
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F i g u r e  20b. S t r .  des 1 7  Juni, 4 t h  g e a r ,  50 krn/hr 
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F i g u r e  20c. A l t v a t e r  Str., 4 t h  g e a r ,  50 km/hr 
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Figure  20d. 3 c y l i n d e r  o p e r a t i o n ,  4 t h  g e a r ,  50 km/hr 
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These latter figures illustrate the in£ luence of road surf ace 

upon measured non-uniformity. Generally speaking, the non- 

uniformity increases with increasing road roughness. However, in 

none of the normal 4 cylinder road operations is the non- 

uniformity as large as for 3 cylinder operation. 

n e s e  results suggest that levels of torque non-uniformity 

can be measured using the present inexpensive non-contacting 

method for actual vehicle operation on the street. The concept 

reported in this paper is applicable for measurement of torque 

non-uniformity resulting in n greater than about 1 rad/sec. Tnis 

latter value is significantly less than the value associated with 

3 cylinder operation. Thus the present method has potential 

application for electronic engine control and for system 

maintenance monitoring. 
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Summary and Conclusions 

This repor t  has presented a method of measuring torque non- 

uniformity i n  rec iprocat ing I C  engines. It u t i l i z e s  a  r e l a t i v e l y  

inexpensive sensor which can be i n s t a l l e d  i n  production engines 

w i t h  minimal modification and r e l a t i v e l y  inexpensive e l e c t r o n i c  

s igna l  processing. T h i s  r epor t  has experimentally demonstrated a  

method of de tec t ing  extreme torque non-uniformity r e s u l t i n g  from a  

malfunctioning cyl inder .  Lower l eve l s  of non-uniformity can 

s imi la r ly  be detected because of the extreme s e n s i t i v i t y  of the  

present  non-uniformity s igna l .  

I n t e rp re t a t i on  of Results  

The preceding r e s u l t s  have great  s ign i f icance  fo r  f a i l u r e  

de tec t ion  i n  buses. Measurements of torque non-uniformity a re  a 

d i r e c t  engine perfornance ind ica tor  and can lead t o  rapid 

diagnosis  of engine component f a i l u r e ,  

A system for  such diagnosis  is depicted i n  Figure 2 3 .  

F/ W 

p-#-bTo Load  Edge 

+ Connector 

S Diag, To 
Memory =GSE 

SP ES Corn p A l a r m  

Figure 2 3  
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A sensor S measures crankshaft  angular speed. The o u t ~ u t  of t he  

e l e c t r o n i c  s igna l  processing vo i s  an analog of instactaneous 

angular speed oe ( t )  An extremal sampler c i r c u i t  ES samples vu a t  

t h e  r e l a t i v e  minimum values of angular speed. The computer 

ca l cu l a t e s  the non-uniformity metr ic  n from the sampled r e l a t i v e  

minima of o ( t ) .  Whenever t h i s  non-uniformity exceeds an e  

acceptable  l e v e l  the re  i s  a  possibi1it .y of degraded engine 

performance. Should t h i s  degradation continue f o r  a  longer period 

than is  s t a t i s t i c a l l y  expected f o r  a  normal engine then degraded 

engine performance has occurred.  The computer then generates  an 

alarm message which i s  s to red  i n  a  non-volat i le  memory. 

A t  the  same time, a  sample of the  non-uniformity vector  - n ( k )  

can be s tored i n  memory f o r  d iagnosis  purposes. The affected 

c y l i n d e r ( s )  can be i den t i f i ed  by comparing the  time of occurrence 

of the  degraded performance with the  time of occurrence of # I  f u e l  

i n j ec to r  operat ion.  A sensor s is provided f o r  t h i s  purpose. 
P 

This sensor can b e ,  f o r  example, an i n j e c t o r  l i f t  sensor o r  a n  

i n j e c t o r  pressure  sensor.  The d e t a i l s  of t h i s  sensing operat ion 

a re  dependent upon the  nature  of the  i n j ec t i on  system. 

The optimal format f o r  da t a  s to rage  i n  the  d iagnos t ic  memory 

has not yet  been determined on t h i s  p ro j ec t  owing t o  r e l a t i v e l y  

l imi ted  funds and time. However, t he re  a re  many p o s s i b i l i t i e s  

which can g rea t l y  f a c i l i t a t e  de tec t ion  of i nc ip i en t  f a i l u r e  and 

diagnosis  of component degradation.  

Standard s igna l  de t ec t i on  theory can be applied t o  t he se  

p r o b a b i l i t i e s  t o  evolve an optimua s t r a t egy  fo r  de tec t ing  degraded 

performance. 
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The concept of the statistical processing of torque non- 

uniformity metric can be understood from figure 2 4 .  This figure 

depicts the conditional probability density function for the 

random variable n under two hypotheses Ho and HI: 

Ho + normal engine 

HI + degraded performance engine 

n 
Figure 2 4  

The following definitions apply: 

p,(n/Ho) = probability density function for n under 

hypothesis Ho 

pn(n/H1) = probability density function for n under 

hypothesis HI. 



111. CONCEPT OF DETECTING E N G I N E  PERFORMANCE DEGRADATION 

The present  scheme f o r  de tec t ing  i nc ip i en t  engine f a i l u r e  i s  

based upon measurements of engine performance. Torque non- 

uniformity measurements a r e  a s i g n i f i c a n t  performance index which 

a r e  used t o  determine t h a t  degradation has taken place .  The 

torque non-uniformity metr ic  n  is the  index which is t o  be used 

f o r  f a i l u r e  de tec t ion .  

However, f o r  a  normal engine running a t  a  constant  RPM the  

torque non-uniformity metr ic  is  a  random va r i ab l e .  Consequently 

s t a t i s t i c a l  means a r e  required t o  determine degradation.  A goal 

of t h i s  p ro j ec t  is t o  f ind a  s t a t i s t i c a l  sampling scheme from 

which performance degradation can be in fe r red  with a  given 

con£ idence l eve l .  

This determination of an o p t i m u ~  sampling s t r a t e g y  is beyond 

the  scope of the present  study owing t o  the  r e l a t i v e l y  l imi ted  

funds which were provided. The present  p ro j ec t  has concentrated 

on c o l l e c t i n g  the  s t a t i s t i c a l  da t a  from which the  required 

condi t iona l  p robab i l i t y  dens i ty  func t ions  p(n/H o ) and p(n/H 1 ) can 

be found. 

For the  purposes of experimental ly obta ining those  

s t a t i s t i c a l  funct ions  measurements were made of the  non-uniformity 

index n ( k )  f o r  an 8 cy l inder  gasoline-fueled spark-ignited engine. 

Unfortunately no d i e s e l  engine was ava i l ab l e  f o r  s tudy f o r  t h i s  

po r t i on  of t he  p r o j e c t .  However, the  theory of de t ec t i ng  engine 

performance degradation from the  s t a t i s t i c s  of the  non-uniformity 

index n  app l i e s  equal ly  well  t o  gaso l ine  and d i e s e l  engines.  
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Consequently the f e a s i b i l i t y  of de tec t ing  i nc ip i en t  engine f a i l u r e  

from measurements of n can be assessed from measurements which a re  

made on a  gasol ine  engine. 

The instrumentat ion f o r  these  s t a t i s t i c a l  s t ud i e s  is 

explained i n  Appendix A and is s imi l a r  t o  t h a t  used f o r  the d i e s e l  

engine s tud i e s .  The extremal values fo r  v u ( t )  were obtained and 

n ( k )  computed fo r  a  sequence of engine cycles  k = 1 ,  2 .. k. 
Estimates were then obtained of p(n/a ) and p(n/HI) using a  

0 

histogram algorithm i n  the PDP 11-23 computer system. The 

degraded engine performance ( e  HI condi t ion)  was obtained by 

disconnecting spark plug leads  from the  engine. fleasurements were 

made wit3 8 cy l inder  (normal operat ion)  and 7 or  6 cy l inder  

operat ion (simulat ing degraded performance). 

Figures 25 and 26 present  the  r e s u l t s  of measurements of 

p(n/Ho) and p(n/H,) f o r  various operat ing condi t ions .  These 

f i g u r e s  c l e a r l y  show t h a t  the  p(n/H, ) is s h i f t e d  t o  s i g n i f i c a n t l y  

higher values than p(n/Ho). 

Although 6 o r  7 cy l inder  operat ion represen ts  an extreme case 

of degraded engine performance, these measurements e s t a b l i s h  the  

f e a s i b i l i t y  of de tec t ing  intermediate l e v e l s  of degradation u s i n g  

measurements of n ( k )  and s t a t i s t i c a l  decis ion theory. The 

development of optimum s t a t i s t i c a l  sampling and the  r e l a t i o n s h i p  

between sample s i z e  and confidence limits i n  de tec t ing  

in termediate  degradation l e v e l s  belong t o  a  second phase of t h i s  

s tudy.  

A second phase of t h i s  study should involve s t a t i s t i c a l  

measurements of n (k )  on buses. The instrumentat ion f o r  such 
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s tud i e s  has been developed and can be i n s t a l l e d  on buses w i t h  

m i n i m u m  modificat ion ( t y p i c a l l y  4-6 h r s .  i n s t a l l a t i o n  t ime) .  The 

buses should then be operated i n  normal s e rv i ce  f o r  a  period of 

time during which da ta  can be co l lec ted  t o  e s t a b l i s h  a  da t a  base 

from which optimum s t r a t e g y  fo r  de tec t ing  degraded performance can 

be developed. This second phase of the  present  study should be 

conducted w i t h  cooperation of an e x i s t i n g  bus au tho r i t y .  

A continuing degradation i n  engine performance a s  represented 

by a monotonic increase  i n  non-uniformity index ind i ca t e s  

p o t e n t i a l  component f a i l u r e .  Software t e s t s  i n  the  computer can 

e a s i l y  determine whether a  given non-uniformity l e v e l  occurs on a  

continuing bas i s  ind ica t ing  degradation o r  whether i t  is  a  

r e l a t i v e l y  infrequent occurrence which is associa ted with normal 

engine operat ion.  This aspect  of the  de t ec t i on  of i nc ip i en t  

f a i l u r e  has not been pursued fu r the r  owing t o  l imi ted funds f o r  

t h i s  p ro j ec t .  

Average Brake Torque Measurement 

Another important measure of engine performance is  t he  

average brake torque.  Tinis important va r i ab l e  can a l s o  be 

obtained from crankshaf t  angular speed measurements. The theory 

of the present  method of measuring average brake torque f o r  a  

gaso l ine  fueled engine was presented i n  reference [Ribbens-2). 

T h i s  theory is app l icab le  t o  d i e s e l  engines as  well as  has been 

demonstrated i n  t h i s  p ro j ec t .  

I t  can he seen from the  theory which was presented i n  the  

previous s ec t i on  t h a t  the  v a r i a t i o n  i n  crankshaft  angular speed i s  

propor t iona l  t o  the  torque v a r i a t i o n s  over each engine cycle a t  



any steady s t a t e  operat ing condi t ion.  I n  add i t ion ,  the  average 

Srake torque is propor t ional  t o  the  torque va r i a t i ons .  Thus 

va r i a t i ons  i n  instantaneous crankshaf t  angular speed a r e  

propor t ional  t o  average brake torque a t  any constant  RPM. 

The s igna l  processing f o r  t he  average brake torque 

measurements involves ca lcu la t ing  t he  rms value of t he  e 

crankshaft  instantaneous angular speed: 

The instrumentat ion f o r  these  measurements is depicted i n  f igure  

[SP - PLL up w LPF - + vu 

dc 

Figure 2 7  

This i n s t r u m e n t a t i ~ n  has already been explained up through the  

generat ion of the  analog vu f o r  speed u e ( t ) .  The rrns value v u ( t )  

is compared t o  using a commercial rms t o  dc converter  c i r c u i t .  

According t o  theory is  propor t ional  t o  average brake torque Tb 

a t  any RPFI. This conjecture  has been t e s t ed  experimental ly.  

The experimental measurements were made using a 1.5L 4 

cyl inder  TTfl Diesel engine dr iv ing  a water brake dynamometer. 

T h i s  experimental conf igurat ion is i d e n t i c a l  t o  t h a t  reported 

above fo r  torque non-uniformity measurements. 

The r e s u l t s  of measurements of G u  vs Tb are  presented i n  

f i gu re  28. 
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Figure  2 8 .  Experimental r e s u l t s  f o r  to rque  e s t ima t e .  
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I t  can e a s i l y  be seen from f igure  28 t h a t  the  condi t iona l  

p robab i l i t y  dens i ty  funct ions  fo r  hypotheses Ho and H I  a r e  widely 

separated.  The de t ec t i on  of hypothesis H I  is  s t ra ightforward f o r  

severe degradation which i s  associa ted w i t h  3 cyl inder  opera t ion .  

Furthermore, de t ec t i on  of intermediate degradation between 

normal operat ion and 3 cyl inder  operat ion is  poss ib le .  73~e 

r e l a t i v e  pos i t i ons  of p(n/Ho) and p(n/H1) depend d i r e c t l y  upon the  

l e v e l  of degradation.  For smaller  degradation than t h a t  which is  

associa ted w i t h  3 cyl inder  operat ion p(n/H,) w i l . 1  be d isplaced t o  

l a rge r  values of n  than p(n/H ) .  

T h u s ,  s t a t i s t i c a l  processing of samples of n can d e t e c t  

degraded performance a t  lower l e v e l s  than 3 cylinder opera t ion .  

The determination of l e v e l s  of degradation which can be detected 

through optimal s t a t i s t i c a l  s i gna l  processing is beyond the  scope 

of the  present  p ro j ec t .  

I t  is recommended t h a t  a  second phase of t h i s  p ro jec t  be 

funded which can experimental ly determine t he  minimum l e v e l s  of 

degradation which can be detected.  T h i s  study can a l s o  explore 

confidence limits which a r e  associa ted with given s t a t i s t i c a l  

sampling of the random va r i ab l e  n.  



IV. BRAKES 

Although the  major emphasis of t h i s  p ro j ec t  has been on 

engine/dr ive- t ra in  components, the re  a r e  o ther  bus  components f o r  

which the  present  concept of de t ec t i ng  i nc ip i en t  f a i l u r e  is  

app l icab le .  These include the  brakes,  t ransmission and poss ib ly  

the  suspension systems. The present  concept of de t ec t i ng  

i n c i p i e n t  f a i l u r e s  is t o  measure system o r  subsysteln performance 

d i r e c t l y .  Any degradation i n  performance se rves  as  an ind ica t ion  

of i n c i p i e n t  f a i l u r e .  

One of the  primary measures of braking is  a  quan t i t y  which we 

have termed the  braking e f f i c i ency .  Es sen t i a l l y  the  braking 

e f f i c i e n c y  expresses  the  r e l a t i o n s h i p  between braking force  and 

hydraul ic  l i n e  pressure .  For the  purposes of the  present  

d i scuss ion  we assume a  l i nea r i zed  r e l a t i o n s h i p  of t he  form: 

T =  1 l ; p  

where 

T = braking torque 

p  = '  hydraul ic  p ressure  

TI = e f f i c i e n c y  

The parameter which Me a re  c a l l i n g  braking e f f i c i e n c y  i s  

determined by the  shoe-factor and geonetry of the  brake system. 

The l i n e a r  r e l a t i o n s h i p  is assumed f o r  convenience i n  the  p resen t  

d i scuss ion  but is  unimportant f o r  t he  v a l i d i t y  of t he  concept. 

The braking torque a c t s  on the  wheels causing the  veh ic le  t o  

d e c e l e r a t e  w i t h i n  the  v a l i d i t y  of our l i n e a r  model. T h i s  braking 
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force  i s  proport ional  t o  the pressure  p  which i s  control led  by t he  

operator  foot  force  on the  brake pedal. Normally, the hydraulic 

pressure i s  augmented by some s o r t  of boost system (e.g.  vacuun 

operated cy l inder )  . 
The braking e f f i c i ency  is determined by several  f a c t o r s  

including: 

conf igurat ion of brake system 

condit ion of brake l i n i n g s  and wheel cyl inder  (drum 

brakes) 

brake temperature 

fore ign substances on brake l in ing .  

A s  the brakes a r e  used the braking e f f i c i ency  decreases due t o  

wear and the  r e su l t i ng  change i n  brake shoe surface  condit ion and 

geometry. A t  some point  the braking e f f i c i ency  is  s u f f i c i e n t l y  

low tha t  it is des i r ab l e  t o  replace  the brake l i n i n g s  and 

resurface  the brake drums. 

A corresponding degradation occurs with d i sk  brakes. I n  t h i s  

case the brake pad surface  d e t e r i o r a t e s  through wear and it  is  

des i r ab l e  t o  replace them. 

Normally the braking e f f i c i e n c y  remains e s s e n t i a l l y  constant  

fo r  the l i f e  of the brakes. However, as the l i n i n g s  wear and 

accumulate metal p a r t i c l e s  and other  foreign mater ia l  near the  end 

of the period i n  which the brakes a r e  func t iona l ,  the re  is a  

r e l a t i v e l y  sharp decrease i n  n. 

T h i s  p ro jec t  proposes the  braking e f f i c i ency  as  t h e  

appropr ia te  performance measure fo r  the brakes. T h i s  quan t i ty  i s  

t o  be cont inual ly  measured by the on-board instrumentat ion and 



examined fo r  degradation.  Vhenever degradation i n  n occurs f o r  

any of the vehic le  brakes,  a s u i t a b l e  warning message i s  issued t o  

the maintenance/diagnostic memory t h a t  i t  i s  time t o  rep lace  t he  

a f fec ted  brakes. Unfortunately,  t h i s  concept could not be t e s t ed  

on the  present  p ro jec t  owing t o  the  r e l a t i v e l y  l imi ted  funds. 

Moreover, t h a t  database from which a computer model could be 

constructed does not appear t o  e x i s t .  

Braking e f f i c i ency  can be determined from measurements of 

braking torque and hydraul ic  pressure .  Then, the braking 

e f f i c i e n c y  can be computed: 

This computation can be acconplished using the  onboard 

microcomputer. 

The hydraul ic  pressure  measurement can be accomplished using 

a commercial pressure  sensor .  3f course the  dynamic range f o r  

t h i s  sensor m u s t  include the  range of pressures  which a r e  

encountered i n  the  hydraul ic  brake l i n e s .  Moreover, t he  

i n s t a l l a t i o n  of a pressure  sensor m u s t  not compromise the  s a f e ty  

of the brake system in  the  event of a pressure  sensor f a i l u r e .  

One such sensor is depicted i n  f i gu re  29. This sensor 

c o n s i s t s  of a s ec t i on  of hydraul ic  l i n e  t o  which a p a i r  of s t r a i n  

gauges have been at tached.  The s e n s i t i v e  ax i s  S f o r  each gauge is  

shown on f i g u r e  2 9 .  



ydraulic 
fluid -) 

hydraulic line 

@ j2) pJ ) 
Figure 2 9  

An increase  i n  pressure  p  causes a  propor t ional  increase  AC 

i n  the circumference C of the hydraulic l i n e .  This increase  i n  

circumference is  equivalent  t o  a  s t r a i n  E along the  

c i rcumferen t ia l  d i r e c t i o n  ( i . e . ,  along s t r a i n  gauge s e n s i t i v e  

a x i s )  : 

The r e s i s t ance  of each s t r a i n  gauge v a r i e s  l i n e a r l y  with s t r a i n  

R (  E)  = R O [ l  + G E ]  

where 

Rot = zero s t r a i n  r e s i s t ance  

G = gauge f a c t o r  fo r  s t r a i n  gauge 

The s t r a i n  gauges a r e  connected i n t o  a  Wheatstone bridge a s  

depic ted i n  f i gu re  30. 



F i g u r e  30 

I n  add i t ion  t o  the  two gauges ( G I  and G 2 )  a p a i r  of p rec i s ion  

r e s i s t o r s  having r e s i s t ance  Ro  complete t h i s  c i r c u i t .  The open 

c i r c u i t  vol tage v, is l i n e a r  i n  s t r a i n  E and correspondingly 

l i n e a r  i n  p ressure :  

vo = vSGkp 

where 

v  = supply vol tage ( r e g u l a t e d ) .  S 

Thus, t h i s  conf igurat ion generates  a  l i n e a r  e l e c t r i c a l  analog 

of hydraul ic  pressure  and provides a  technique f o r  measuring p. 

The technique f o r  measuring braking torque a l s o  involves 

s t r a i n  gauges. For convenience we presume t h a t  the  bus i s  

equipped w i t h  d i s k  brakes. The l oca t i on  of the  s t r a i n  gauges i s  

depic ted i n  f iqure  31. 



Figure 31 

The s t r a i n  gauges GI and G2 a re  at tached t o  the  c a l i p e r s  of the  

d i s k  brakle system. As the  brakes a re  applied the  braking torque 

i s  t ransmit ted  through the c a l i p e r s  t o  the veh ic le  frame. The 

i n t e r n a l  s t r e s s e s  i n  t h e  c a l i p e r s  which r e s u l t  from braking torque 

cause propor t ional  s t r a i n .  The s t r a i n  a t  loc'ations 1 and 2 a r e  

given respec t ive ly  by 

These s t r a i n  gauges a r e  connected i n  a  Wheatstone br idge 

c i r c u i t  as shown in Figure 30. The open c i r c u i t  voltage vo is  

given by 

v = vSG(kl + k Z ) T  
0 

Thus  t h i s  conf igurat ion provides a  measurement of braking fo rce .  
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The complete instrumentat ion (block diagram) f o r  determining 

braking e f f i c i ency  i s  shown i n  f i gu re  3 2 .  

Figure  32 

In t h i s  f i gu re  the  da t a  from the  two sensors  f o r  measuring p and T 

i s  multiplexed ( a u x )  and converted t o  d i g i t a l  format ( A/D 

conver te r )  and then is  s en t  t o  the  onboard computer. The computer 

can then determine n u s i n g  ordinary computer a r i thmet ic .  

The degradation i n  n i s  s u f f i c i e n t l y  slow t h a t  extremely low 

sampling r a t e s  can be used. However, measurements of T and p can 

only  be made when brakes a r e  appl ied.  This condi t ion i s  sensed by 

the  opera t ion  of the brake l i g h t  switch.  

Each time the  brakes a r e  applied a  measurement of n can be 

made. The computer can compare the measured value f o r  n w i t h  the  

normal expected value,  Whenever Q is  out  a t  allowed to le rance  

limits a  warning messaqe can be s en t  t o  the  d iagnos t ic  memory. 

During rou t ine  reading of t h i s  memory the  brake warning message is 

ava i l ab l e  t o  maintenance. 
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V. TRANSMISSION 

Owing t o  the l imited funds avai lable  fo r  t h i s  p ro jec t  t he re  

was no opportunity t o  s p e c i f i c a l l y  assess  the  f e a s i b i l i t y  of 

performance monitoring of transmission var iab les .  However, a 

concept fo r  transmission performance m o n i t ~ r i n g  has evolved. 

A very high percentage of buses a re  equipped with automatic 

transmissions.  Consequently the  present  p ro jec t  has concentrated 

only upon automatic transmission performance monitoring. 

One of the important performance var iab les  f o r  an automatic 

transmiss~ion is torque converter s l i p .  S l i p  S which is defined:  

w = driving element angular speed i 

w = driven element angular speed. 
0 

The s l i p  fo r  a normal torque converter i s  a known function of 

load and speed. S l i p  can be measured for  a transmission using a 

p a i r  of sensors such as were used for  the crankshaft  angular speed 

measurement. That is, one sensor w i l l  measure w and another w i l l  i 

measure w . Sl ip  i s  then computed i n  the onboard bus d i g i t a l  

processor. 

The d i g i t a l  processor maintains a t ab l e  of values of s l i p  as 

a function of engine torque and speed. The bus  d iagnost ic  

computer has instantaneous measurements of torque and crankshaft  

speed. The d i g i t a l  processor can determine the normal l eve l  of 

s l i p  from the look-up t ab l e  based upon known torque and speed. 

T h i s  l eve l  of s l i p  can then be compared with measured s l i p .  

Whenever s l i p  devia tes  excessively from the normal value f o r  

any given operat ing condit ion,  transmission performance is  

degraded. Degraded performance i s  an ind ica t ion  of inc ip ien t  
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f a i l u r e  and a  warning message should be generated.  

I t  i s  recommended t h a t  the  transmission performance 

monitoring concept be explored experimentally i n  a  second phase of 

the  present  p ro j ec t .  The instrumentat  ion fo r  transmission 

performance monitoring is already i n  exis tence.  Hence, the  

f e a s i b i l i t y  of the  above concept can be assessed a t  r e l a t i v e l y  low 

cos t .  
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VI. SUMMARY AND CONCLUSIONS 

This repor t  has presented the  r e s u l t s  of a  study concerning 

the  f ea s i . b i l i t y  of de tec t ing  i nc ip i en t  f a i l u r e  i n  various b u s  

 component:^. The concept f o r  t h i s  study is based upon continuous 

monitoring of the performance of the various bus systems and 

subsystems. 

T h i s  study has a l s o  developed r e l a t i v e l y  low cos t  

instrumentat ion fo r  the purpose of monitoring performance of 

se lec ted  subsystems. This instrumentat ion can be i n s t a l l e d  with 

negligib1.e bus modificat ion in  a  r e l a t i v e l y  shor t  time. 

This study has experimentally demonstrated the  f e a s i b i l i t y  of 

performance monitoring an engine/dr ivet ra in .  

S t a t i s t i c a l  processing of the  measured va r i ab l e  has f i rmly 

es tab l i shed  the f e a s i b i l i t y  of de tec t ing  degraded engine 

performance which provides the  necessary bas i s  f o r  de tec t ing  

i nc ip i en t  engine f a i l u r e .  

I n  addi t ion instrumentat ion has been described which has 

potential .  f o r  de tec t ing  i nc ip i en t  brake f a i l u r e  through 

measurements of "braking e f fec t iveness" .  The extension of t h i s  

study t o  experimental t e s t s  and t o  performance monitoring of o the r  

subsystenns was l imi ted by ava i lab le  funds fo r  t h i s  p ro j ec t .  

The present  study has es tab l i shed  the  f e a s i b i l i t y  of low-cost 

performance monitoring. A second phase of t h i s  study i s  

recommended i n  which performance monitoring instrumentat ion i s  

i n s t a l l e d  on buses. A da t a  base could then be es tab l i shed  of 

subsystem performance fo r  buses i n  a c tua l  se rv ice .  This da t a  base 

would provide the  framework f o r  e s t ab l i sh ing  an optimal 

maintenance s t r a t egy  given the  performance measurements f o r  

var ious  subsystems. 



APPENDIX A 

~ n s t r u r n e n t a t i o n  for  Histogram Studies of ncb 

F igure  A-1 

~ ~ ~ ( t ) - - j K t - *  

The instrumentation for  our ineasurelnents of ve loc i ty  minima 

i s  i l l u s t r a t e d  i n  the  block diagram of Figure A - 1 .  A magnetic 

sensor is mounted near t h e  r ing gear of an Oldsmobile Vista 

Cruiser engine. The instantaneous frequency of the  output,  

RG ( t ) ,  i s  the frequency with whcih the gear t e e t h  pass the 

sensor.  The phase-locked loop, PLL, frequency demondulates t h i s  

s igna l ,  y ie lding an analog, v u ( t ) ,  of the instantaneous angular 

ve loc i ty  of the engine crankshaf t .  A low pass f i l l e r  LPF 

sup2resses undesirable frequency compontnts which a re  generated b y  
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the  P L L .  The des i r ab l e  PLL output  component ( i . e . ,  the  analog o f  

crankshaff angular speed) is  passed by the  f i l l e r  w i t h  n e y l i j i h l e  

a t t enua t ion .  Because of the  nature  of t he  phase-locked loop,  

t )  i s  inver ted.  The s i g n a l  i s  then d i f f e r e n t i a t e d  t o  g ive  

a c c e l e r a t t i o n ,  va ( t ) ,  which is compared with zero t o  f ind t h e  

r e l a t i v e  extrexa of t h e  v e l o c i t y  s igna l .  The monostable 

mu l t i v ib ra to r s  (OS, and O S Z )  generate  sho r t  dura t ion  pulses  a t  t h e  

s i g n a l  r e l a t i v e  aaxima. These t r i g g e r  t he  sample and hold 

c i r c u i t ,  S/H, and the  A/D conver ler ,  so t h a t  t h e  computer s t o r e s  

the signal1 values  a t  t h e  s igna l  maxima ( t h e  inver ted minima of the  

t r u e  v e l o c i t y ) .  The s igna l  is  amplif ied i n  o rder  t o  make t o  

rnaximm use of t he  range of the  A/D converter .  

A once per-cycle s i g n a l ,  Vcyc ( k ) ,  i s  obtained from another 

magnetic sensor.  This sensor p icks  up pu lses  from four metal 

p ieces  mounted on the  crankshaf t .  The sensor ou tpu t ,  v , , ( t ) ,  

is  compared t o  a  reference vo l tage ,  and the  comparator output  

t r i g g e r s  a t h i r d  monostable rnul t iv ibra tor .  The r e s u l t i n g  pulges,  

four  per crankshaf t  revo lu t ion ,  a r e  divided by e i g h t  t o  g ive  one 

t r i g g e r  pulse ,  Vcyc ( k ) ,  per cycle  of two revo lu t ions  ( e i g h t  

c y l i n d e r s )  . 
The computer checks f o r  t h e  proper number of VT ( n )  t r i g g e r s  

1 

per cycle  - e i g h t  f o r  normal opera t ion ,  seven with one s p a r l e  plug 

d i s a b l e  - and s t o r e s  t he  A/D value  f o r  each t r i g g e r  pulse.  Figure 

A-2 is a copy of osc i l loscope  photographs of some r ep re sen t a t i ve  

wave forms. The continuous waveform is the  analog ( v , ( t )  ) 

waveform (and the  s t e p  wise continuous waveform i s  the  sample re la -  

t i v e  maxima. 



Although the re  i s  a  p o s s i b i l i t y  of e r r o r s  i n  de tec t ing  

r e l a t i v e  maxima, experimental measurements have yielded no e r r o r s  

f o r  sampling i n t e r v a l s  involving over 2 0 0  engine cycles .  

The computer then c a l c u l a t e s  - n ( k )  and non uniformity index n 

( k )  a s  explained in  t he  body of the  r epo r t .  T h i s  non-uniformity 

index i s  computed once f o r  each engine cyc le ,  A commercial 

computer program (ava i l ab l e  from D E C )  i s  used t o  f i nd  t he  

higtogram for  t he  random v a r i a b l e  n(k) . 



Figure A - 2  
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