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1,O INTRODUCTION 

This report presents findings, conclusions, and recommendations 

derived by the Highway Safety Research Institute (HSRI) in a 

research study for the National Highway Safety Bureau (NHSB) 

entitled, "Vehicle Handling Test Procedures." The major purpose 

of the study was the development of objective procedures for 

measuring safety related aspects of the dynamic performance of 

passenger cars. 

In this report, the terms "vehicle performance" and "vehicle 

handling properties" refer to equivalent concepts and should be 

interpreted to mean both the static and dynamic response charac- 

teristics of the motor car to the actions of the driver in 

steering, braking, and accelerating. Vehicle response to disturbing 

forces originating from the highway environment are included as 

part of the performance or handling properties description. 

At the present point in time, the complex relationship between 

vehicle performance and highway safety is neither theoretically 

understood nor experimentally documented. There is nonetheless 

ample intuitive basis to hypothesize that such a relationship 

exists and, further, that there are certain specific performance 

characteristics of motor vehicles which, during either the normal 

driving process or during emergency situations, cause the potential 

for loss of control to rise above a threshold beyond which driver 

skill and experience are of little avail. The problem remains to 

(1) identify such safety-relevant performance qualities, and (2) 

develop reliable, objective procedures for their measurement. 

Since, as noted above, connections between vehicle performance 

and safety must presently be based on intuition, the approach 

adopted herein may be categorized as pragmatic. Such an approach 

is a proper response to the sponsor's immediate objective (namely 

establishment of interim sthndards for vehicle handling), but 



c e r t a i n l y  no s u b s t i t u t e  f o r  b a s i c  s t u d i e s  of t h e  d r i v e r / v e h i c l e  

system r e q u i r e d  t o  g a i n  r e a l  under s t and ing  o f  t h e  performance/  

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

I n  t h e  f o l l o w i n g  s e c t i o n ,  we d i s c u s s  t h e  approach i n  g r e a t e r  

d e t a i l ,  a t t e m p t i n g  t o  a r t i c u l a t e  a  r a t i o n a l  p ragmat i c  v iewpoint  

and t o  develop from i t  a  c o n s i s t e n t  and meaningful  framework f o r  

t h e  d e f i n i t i o n  of hand l ing  t e s t  p rocedures .  Within t h i s  frameivoik, 

a  broad spec t rum of  c o n s i d e r a t i o n s  r ang ing  from t h e o r e t i c a l  v e h i c l e  

mechanics t o  p r a c t i c a l  au tomot ive  e n g i n e e r i n g  enab le  us  t o  i d e n t i f y  

those  p a r t i c u l a r  performance q u a l i t i e s  viewed a s  having  f i r s t - o r d e r  

s a f e t y  r e l e v a n c e .  

S e c t i o n  3.0 d e s c r i b e s  t h e  d e s i g n  and conduct  of  a  p i l o t  t e s t  

program c o n s i s t i n g  of exper iments  t o  measure each of t h e  d e s i g n a t e d  

performance q u a l i t i e s  f o r  a  sample o f  v e h i c l e  c o n f i g u r a t i o n s  of  

wide ly  d i f f e r e n t  dynamic c h a r a c t e r i s t i c s .  The exper iments  a r e  

e x p l i c i t l y  des igned t o  measure v e h i c l e  r e sponse  c h a r a c t e r i s t i c s  

independent  of t h e  confounding a c t i o n s  of  a  t e s t  d r i v e r  o r  d r i v e r s  

( s e e  d i s c u s s i o n  i n  S e c t i o n  2 .0 ) .  To t h i s  end,  and t o  f a c i l i t a t e  

t h e  p r e c i s e  a p p l i c a t i o n  of  c o n t r o l  i n p u t s  of p r e s c r i b e d  form, c e r t a i n  

of t h e  more extreme and compl ica ted  exper iments  invo lve  t h e  u s e  of 

an au tomat i c  c o n t r o l  system t o  man ipu la t e  t h e  v e h i c l e ' s  s t e e r i n g ,  

b r a k i n g ,  and a c c e l e r a t i n g  c o n t r o l s ,  The d e s i g n  and o p e r a t i o n  of 

t h i s  sys tem,  cons ide red  t o  r e p r e s e n t  a  un ique ly  v a l u a b l e  t o o l  f o r  

t h e  s a f e t y - r e l a t e d  e v a l u a t i o n  of  t h e  motor v e h i c l e ,  a r e  d e s c r i b e d  

i n  s u b s t a n t i a l  d e t a i l .  

I n  S e c t i o n  4.0,  t h e  p i l o t  t e s t  r e s u l t s  a r e  p r e s e n t e d  and 

ana lyzed  t o  i l l u s t r a t e  and r a t i o n a l i z e  t h e  d e r i v a t i o n  of s a f e t y -  

r e l a t e d  performance measures from t h e  d a t a .  The r e s u l t s  of 

supplementary v e h i c l e  t e s t s  performed e s p e c i a l l y  f o r  t h e  pu rpose ,  

and t h e  o u t p u t  of  a  h y b r i d  computer s t u d y  i n v o l v i n g  ove r  1400 

s i m u l a t i o n  r u n s ,  a r e  employed t o  h e l p  i n t e r p r e t  and g e n e r a l i z e  



the basic data in this context. The principal conclusions reached 

are summarized in Section S . O . ,  mainly in the form of a recommended 

set of test procedures which effectively define the scope and 

format of a vehicle handling standard. Specific recommendations 

for additional research associated with the development and 

implementation of such a standard are also presented. 

The report has two Appendices. The first describes and 

illustrates the analysis of vehicle-usage survey data to derive 

realistic ranges of service factors - -  tire inflation pressure 
and vehicle loading - -  to be considered in an evaluation of vehicle 
performance. The second describes the hybrid simulation model 

employed in the study, and presents comparative experimental and 

theoretical results to illustrate the degree of validity of the 

model. 



2,O SAFETY-RELEVANT PERFORMANCE QUALIT IES OF MOTOR VEHICLES 

2 . 1  THE RELATIONSHIP OF THE MAN-VEHICLE COMBINATION TO HIGHWAY 
SAFETY 

Although t h e  b road  spec t rum of  highway v e h i c l e s  c a t e g o r i z e d  

a s  p a s s e n g e r  c a r s  can  and do d i f f e r  markedly i n  t h e i r  dynamic 

performance c h a r a c t e r i s t i c s ,  i t  i s  c l e a r  t h a t  t h e s e  q u a l i t i e s  do 

n o t  i n f l u e n c e  t h e  highway s a f e t y  r e c o r d  i n  a  d i r e c t l y  r e c o g n i z a b l e  

manner. R a t h e r  t h e s e  q u a l i t i e s  i n t e r a c t  w i t h  t h e  a t t i t u d e s  and 

s k i l l s  o f  t h e  d r i v i n g  p o p u l a t i o n  t o  p roduce  a v a r i a b l e  d r i v e r -  

v e h i c l e  e lement  which,  i n  t u r n ,  i n t e r a c t s  w i t h  t h e  remain ing  

e lements  of  t h e  highway sys tem.  When t h e  sys tem b r e a k s  down ( t h a t  

i s ,  an a c c i d e n t  o c c u r s ) ,  t h e  d r i v e r  component i s  g e n e r a l l y  h e a v i l y  

i n v o l v e d .  I t  i s  c l e a r  t h a t  any a t t e m p t  t o  deve lop  t h e  concep t  of 

p r e - c r a s h  s a f e t y  q u a l i t y  ( a s  p o s s e s s e d  by a  motor v e h i c l e )  must 

t a k e  c a r e f u l  cogn izance  of  t h e  d r i v e r  r o l e ,  i n  terms of b o t h  h i s  

a t t i t u d e s  and h i s  s k i l l s  a s  a  t a c t i c i a n  and a  c o n t r o l l e r .  

Research h a s  shown t h a t  t h e  motor v e h i c l e  c o n s t i t u t e s  a  

mechanica l  sy s t em amenable t o  c o n t r o l  and o p e r a t i o n  by a  p o p u l a t i o n  

of  w ide ly  r a n g i n g  s k i l l s  [ I ] .  F u r t h e r ,  i t  h a s  been  demons t r a t ed  

t h a t  t h e  human o p e r a t o r  p o s s e s s e s  l e v e l s  of  f l e x i b i l i t y  and 

a d a p t a b i l i t y  making i t  p o s s i b l e  f o r  him t o  a d j u s t  e a s i l y  t o  a  

b road  r a n g e  o f  v e h i c l e  c h a r a c t e r i s t i c s  [ 2 ] .  

Given t h a t  t h e  above s t a t e m e n t s  a r e  t r u e ,  t h e  q u e s t i o n  a r i s e s  

a s  t o  whe ther  i t  i s  p o s s i b l e  t o  d e f i n e  t h e  p r e - c r a s h  s a f e t y  q u a l i t y  

o f  a  motor v e h i c l e  a s  a  s e p a r a t e  e n t i t y .  R e f l e c t i o n  on t h i s  

problem i n d i c a t e s  t h a t  such  a  d e f i n i t i o n  may be p o s s i b l e  i f  f a c e t s  

o f  v e h i c l e  performance can be  i d e n t i f i e d  t h a t  s t r e s s  (1)  a  l a r g e  

demand upon d r i v e r  s k i l l s  d u r i n g  emergency c o n d i t i o n s ,  o r  ( 2 )  

b e h a v i o r a l  c h a r a c t e r i s t i c s  which make t h e  v e h i c l e  i n h e r e n t l y  more 

o r  l e s s  "roadworthy."  The ave rage  d r i v e r  ha s  v e r y  l i t t l e  e x p e r i -  

ence  i n  con t end ing  w i t h  r e a l  emergenc ies .  Consequen t ly ,  a  v e h i c l e  



that behaves very differently in emergencies than it does during 

routine operations can produce increased demands on driver skill 

for reasons of unfamiliarity, i.e., a departure from what may be 

anticipated on the basis of past experience. This quality of a 

vehicle, namely, presenting an unexpected response, can be 

identified (with a high level of confidence) as having safety 

relevance since the phenomenon of driver adaptability is not 

involved. By llroadworthy" we mean those attributes of a vehicle 

which give it inherently higher maneuver capabilities irrespective 

of the skill level of the driver involved. In this instance 

we are referring to a measure of pre-crash safety quality which 

is meaningful as long as drivers do not opt to operate a more 

roadworthy vehicle such as to reduce the margin for error to the 

same (or a lower) level as prevails with less roadworthy vehicles. 

In summary, it appears that if we adopt the premise that 

vehicles can, and do, differ in their pre-crash safety qualities, 

these qualities are more logically derived from the limiting 

maneuver characteristics of a vehicle (as may be called upon in 

an emergency situation) as opposed to being a function of the 

dynamic interaction between man and his vehicle. This is not to 

say that properties of the man-vehicle combination do not possess 

implications with respect to "safety performance" - they certainly 

d o .  However, the subteties of this interaction, and our knowledge 

of man's adaptability, suggest that first attempts to assess the 

safety performance of vehicles be restricted to defining and 

measuring qualities that reside "within" the vehicle. Such 

attempts should recognize the limited role of the vehicle in 

accident causation and should thereby stress those qualities that 

give drivers increased opportunity for avoiding catastrophic con- 

sequences of an improper decision or act. Vehicle attributes that 

result in less demands being placed on drivers as a result of 

operations in an unfavorable environment should also be considered 

as having safety relevance. 



2 . 2  THE RELATIONSHIP OF THE MOTOR VEHICLE PER SE TO SAFETY 

Given a  concept  of s a f e t y  performance a s  d e f i n e d  above, i t  

i s  c l e a r  t h a t  t h e r e  a r e  no a b s o l u t e  measures.  A motor v e h i c l e  

i s  never  a b s o l u t e l y  " sa fe t1  o r  "unsafe".  Motor v e h i c l e s  can 

presumably be judged t o  be "more s a f e t t  o r  " l e s s  s a f e "  f o r  a  g iven  

u s e r  a p p l i c a t i o n .  I n  g e n e r a l ,  however, such judgments a r e  r i s k y  

and i t  appears  t o  be more l o g i c a l  and prudent  t o  a s s e s s  motor 

v e h i c l e s  as  be ing  more o r  l e s s  roadworthy o r  more o r  l e s s  f o r -  

g i v i n g  of d r i v e r  inadequac ies .  I t  fo l lows  t h a t  v e h i c l e s  t h a t  

a r e  deemed t o  be  more roadworthy and/or  more f o r g i v i n g  can be 

viewed a s  be ing  more d e s i r a b l e  v e h i c l e s  i n  t h e  c o n t e x t  of upgrading 

t h e  s a f e t y  performance of t h e  highway t r a n s p o r t a t i o n  system. 

Notwithstanding t h e  f a c t  t h a t  p n e u m a t i c - t i r e  v e h i c l e s  have 

been des igned and produced f o r  many y e a r s ,  t h e r e  a r e ,  a s  y e t ,  no 

commonly accep ted  q u a l i t i e s  o r  a t t r i b u t e s  a s s o c i a t e d  w i t h  t h e  

concepts  of ' t roadwor th iness t '  o r  " fo rg iveness . "  I n  a t t empt ing  t o  

fo rmula te  a  complete c a t a l o g  of such  q u a l i t i e s ,  we have concluded 

t h a t  they  g e n e r a l l y  a r e  subsumed w i t h i n  t h e  fo l lowing  f o u r  major 

c a t e g o r i e s :  

(1) C o n t r o l l a b i l i t y  s u f f i c i e n t  f o r  evas ive  a c t i o n  

( 2 )  L i m i t  maneuver c a p a b i l i t i e s ,  i . e . ,  t h e  upper 

bounds of  maneuvering performance ach ievab le  

under b rak ing ,  t r a c t i o n ,  and c o r n e r i n g  con- 

d i t i o n s  

(3)  Dynamic response  c h a r a c t e r i s t i c s  b e a r i n g  on 

t h e  a b i l i t y  of a  d r i v e r  t o  c l o s e  t h e  c o n t r o l  

loop i n  a  s t a b l e  manner d u r i n g  an emergency 

maneuver 

( 4 )  I n s e n s i t i v i t y  of l imit-maneuver  c a p a b i l i t i e s  

and dynamic response  c h a r a c t e r i s t i c s  t o  e x t e r n a l  

d i s t u r b a n c e s ,  environmental  c o n d i t i o n s ,  and 

s e r v i c e  f a c t o r s .  



In our view, particular emphasis should be given to "service 

factors" in any assessment of roadworthiness. These variables 

describe the degree to which an operational vehicle departs from 

a reference design condition. Vehicle loadings ranging from empty 

to full represent a common-place example of service factor varia- 

tions. So too do deviations from the nominal (manufacturer's 

recommended) distribution of tire inflation pressures. It is 

clear that service factors exert significant influence on per- 

formance as achieved in the field and that there are combinations 

of service factors which mitigate against achieving the levels of 

performance exhibited by the baseline or reference vehicle. 

It is important to recognize that the basic physical scale 

of a vehicle (size and weight) has a direct influence on many of 

the dynamic response properties relevant to pre-crash safety. 

For example, smaller vehicles generally possess greater evasive 

capabilities than can be achieved with larger vehicles but are 

more sensitive to wind gusts. Similarly, smaller vehicles because 

of their large center of gravity height to wheel track ratio are 

easier to roll over than their bigger cousins. It is rather 

generally agreed that it is not reasonable to produce a single 

roadworthiness standard applicable, for example, to passenger 

vehicles and motor trucks. It should also be acknowledged that 

variations in the size and transport objective of passenger cars 

alone will influence individual components of an overall road- 

worthiness evaluation, 

2.3 LIMIT PERFORMANCE MANEUVERS 

In light of the premises and conclusions discussed above, we 

have attempted to define a family of safety-relevant handling 

test procedures on the basis of a concept of "limit performance 

maneuvers," i.e., extreme, yet realistic, maneuvers in which vehicle 

performance qualities deemed to have safety relevance play a 



s i g n i f i c a n t  and c l e a r l y  d e f i n e d  r o l e .  S i x  l i m i t  performance 

maneuvers were s e l e c t e d  t o  produce a  f i r s t - o r d e r  performance 

assessment  compat ib le  wi th  t e c h n i c a l  c o n s i d e r a t i o n s  and w i t h  t h e  

p r a c t i c a l  l i m i t a t i o n s  of  t ime and funds provided  by t h e  s u p p o r t i n g  

c o n t r a c t .  The s i x  maneuvers a r e  d i s c u s s e d  below. 

2.3.1 LIMIT BRAKING (NO STEERING). Braking e f f e c t i v e n e s s  

i s  a  roadwor th iness  component w i t h  an i n t i m a t e  and w e l l  recognized  

connec t ion  t o  s a f e t y  - -  a l l  o t h e r  t h i n g s  be ing  e q u a l ,  t h e  s h o r t e r  

t h e  d i s t a n c e  a  c a r  can s t o p  i n ,  t h e  s a f e r  i t  i s . *  However, s topp ing  

d i s t a n c e  ( o r  d e c e l e r a t i o n )  p e r  s e  i s  b u t  a  p a r t i a l  d e s c r i p t o r  of  a  

m o t o r - c a r ' s  b rak ing  performance.  I t  i s  a l s o  impor tan t  t o  t a k e  

account  o f  t h e  v e h i c l e ' s  c o n t r o l l a b i l i t y  c h a r a c t e r i s t i c s  a s  i t  

approaches and a t t a i n s  t h e  b r a k i n g  l i m i t .  This  can be  done ve ry  

c o n c i s e l y  be making use  of  t h e  concept  of b rak ing  e f f i c i e n c y ,  i . e . ,  

t h e  r a t i o  of  maximum d e c e l e r a t i o n  ach ievab le  wi thou t  wheel lock ing  

t o  t h e  p r e v a i l i n g  pavement f r i c t i o n  c o e f f i c i e n t .  S ince  wheel 

lock ing  i s  a  c o n d i t i o n  which e i t h e r  makes i t  imposs ib le  t o  apply  

e f f e c t i v e  s t e e r i n g  c o n t r o l  ( f r o n t  wheel lock ing)  o r  d r a m a t i c a l l y  

degrades d i r e c t i o n a l  s t a b i l i t y  ( r e a r  wheel l o c k i n g ) ,  b rak ing  

e f f i c i e n c y  i s  regarded  as  a  measure of  v e h i c l e  hand l ing  performance 

having  d i r e c t  s a f e t y  i m p l i c a t i o n s ,  

* I t  i s ,  of c o u r s e ,  p o s s i b l e  t o  c i t e  a n e c d o t a l  "evidence" t o  
t h e  c o n t r a r y ,  i . e . ,  r ecoun t  a  t a l e  of an a c c i d e n t  i n  which poor 
b rak ing  performance r e s u l t e d  i n  somebody's l i f e  be ing  saved .  This  
i s  t h e  u s u a l  case  i n  highway s a f e t y  m a t t e r s ,  where most " f a c t s "  
a r e  a c t u a l l y  g e n e r a l i z a t i o n s  based on t h e  weight  of s t a t i s t i c a l  
ev idence .  (Although some people  a c t u a l l y  do escape  d e a t h  by be ing  
"thrown c l e a r  of t h e  ca r "  i n  an a c c i d e n t ,  most u n r e s t r a i n e d  occu- 
p a n t s  of a  c o l l i s i o n - i n v o l v e d  v e h i c l e  a r e  l e s s  lucky.  I t  i s  
t h e r e f o r e  g e n e r a l l y  a  good i d e a  t o  f a s t e n  your  s e a t b e l t . )  



Braking e f f i c i e n c y  i s  a  s e n s i t i v e  f u n c t i o n  of  bo th  env i ron-  

mental  v a r i a b l e s  ( p a r t i c u l a r l y  pavement f r i c t i o n )  and s e r v i c e  

f a c t o r s  ( p a r t i c u l a r l y  load ing  d i s t r i b u t i o n )  [ 3 ] .  I t  fo l lows  t h a t  

a  t e s t  procedure  des igned t o  a s s e s s  s a f e t y  performance r e l a t i v e  

t o  a  s t r a i g h t - l i n e  b rak ing  maneuver ( o r  f o r  t h a t  m a t t e r ,  any 

a s p e c t  of l i m i t  maneuver performance)  should  t a k e  due cognizance 

of t h e s e  f a c t o r s .  

2 . 3 . 2  RESPONSE TO RAPID, EXTREME STEERING (NO BRAKING). This  

maneuver i s  performed by app ly ing  a  q u a s i - s t e p  s t e e r i n g  i n p u t  t o  

a  v e h i c l e  i n i t i a l l y  c o a s t i n g  on a  s t r a i g h t  l i n e  p a t h .  The s p i r a l  

t r a j e c t o r y  c h a r a c t e r i s t i c a l l y  produced i s  h a r d l y  r e p r e s e n t a t i v e  

of a r e a l i s t i c  highway maneuver. I t s  i n i t i a l  " J - t u r n "  phase ,  

however, i s  s i m i l a r  t o  t h e  r e a l - w o r l d  emergency produced by e n t e r i n g  

a  t u r n  too  f a s t  o r ,  more g e n e r a l l y ,  t o  t h e  i n i t i a l  phase of  a  

t y p i c a l  o b s t a c l e - a v o i d a n c e  maneuver. 

I f  t h e  maneuver i s  r e p e a t e d  w i t h  p r o g r e s s i v e l y  i n c r e a s i n g  

s t e e r i n g  i n p u t s  ( a t  a  f i x e d  v a l u e  of i n i t i a l  s p e e d ) ,  t h e  r e s u l t s  

may be i n t e r p r e t e d  i n  terms t h a t  a r e  analogous t o  t h e  b rak ing  

e f f i c i e n c y  measure d i s c u s s e d  above. The l i m i t  r esponse  c o n d i t i o n  

can cor respond t o  l a t e r a l  f o r c e  s a t u r a t i o n  e i t h e r  o f  t h e  v e h i c l e ' s  

f r o n t  t i r e s  ( d r i f t - o u t ) ,  o r  of i t s  r e a r  t i r e s  ( s p i n - o u t )  [4]. The 

p o i n t  a t  which t h e  l i m i t  o c c u r s ,  i t s  b a s i c  c h a r a c t e r ,  and how i t  

i s  a f f e c t e d  by r e a l i s t i c  v a r i a t i o n s  i n  s e r v i c e  f a c t o r s  a r e  p e r -  

formance c h a r a c t e r i s t i c s  of p o t e n t i a l  s a f e t y - r e l e v a n c e .  

2 . 3 . 3  BRAKING IN A T U R N .  I n  g e n e r a l ,  t h e  d r i v e r ' s  r e a c t i o n  

t o  an emergency t r a f f i c  s i t u a t i o n  i s  t h e  a p p l i c a t i o n  of a  b rake  

i n p u t ,  a s t e e r i n g  i n p u t ,  o r  some combinat ion of t h e  two. Exper i -  

ments conducted a t  t h e  General  Motors Proving Ground [ S ]  i n d i c a t e  

t h a t  t h e  t y p i c a l  r e sponse  t o  a  p a r t i c u l a r  s i m u l a t e d  emergency - -  a  

l i f e l i k e  dummy h u r l e d  i n t o  t h e  v e h i c l e ' s  p a t h  - -  i s  a  b rak ing  

a c t i o n  o n l y .  The l i m i t  b r ak ing  (no s t e e r i n g )  maneuver d e s c r i b e d  



i n  S e c t i o n  2.3.1 p rov ides  a  v e h i c l e  response  measure germane t o  

t h i s  s i t u a t i o n  when t h e  nominal t r a j e c t o r y  i s  a  s t r a i g h t  l i n e  

p a t h .  The maneuver d i s c u s s e d  i n  t h i s  s e c t i o n  i s  in t ended  t o  p ro -  

v i d e  a  comparable measure when t h e  nominal t r a j e c t o r y  i s  a p a t h  

of  c o n s t a n t ,  f i n i t e  r a d i u s .  

Measurements of t h e  d i r e c t i o n a l  response  produced by t h e  

a p p l i c a t i o n  of brake  to rque  t o  an automobile  w i t h  f i x e d  (non-zero)  

s t e e r  ang le  have been performed p r e v i o u s l y .  Bergman [ 6 ]  conducted 

s e v e r a l  s e r i e s  of such t e s t s ,  w i t h  a  f i x e d  va lue  of i n i t i a l  speed 

(30 mph), and i n i t i a l  v a l u e s  of l a t e r a l  a c c e l e r a t i o n  equal  t o  

0 . 2 ,  0 .3 ,  0 . 4 ,  and 0.5 g.  For each l a t e r a l  a c c e l e r a t i o n ,  braking  

to rque  was i n c r e a s e d  i n  s u c c e s s i v e  t e s t  runs u n t i l  a  breakaway 

c o n d i t i o n  was approached. D i r e c t i o n a l  response  was expressed  i n  

terms of t h e  maximum v a l u e  of  yaw a c c e l e r a t i o n  measured dur ing  t h e  

maneuver. Yaw responses  i n c r e a s i n g  w i t h  b rake  to rque  were observed 

f o r  a l l  i n i t i a l  c o n d i t i o n s .  Nakatsuka and Takanami [ 7 ]  compared 

t h e  l i m i t  r esponse  c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  f r o n t  and r e a r  

wheel lock ing  ( d r i f t  and s p i n o u t ,  r e s p e c t i v e l y ) ,  through t e s t s  

where b rakes  were a p p l i e d  a t  one a x l e  only .  As would be expected ,  

t h e  r e a r - l o c k ,  o r  s p i n o u t ,  c o n d i t i o n  was c h a r a c t e r i z e d  by ext remely  

s e v e r e  yawing motions.  

T h e o r e t i c a l  s t u d i e s  of t h e  f i x e d - s t e e r  b rak ing  maneuver have 

a l s o  been performed [ 7 ,  81 .  Various phenomenological mechanisms 

i n f l u e n c i n g  t h e  p a t h - c u r v a t u r e  response  have been d i s c u s s e d  [ 8 ] :  

"For t h e  ( t y p i c a l )  u n d e r s t e e r  v e h i c l e ,  t h e r e  i s  a  
tendency f o r  t h e  pa th  c u r v a t u r e  t o  i n c r e a s e  a s  t h e  
forward speed i s  reduced.  There i s  an o p p o s i t e  t e n -  
dency,  however, due t o  t h e  yaw moment produced by 
t h e  b r a k i n e  f o r c e s  a t  t h e  s t e e r e d  f r o n t  wheels .  
~ u ~ e r ~ o s e d " u ~ o n  t h e s e  two e f f e c t s  i s  t h e  i n f l u e n c e  
of  t h e  n o n l i n e a r  mechanics o f  t h e  t i r e s  (and suspen-  
s i o n ) .  I f  t h e  t i r e s  a r e  caused t o  o p e r a t e  i n  t h e  
v i c i n i t y  of t h e  f r i c t i o n  l i m i t ,  b r ak ing  i n  a  t u r n  
may be expected  t o  produce ( l i m i t )  t r a j e c t o r i e s  h i g h l y  
s e n s i t i v e  t o  ( t h e s e )  n o n l i n e a r  c h a r a c t e r i s t i c s . "  



The braking effectiveness achievable at the point of wheel 

lockup (normalized with respect to the prevailing level of pave- 

ment friction) appears to be a significant roadworthiness com- 

ponent relative to any fixed-steer braking maneuver. Important 

also is the order of tire shear force saturation, which dramatically 

influences the nature of the limit trajectory response. It follows 

that the performance qualities manifested in this maneuver can 

profitably be assessed in terms of a generalized interpretation of 

braking efficiency, namely, one that takes account not only of 

the limit longitudinal deceleration, but also of the deviation from 

the nominal circular trajectory produced as the level of decelera- 

tion is increased towards its limit value. 

2 .3 .4  TURNING ON A ROUGH SURFIICE, Each of the maneuvers 

discussed previously (and those to be discussed subsequently) is 

defined with respect to the ideal "perfectly smooth pavement" 

which traditionally provides the roadway for discussions and 

analyses of vehicle handling performance. Vehicle maneuvers in 

the real-world are in fact performed on surfaces characterized by 

degrees of irregularity varying over a wide range. That road 

roughness has a dramatic effect on vehicle handling - -  particu- 
larly limit performance - -  is well known. Proving ground ard 

road test procedures have long been employed within the automobile 

industry to evaluate vehicle roadholding on a subjective basis. 

A maneuver serving to provide an objective roadholding 

evaluation can be performed by driving a coasting vehicle in a 

curved path (with the steering wheel held fixed) over a series of 

pavement irregularities. Qualitatively, the maneuver is very 

similar to real-world situations quite commonly experienced in 

driving over washboard roads. By repeating the maneuver over an 

appropriate range of approach speeds, it is possible to assure 

that the frequency of encounter with the disturbance inputs will 



span  t h e  range of wheel hop fundamental f r e q u e n c i e s  t o  be found 

i n  t h e  motor c a r  popu la t ion  assuming r e a l i s t i c  s e r v i c e  f a c t o r  

v a r i a t i o n .  The maximum degree  t o  which t h e  p a t h - c u r v a t u r e  response  

o f  t h e  f i x e d - s t e e r  v e h i c l e  i s  i n f l u e n c e d  by t h e  road  d i s t u r b a n c e  

would appear t o  r e p r e s e n t  a  s i g n i f i c a n t  component of  an o v e r a l l  

roadwor th iness  assessment .  

2.3.5 RAPID LANE CHANGING. T r a f f i c  c o n f l i c t s  can and do 

r e q u i r e  t h a t  very  f a s t  l a n e  changes be made t o  avoid c o l l i s i o n s .  

For purposes o f  t h i s  d i s c u s s i o n ,  a  l a n e  change w i l l  be d e f i n e d  a s  

a  maneuver i n  which s t e e r i n g  i n p u t  causes  a  v e h i c l e  t o  be d i s -  

p l aced  l a t e r a l l y  w i t h  zero n e t  change i n  i t s  heading a n g l e .  As 

t h e  speed of t r a v e l  approaches ze ro ,  t h i s  maneuver can be  executed 

p e r f e c t l y  be apply ing  a  s t e e r i n g  i n p u t  of s i n u s o i d a l  form. As t h e  

speed i n c r e a s e s ,  however, t h e  s t e e r i n g  i n p u t  r e q u i r e d  t o  produce 

a  s u c c e s s f u l  l a n e  change becomes cons ide rab ly  more complex. By 

t h e  same token ,  t h e  response  t o  a  p e r f e c t l y  symmetr ical  s t e e r  

i n p u t ,  such a s  a  s i n u s o i d ,  becomes p r o g r e s s i v e l y  more asymmetr ical .  

For an i n p u t  of g iven  s i z e ,  t h e  magnitude of t h i s  asymmetry appears  

t o  r e p r e s e n t  a  v e h i c l e  response  c h a r a c t e r i s t i c  d i r e c t l y  r e l a t e d  t o  

t h e  d i f f i c u l t y  a  d r i v e r  would encounter  i n  c l o s i n g  t h e  loop t o  

produce a  s u c c e s s f u l  l a n e  change. I n  p a r t i c u l a r ,  i t  i s  hypothes ized  

t h a t  t h e  g r e a t e r  t h e  d e p a r t u r e  from a  t r a j e c t o r y  whose f i n a l  and 

i n i t i a l  p a t h s  a r e  p a r a l l e l ,  and t h e  g r e a t e r  t h e  evidence of  

o s c i l l a t o r y  o r  u n s t a b l e  behav io r ,  t h e  h a r d e r  i t  w i l l  be f o r  t y p i c a l  

d r i v e r s  t o  modulate t h e i r  s t e e r i n g  i n  emergency s i t u a t i o n s .  Again 

t h e  i n f l u e n c e  of s e r v i c e  f a c t o r  v a r i a t i o n s  i s  an impor tant  f a c t o r  

i n  e v a l u a t i n g  dynamic response  behavior  i n  t h i s  open-loop maneuver. 

2 . 3 . 6  "DRASTIC" STEER AND BRAKE MANEUVER. A c o n s i d e r a b l e  

amount of o b s e r v a t i o n a l  r e s e a r c h  i s  needed t o  d e s c r i b e  t h e  response  

p a t t e r n s  produced by d r i v e r s  under emergency c o n d i t i o n s .  I n  t h e  

absence of such a  d e s c r i p t i o n ,  t h e r e  appear  t o  be two pragmat ic  



approaches  a v a i l a b l e  t o  t h e  s a f e t y  r e s e a r c h e r  s e e k i n g  t o  d e f i n e  

l i m i t  pe r formance  maneuvers.  I n  t h e  f i r s t  app roach ,  one d e f i n e s  

b a s i c  maneuver f a m i l i e s  on t h e  b a s i s  o f  r ud imen ta ry  combina t ions  

of  s i m p l e  c o n t r o l  and /o r  d i s t u r b a n c e  i n p u t s  of  s y s t e m a t i c a l l y  

v a r y i n g  i n t e n s i t y .  (Th i s  i s  t h e  approach  t a k e n  i n  t h e  f o r m u l a t i o n  

o f  t h e  f i v e  maneuvers d i s c u s s e d  above . )  

As an  a l t e r n a t i v e ,  one can  e s t i m a t e  r e a s o n a b l e  bounds on 

t h e  u n i v e r s e  o f  a l l  p o s s i b l e  combina t ions  o f  c o n t r o l  i n p u t s  t h a t  

might  be  produced i n  emergenc i e s ,  and t h e n  s e e k  p a r t i c u l a r  combina- 

t i o n s  w i t h i n  t h i s  u n i v e r s e  which may r e s u l t  i n  v e h i c l e  t r a j e c t o r y  

r e s p o n s e s  of  a  markedly u n c o n t r o l l a b l e  c h a r a c t e r .  The p r i n c i p a l  

d e t e r r e n t  a g a i n s t  t h e  a d o p t i o n  of t h e  l a t t e r  approach  i n  t h e  p a s t  

a p n e a r s  t o  have been  i n a b i l i t y  t o  p roduce  a  g e n e r a l  c l a s s  of  

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

mann.er. However, a  programmable mechanica l  c o n t r o l l e r  ( r e p l a c i n g  

t h e  human c o n t r o l l e r )  s e r v e s  t o  make t h e  approach  b o t h  v i a b l e  and 

ex t r eme ly  a t t r a c t i v e .  

The f o l l o w i n g  sequence  of c o n t r o l  i n p u t s ,  which f a l l  w i t h i n  

t h e  u n i v e r s e  of  p o t e n t i a l  emergency c o n t r o l  a c t i o n s ,  p r o v i d e  a 

s t r i n g e n t  t e s t  o f  t h e  s u s c e p t i b i l i t y  o f  a  s u s p e n s i o n  sys tem t o  

" j a c k i n g  ," " t u c k i n g  ," o r  o t h e r  u n d e s i r a b l e  r e s p o n s e :  ( 1 )  a h a l f  

s i n e  wave of  s t e e r i n g  i n p u t  ( t h e  f i r s t  h a l f  of  a  l a n e  change 

maneuver ) ,  and ( 1 )  a  h a r d  p u l s e  b rake  i n p u t  of one h a l f  second 

d u r a t i o n  a p p l i e d  a t  a  p o i n t  i n  t ime  where t h e  v e h i c l e ' s  yaw 

rcs l lonse  t o  t h e  s t e e r  i n y u t  i s  approach ing  i t s  peak magni tude .  

q u a l i t a t i v e l y ,  t h i s  combina t ion  o f  c o n t r o l  i n p u t s  s i m u l a t e s  a 

r e a l - w o r l d  emergency maneuver where t h e  d r i v e r  a t t e m p t s  t o  a v o i d  

an obstac1.e by s i m u l t a n e o u s  s t e e r i n g  and b r a k i n g ,  t h e n  r e l e a s e s  

t h e  b r a k e s  upon p e r c e i v i n g  t h e  s k i d d i n g  r e s u l t i n g  from wheel l o c k i n g .  

The c r u c i a l  j u n c t u r e  i n  t h e  maneuver i s  t h e  i n s t a n t  immedia te ly  

f o l l o w i n g  b r a k e  r e l e a s e ,  when t h e  l ocked  whee ls  suddenly  s p i n  u p ,  

and t h e  a a g n i t u d e s  o f  t h e  l a t e r a l  t i r e  f o r c e s  i n c r e a s e  from n e a r  

ze ro  t o  r e l a t i v e l y  h i g h  v a l u e s .  As t h e  maneuver becomes more 



extreme a motor vehicle will exhibit an increasingly severe 

response, possibly to the point of rollover. The character of 

the resulting response and the maneuver severity level at which 

it occurs are considered to represent performance qualities of 

distinct safety-relevance. So too, again, the influencing thereon 

of service factor variations. 



THE PILOT TEST PROGRAM 

3.1 GENERAL 

The pilot test program which is the principal subject of 

this report consisted of experiments corresponding to each of 

the limit performance maneuvers discussed in the previous section. 

The object of the test program was the evaluation of the test 

procedures and equipment, - not the evaluation of the handling 

qualities of specific vehicles, To this end, four vehicles reflec- 

ting widely differing design philosophies and transport objectives 

were selected for test, thereby permitting assessment of the over- 

all discriminatory power of the measures considered. The four 

vehicles (see photographs, Fig. 1) were the following: 

(1) 1967 Ford Country Sedan Station Wagon - -  a full 
size station wagon whose static directional 

stability varies over a wide range as a 

function of service factors 

( Z ) ,  1970 Toyota 2000 GT Sports Coupe - -  a sports car 
characterized by high steering gain, low height 

to track ratio, and a high horsepower to weight 

ratio 

(3) 1961 Chevrolet Corvair - -  a compact sedan with a 
rearward weight bias, and an independent rear 

suspension (swing axle) 

(4) 1969 Mercedes 250 Sedan - -  an expensive intermediate 
sedan with independent rear suspension whose 

cost reflects a substantial expenditure of 

performance-oriented, engineering effort 

Four of the six test procedures were executed by test drivers, 

with the aid of passive brake and steering limiters, and two were 

performed using the automatic control system. The latter two tests 

(corresponding to rapid lane changing and "drastic" steer and 



brake  maneuvers) invo lved  c o n t r o l  i n p u t s  of s o  complex a  n a t u r e  

t h a t  a  d r i v e r  cou ld  n o t  per form them w i t h  a c c e p t a b l e  f i d e l i t y  o r  

r e p e a t a b i l i t y .  

Because of  s e v e r e  t ime c o n s t r a i n t s ,  t h e  t e s t i n g  program was 

a r ranged  t o  a l l o w  two p a r a l l e l  b u t  e s s e n t i a l l y  independent  a c t i -  

v i t i e s .  The d r i v e r - c o n t r o l  t e s t s  were performed u s i n g  a  l 'packagell 

of  i n s t r u m e n t a t i o n  and mechanical  d e v i c e s  which was independent  

of  t h e  package o f  a p p a r a t u s  used f o r  t h e  a u t o m a t i c - c o n t r o l  t e s t s .  

T e s t s  p r e l i m i n a r y  t o  t h e  p i l o t  program were conducted u s i n g  two 

i d e n t i c a l  1967 Ford S t a t i o n  Wagons o u t f i t t e d  w i t h  t h e s e  two 

a p p a r a t u s  packages.  The f i r s t  p i l o t  t e s t s  were a l s o  executed  

w i t h  t h e  two Fords.  Then t h e  d r i v e r - c o n t r o l  package was sequenced 

through t h e  Toyota,  Mercedes,  and C o r v a i r ,  r e s p e c t i v e l y .  I n  a 
schedu le  t h a t  meshed w i t h  t h e  d r i v e r - c o n t r o l  sequence ,  t h e  au to -  

m a t i c  system was i n s t a l l e d ,  and t e s t s  r u n ,  on t h e  Corva i r  and then  

t h e  Toyota.  

TEST EQUIPMENT 

3.2.1 VEHICLE PREPARATION. P r i o r  t o  t e s t i n g ,  each v e h i c l e  

was o u t f i t t e d  w i t h  a  complement of  more o r  l e s s  permanent equip-  

ment. E l e c t r o n i c  wheel lockup i n d i c a t o r s  were i n s t a l l e d  on both  

l e f t  wheels .  These i n s t a l l a t i o n s  c o n s i s t e d  o f  a  sma l l  permanent 

magnet a t t a c h e d  t o  t h e  b rake  drum o r  r o t o r  assembly and a  g l a s s  

r e e d  s w i t c h  a t t a c h e d  t o  t h e  backup p l a t e  o r  c a l i p e r  assembly* 

Thermocouples were a l s o  i n s t a l l e d  i n  t h e  b rake  l i n i n g  o f  t h e  

two l e f t  wheel b rakes .  

A f i f t h  wheel b r a c k e t  was a f f i x e d  t o  t h e  frame and bumper 

of  each c a r .  

I n  v e h i c l e s  t o  b e  used  i n  t h e  au tomat i c  c o n t r o l  t e s t s  ( a l l  

b u t  Mercedes) ,  a  heavy du ty  a l t e r n a t o r  and r e g u l a t o r  were sub-  

s t i t u t e d  f o r  t h e  s t a n d a r d  equipment.  F i t t i n g s  f o r  towing t h e  
a u t o m a t i c a l l y  c o n t r o l l e d  v e h i c l e s  t o  t h e  t e s t  s i t e  were f i x e d  t o  

t h e  f r o n t  frame members. 



1961 CHEVROLET CORVA I R 1969 MERCEDES 250 
FIGURE 1 P I L O T  TEST VEHICLES 



Support frames were a f f i x e d  t o  t h e  Ford S t a t i o n  Wagon used 

f o r  au tomat i c -con t ro l  t e s t s  and t o  t h e  Corva i r ,  i n  o r d e r  t o  

f a c i l i t a t e  quick  i n s t a l l a t i o n  of o u t r i g g e r  arms s e r v i n g  t o  p r e -  

v e n t  r o l l o v e r s  ( see  photographs ,  Fig.  2 ) .  Although t h e  Toyota 

was a l s o  t e s t e d  w i t h  t h e  au tomat ic  c o n t r o l l e r ,  i t  was n o t  equipped 

w i t h  o u t r i g g e r s  because of (1) l i t t l e  concern f o r  t h e  need,  and 

( 2 )  d i f f i c u l t i e s  o f  a p p l i c a t i o n  t o  t h e  Monaco-type c o n s t r u c t i o n .  

The o u t r i g g e r  assembly was i n s t a l l e d  a t  a  p o i n t  a long t h e  frame 

which was d i r e c t l y  below t h e  c.g.  of t h e  unloaded v e h i c l e .  The 

assembly weighed 8 5  l b s  and c o n t r i b u t e d  about  30 s l u g - f t 2  t o  t h e  

r o l l  moment of  i n e r t i a  of  each v e h i c l e .  The o u t r i g g e r s  were 

a d j u s t e d  on each c a r  t o  a r r e s t  t h e  r o l l  motion a t  a  p o i n t  when t h e  

t i r e s  on one s i d e  were 8 t o  1 0  inches  o f f  t h e  ground (as  determined 

by a  s t a t i c  p u l l  t e s t ) .  

The Corvai r  and Fords were used c a r s  and thus  r e q u i r e d  

e x t e n s i v e  ove rhau l ing  b e f o r e  t e s t i n g .  New brake  l i n i n g s ,  shock 

a b s o r b e r s ,  and, where necessa ry ,  b a l l  j o i n t s  and wheel b e a r i n g s  

were provided .  

To guard a g a i n s t  blowout hazards  du r ing  s e v e r e  c o r n e r i n g ,  

t u b e l e s s  t i r e s  were used w i t h  tubes  i n s t a l l e d  on a l l  t e s t  v e h i c l e s .  

3 .2 .2  APPARATUS FOR DRIVER-CONTROL TESTS. Equipment moved 

from v e h i c l e  t o  v e h i c l e  t o  f a c i l i t a t e  t h e  d r i v e r  c o n t r o l l e d  t e s t s  

c o n s i s t e d  of t h e  fo l lowing i t e m s :  

1. Adjus tab le  s t e e r i n g  wheel s t o p  mounted t o  upper 

s t e e r i n g  column (see  F ig .  3) 

2 .  Ad jus t ab le  brake  pedal  s t o p  mounted t o  f i r e  w a l l  

and dash assembly ( see  F ig .  4 )  

3.  S t r a i n  gage p r e s s u r e  t r a n s d u c e r  i n s t a l l e d  i n  

f r o n t  brake l i n e  

4 .  P r e s s u r e  gage w i t h  d i a l  d i s p l a y e d  t o  d r i v e r ,  

i n s t a l l e d  i n  f r o n t  brake  l i n e  



I N S T A L L A T I O N  ON FORD S T A T I O N  WAGON 

I N S T A L L A T I O N  ON CORVAIR 
F I G U R E  2 OUTRIGGER I N S T A L L A T I O N  r y l  P I L O T  TEST  V E H I C L E S  



FIGURE 3 ,  ADJUSTABLE STEERING WHEEL STOP D E V I C E  AND STEERING 
WHEEL ROTATION POTENTIOMETER INSTALLED I N  MERCEDES 



F I G U R E  4, ADJUSTABLE BRAKE PEDAL STOP D E V I C E  I N S T A L L E D  I N  MERCEDES 



5 .  16 channel  l i g h t  beam o s c i l l o g r a p h  ( s e e  F ig .  5 )  

6. E l e c t r o n i c  s i g n a l  c o n d i t i o n i n g  package 

( s e e  Fig.  5 )  

7 .  F i f t h  wheel w i t h  meter  d i s p l a y  t o  d r i v e r ,  p l u s  

connec t ion  t o  r e c o r d e r  

8 .  B r a k e - l i n i n g  thermocouple meter  f o r  d r i v e r  

mon i to r ing  of  b rake  t empera tu res  

9 .  Transducer  package c o n s i s t i n g  of v e r t i c a l  gy ro ,  

t r i a d  o f  a c c e l e r o m e t e r s  s t a b i l i z e d  w i t h  r e s p e c t  

t o  an e a r t h  v e r t i c a l ,  and t h r e e  r a t e  gyros  f o r  

measuring t h e  components of  t h e  a n g u l a r  v e l o c i t y  

v e c t o r  ( s e e  F ig .  6) 

10. S t e e r i n g  wheel r o t a t i o n  p o t e n t i o m e t e r  ( s e e  F ig .  3)  

The s t e e r i n g  s t o p  and p e d a l  s t o p  d e v i c e s ,  p i c t u r e d  i n  F i g -  

u r e s  3 and 4 ,  were developed s p e c i f i c a l l y  f o r  t h i s  program. They 

were des igned t o  p e r m i t  ve ry  r a p i d  i n p u t s  of s t e e r i n g  and b rak ing  

t o  p r e c i s e l y  s e t  l e v e l s ,  w i t h o u t  overshoot  o r  rebound. The s t e e r -  

i n g  s t o p  proved t o  be e s p e c i a l l y  s u c c e s s f u l ,  p e r m i t t i n g  s t e e r i n g  

d isp lacements  up t o  7 0 0  d e g r e e s .  Both d e v i c e s ,  a s  w e l l  a s  a l l  

of t h e  t r a n s d u c e r s  and o t h e r  i n s t r u m e n t a t i o n ,  were r e a d i l y  t r a n s -  

f e r a b l e  from v e h i c l e  t o  v e h i c l e .  

3 .2 .3  APPARATUS FOR AUTOMATIC-CONTROL TESTS. By f a r  t h e  

most impor tan t  p i e c e  of  a p p a r a t u s  developed f o r  t h e  t e s t  program 

was t h e  au tomat i c  v e h i c l e  c o n t r o l l e r .  Because of  i t s  s i g n i f i c a n c e ,  

i t s  n o v e l t y ,  and i t s  complexi ty ,  t h i s  dev ice  w i l l  be d e s c r i b e d  

i n  s u b s t a n t i a l  d e t a i l .  

The c o n t r o l l e r  was des igned  t o  p r o v i d e  c o n t r o l  i n p u t s  t o  t h e  

s t e e r i n g  wheel ,  b rake  p e d a l ,  and a c c e l e r a t o r  i n  t h r e e  d i s t i n c t  

o p e r a t i o n a l  modes: 



FIGURE 5 ,  S I D E  VIEW OF TOYOTA OUTFITTED FOR DRIVER-CONTROL TESTS 
SHOW I NG OSCI LLOGRAPH RECORDER AND SIGNAL 

CONDITIONING EQUIPMENT 





1. A drone mode, whereby the control loop on vehicle 

direction and speed is closed manually by an 

operator in a following vehicle, using a pulse 

modulating radio transmitter, 

2. A program execution mode, in which the steer, 

brake, and accelerator control inputs originate 

from an on-board programmed function generator 

with no loop closure on vehicle response. 

3. An abort mode in which the brakes are applied 

(and the accelerator released) spontaneously upon 

the occurrence of critical failures, or can be 

commanded by the test operator, through the trans- 

mitter link. 

The controller was designed to be installable in any passenger 

car, Its total weight is 260 pounds. The system is limited to 

use with vehicles having automatic transmissions. 

A block diagram of the vehicle control system is shown in 

Fig. 7, The system consists of nine major subassemblies: 

1. Radio Control Transmitter/Receiver 

2. Steering Servo Amplifier and Actuator Assembly 

3. Braking Servo Amplifier and Actuator Assembly 

4. Accelerator Servo Amplifier and Actuator Assembly 

5. Hydraulic Power Circuit 

6. Function Generator 

7 .  Master Control Logic Network 

8 .  Abort Brake Assembly 

9. Instrument Package and Recorder 
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FIGURE 7, BLOCK DIAGRAM OF AUTOMATIC VEHICLE CONTROLLER 



The r a d i o  t r a n s m i t t e r l r e c e i v e r  i s  a  5-channel system o u t -  

p u t t i n g  DC v o l t a g e  s i g n a l s  f o r  t h e  fo l lowing  f u n c t i o n s :  

1. p r o p o r t i o n a l  s t e e r i n g  command 

2 .  p r o p o r t i o n a l  b rak ing  command 

3,  p r o p o r t i o n a l  a c c e l e r a t o r  command 

4 .  program f u n c t i o n  g e n e r a t o r  "s t a r t / s  top'" 

5.  a b o r t  brake  system on/of f  

The s t e e r i n g  servomechanism i s  an e l e c t r o - h y d r a u l i c  p o s i t i o n  

feedback dev ice  which c o n t r o l s  t h e  angu la r  p o s i t i o n  of  t h e  s t e e r i n g  

s h a f t .  A h y d r a u l i c  motor mounted t o  t h e  s t e e r i n g  column d r i v e s  a  

s t e e r i n g  p u l l e y  ( i n s t a l l e d  i n  p l a c e  o f  t h e  s t e e r i n g  wheel) through 

a  t iming b e l t  (F ig .  8 ) .  

The b rak ing  servomechanism i s  an e l e c t r o - h y d r a u l i c  p o s i t i o n  

feedback system which c o n t r o l s  t h e  d isp lacement  of t h e  brake  

peda l .  A sma l l  h y d r a u l i c  a c t u a t o r  mounted w i t h  manifold and v a l v e  

assembly on t h e  s t e e r i n g  column, pushes on a  s t e e l  p l a t e  clamped 

d i r e c t l y  t o  t h e  brake  peda l  (F ig .  8 ) .  

The a c c e l e r a t o r  se rvo  i s  a  DC t o rque  motor system which uses  

s imple  p i n i o n  and r ack  gea r ing  t o  o b t a i n  a  r e c t i l i n e a r  o u t p u t  

(F ig .  9 ) .  This s e r v o  can e i t h e r  push d i r e c t l y  on t h e  a c c e l e r a t o r  

pedal  o r  push o r  p u l l  through some o t h e r  connect ion  t o  t h e  ca rbure -  

t o r  l i nkage .  

Performance s p e c i f i c a t i o n s  f o r  t h e  t h r e e  c o n t r o l  s e r v o s  a r e  

t a b u l a t e d  i n  Table 1. These c h a r a c t e r i s  t i c s  e f f e c t i v e l y  r e p r e s e n t  
t h e  performance l i m i t a t i o n s  of t h e  c o n t r o l  sys tem,  hence t h e  con- 

s t r a i n t s  on t h e  i n p u t s  i t  i s  capable  of producing .  



FIGURE 8 ,  STEER I NG AND BRAKING SERVOMECHAN I SMS INSTALLED 
I N  FORD S T A T I O N  WAGON 



F 1 GURE 9, SERVOMOTOR AND GEARBOX FROM AUTOMAT1 C ACCELERATOR CONTROLLER 



TABLE 1 

PERFORMANCE CHARACTERISTICS OF CONTROL SYSTEM SERVOMECHANISMS 

S t e e r i n g  Servomechanism 

T o t a l  t r a v e l  - +3.95 r e v o l u t i o n s  

Max. to rque  a t  1300 deg / sec  
r o t a t i o n a l  speed 62 f t - l b  

S t a l l  t o rque  148 f t - l b  

Response t ime ( t o  w i t h i n  
5% e r r o r )  0.022 s e c  

S t a t i c  e r r o r  c o e f f i c i e n t  380 

Braking Servomechanism 

T o t a l  t r a v e l  3.0 i n  

Max. f o r c e  400 l b  

Response t ime ( t o  w i t h i n  
5% e r r o r )  0,030 s e c  

S t a t i c  e r r o r  c o e f f i c i e n t  290 

A c c e l e r a t o r  Servomechanism 

T o t a l  t r a v e l  2.6 i n  

Max, f o r c e  1 5  l b  

Response t ime ( t o  w i t h i n  
5% e r r o r )  0,062 s e c  

The h y d r a u l i c  power c i r c u i t  (F ig .  10)  p rov ides  9 0 0  t o  1400 

p s i  h y d r a u l i c  f l u i d  t o  t h e  s t e e r  and b rake  s e r v o s ,  An accumulator  

s t o r e s  s u f f i c i e n t  h igh  p r e s s u r e  f l u i d  t o  al low t h e  s t e e r i n g  

a c t u a t o r  t o  r o t a t e  through 9 f u l l  r e v o l u t i o n s  ( a t  t h e  s t e e r i n g  

s h a f t ) ,  o r  t h e  brake  a c t u a t o r  t o  apply  a s  many a s  f i v e  2 1 / 2 1 1  

s t r o k e  peda l  d isp lacements  (dur ing  a  s i n g l e  10 second maneuver 

sequence) .  The h y d r a u l i c  pump i s  d r i v e n  by a 1 2  v o l t  DC s t a r t e r  

motor.  The extreme c u r r e n t  drawn by t h i s  motor throughout  t h e  

d u r a t i o n  of a  t e s t  run  n e c e s s i t a t e s  t h e  i n s t a l l a t i o n  of a  heavy 

duty  a l t e r n a t o r  t o  ma in ta in  b a t t e r y  charge .  The h y d r a u l i c  power 



FIGURE 10, HYDRAULIC POWER C I R C U I T  FOR VEHICLE CONTROLLER 
INSTALLED I N  FORD STATION WAGON 



assembly i s  mounted on t h e  f l o o r  and f r o n t  s e a t  on t h e  passenger  

s i d e  of  t h e  t e s t  v e h i c l e ,  

The f u n c t i o n  g e n e r a t o r  i s  t h e  key component of t h e  au tomat ic  

c o n t r o l  system. I t  i s  an e l ec t ro -mechan ica l  ins t rument  which 

s t o r e s  t h e  maneuver program and, u l t i m a t e l y ,  commands t h e  s e r v o s  

t o  execute  t h e  programmed s t e e r i n g ,  brake  and a c c e l e r a t o r  c o n t r o l  

i n p u t s .  I t  c o n s i s t s  of an a c c u r a t e  o s c i l l a t o r  powering a  

synchronous motor which r o t a t e s  two 1 0 0 - p o s i t i o n  swi t ch  assembl ies .  

The 100 swi t ch  c o n t a c t s ,  encountered over  a  10 second time p e r i o d ,  

c o n t r o l  t h e  t iming of t h e  s e r v o  i n p u t  commands. One swi t ch  

assembly c o n t r o l s  t h e  s t e e r i n g  f u n c t i o n  t iming and t h e  o t h e r  c o n t r o l s  

both  brake  and a c c e l e r a t o r  t iming.  The s t e e r i n g  t ime h i s t o r y  can 

assume any f u n c t i o n a l  shape ,  a n a l y t i c  o r  n o n a n a l y t i c ,  The brake 

t ime h i s t o r y  i s  conf ined  t o  a  ramp-fronted s t e p  of v a r i a b l e  ramp 

s l o p e ,  s t e p  h e i g h t ,  and d u r a t i o n .  

S ince  t h e  10 s e c  program i s  d i s t r i b u t e d  i n t o  100 t iming 

increments ,  t h e  maneuver program board (Fig .  11) i s  a r ranged  t o  

a l low time h i s t o r y  s e l e c t i o n  t o  a  0 .1  s e c  r e s o l u t i o n .  Thus t h e  

s t e e r i n g  f u n c t i o n ,  on t h e  lower h a l f  of  t h e  board ,  has  100 d i s c r e t e  

ad jus tment  p o t e n t i o m e t e r s .  The s e t t i n g  on any po ten t iomete r  i s  

v e r i f i e d  by d i s p l a y i n g  on t h e  d i g i t a l  pane l  me te r ,  c e n t e r  l e f t .  

During system o p e r a t i o n ,  t h e  i n t e r n a l  s t e e r i n g  f u n c t i o n  swi t ch  

assembly p rov ides  each f u l l  po ten t iomete r  v o l t a g e  f o r  50 m i l l i -  

seconds fo l lowed by t h e  average between t h a t  p o t  s e t t i n g  and t h e  

next  one f o r  t h e  next  50 m i l l i s e c o n d s ,  and s o  on. F i l t e r i n g  

c i r c u i t s  t hen  smooth t h e  f u n c t i o n .  Shown i n  t h e  F ig .  11 photo-  

graph i s  a  h a l f - s i n e  wave of  s t e e r i n g  from 2.0 t o  3.0 seconds,  

fol lowed by a  f u l l  s i n e  wave from 5.0 t o  7.0 seconds.  

I n  t h e  upper l e f t  and upper r i g h t  of t h e  program board a r e  

t h e  manual s e l e c t o r  swi tches  which determine t h e  t ime a t  which 

t h e  a c c e l e r a t o r  o r  brake  commands a r e  e i t h e r  h igh  ( a t  t h e  a d j u s t e d  



F I G U R E  11, F U N C T I O N  GENERATOR FOR A U T O M A T I C  V E H I C L E  CONTROLLER 



l e v e l ) ,  o r  a t  zero .  The brake  s w i t c h  bank (upper r i g h t )  i n  Fig.  11, 

f o r  example, i s  s e t  up t o  have t h e  ramp-fronted b rake  s t e p  beg in  

a t  2 . 7  seconds and r e - z e r o  ( r e l e a s e )  a t  3.2 seconds.  

The mas ter  l o g i c  network i s  an a r r a y  of e l e c t r o n i c  l o g i c  

elements  which c o n t r o l  t h e  r a t i o n a l  i n t e r l o c k i n g  of system o p e r a t i n g  

modes, s t a r t u p  p rocedures ,  and ( f a i l - s a f e )  a b o r t  brake  a c t i v a t i o n .  

I t  performs t h i s  c o n t r o l  f u n c t i o n  i n  accordance w i t h  t h e  s t a t u s  

of t h e  fo l lowing  f a c t o r s :  

1. Vehic le  t r a n s m i s s i o n  i n  "park" o r  n o t  

2 .  Radio c a r r i e r  be ing  r e c e i v e d  o r  n o t  

3. Abort f u n c t i o n  be ing  commanded on o r  o f f  

4 .  Recorder running o r  n o t  

5 ,  Funct ion  g e n e r a t o r  s e t  o r  n o t  

6 .  A c c e l e r a t o r  and brake  f l i p - f l o p s  h igh  o r  low 

7 .  Hydraul ic  pump motor on o r  o f f  

8 ,  Drone mode brake  command h i g h  o r  zero  

The a b o r t  brake  sys tem,  shown s c h e m a t i c a l l y  i n  F ig .  1 2 ,  i s  

an a u x i l i a r y  f a i l - s a f e  brake  mechanism f o r  p rov id ing  emergency 

b rak ing  by a p p l i c a t i o n  of t h e  two f r o n t  b rakes .  To ho ld  t h e  a b o r t  

brake  o f f ,  and a l low system o p e r a t i o n ,  a  cha in  o f  s i g n a l s  must be 

p r e s e n t  from t h e  t r a n s m i t t e r  t o  t h e  b rake  a c t u a t o r ' s  s o l e n o i d .  

This  s u s t a i n s  engine  manifold vacuum on t h e  modif ied  b o o s t  assembly, 

and ho lds  t h e  b rake  cocked, a l s o  a l lowing t h e  s t a n d a r d  b rakes  t o  

be a p p l i e d .  I f  any s i g n a l  i n  t h e  cha in  i s  i n t e r r u p t e d ,  t h e  brake  

a p p l i e s .  

A f u r t h e r  backup t o  t h e  a b o r t  b rake  i s  a  f e a t u r e  whereby t h e  

l o s s  of r a d i o  c a r r i e r  a p p l i e s  t h e  s e r v o  brake  as  w e l l  as  t h e  a b o r t  

b rake .  The a b o r t  f u n c t i o n ,  however ach ieved ,  a l s o  causes  t h e  

a c c e l e r a t o r  s e r v o  t o  go t o  i d l e .  
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FIGURE 12, SCHEMATIC DRAWING OF ABORT BRAKE SYSTEM 



A s e p a r a t e  i n s t r u m e n t a t i o n  package was used i n  t h e  au tomat ic -  

c o n t r o l  t e s t s .  The fo l lowing e i g h t  d a t a  s i g n a l s  were recorded  on 

a  l i g h t  beam o s c i l l o g r a p h :  

1 and 2 .  L e f t  f r o n t  and l e f t  r e a r  wheel r o t a t i o n  

( r eed  swi t ches )  

3. Front  brake  l i n e  p r e s s u r e  

4 .  Yaw r a t e  ( t o  115 deg/sec)  

5. Ro l l  r a t e  ( t o  4 0  deg/sec)  

6 .  P o s i t i o n  feedback from s t e e r  se rvo  

7 .  P o s i t i o n  feedback from brake  se rvo  

8 .  P o s i t i o n  feedback from a c c e l e r a t o r  se rvo  

The r e c o r d e r  was s e t  up such t h a t  t h e  c h a r t  paper  would be running 

( a t  2 i n / s e c )  whenever t h e  f u n c t i o n  g e n e r a t o r  was running.  

The i n s t a l l a t i o n  of t h e  au tomat ic  c o n t r o l l e r  and a s s o c i a t e d  

i n s t r u m e n t a t i o n  i n t o  each of t h e  v e h i c l e s  t e s t e d  was a  2-3 day 

t a s k .  Equipment arrangements  d i f f e r e d  somewhat from v e h i c l e  t o  

v e h i c l e ,  depending upon space  a v a i l a b l e  and e a s e  of  access .  The 

packages i n s t a l l e d  i n  t h e  Ford, Corva i r ,  and Toyota,  r e s p e c t i v e l y ,  

a r e  shown i n  F igs .  13 ,  14 ,  and 15.  

3 . 3  TEST SITE 

The p i l o t  t e s t s  were conducted on t h e  Eas t  Ramp of t h e  

U n i v e r s i t y  of Michigan Willow Run A i r p o r t .  This  ramp i s  a  3300 

x 4 2 5  f t  concre te-paved pad,  a  p o r t i o n  of which has been r e s u r f a c e d  

wi th  s t r i p s  of a s p h a l t  and p a i n t e d  a s p h a l t  ( see  Fig.  1 6 ) .  Some 

s t r a i g h t  l i n e  braking  t e s t s  were performed on t h e  p a i n t e d  a s p h a l t  

s t r i p ,  we t t ed  down t o  p rov ide  a  low f r i c t i o n  c o e f f i c i e n t  s u r f a c e .  

A l l  o t h e r  t e s t i n g  took p l a c e  on t h e  c o n c r e t e  pavement. Experiments 



VIEW THROUGH R I G H T  FRONT DOOR 

V IEW THROUGH REAR DOOR 

FIGURE 13, EQU I PMENT PACKAGE FOR AUTOMATIC-CONTROL TESTS 
I N S T A L L E D  I N  FORD S T A T I O N  WAGON 



VIEW THROUGH LEFT DOOR 

VIEW THROUGH RIGHT DOOR 

FIGURE 14,  EQU I PMENT PACKAGE FOR AUTOMATIC-CONTROL TESTS 
INSTALLED I N  CORVAIR 



V I E W  THROUGH L E F T  DOOR 

V I E W  THROUGH R I G H T  DOOR 

F I GURE 15 ,  EQU I PMENT PACKAGE FOR AUTOMATIC-CONTROL TESTS 
I N S T A L L E D  I N  TOYOTA 
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FIGURE 16, VEHICLE TEST FACILITY - - EAST RAMP, WILLOW RUN AIRPORT 



i n  which s e v e r e  maneuvers ( e . g . ,  " d r a s t i c f f  s t e e r  and b rake )  were 

performed a t  speeds  of 6 0  mph o r  more r e q u i r e d  j u s t  about  a l l  of 

t h e  a v a i l a b l e  a r e a  f o r  a c c e l e r a t i o n  t o  speed ,  t e s t  e x e c u t i o n ,  and 

runou t .  

3.4 TEST PROGRAM 

I n  t h i s  s e c t i o n ,  we d e s c r i b e  t h e  program of  experiments  

cor responding  t o  each of t h e  l i m i t  performance maneuvers d i s c u s s e d  

i n  S e c t i o n  2.0. Only t e s t  s chedu les  and procedures  a r e  d e s c r i b e d .  

The t e s t  r e s u l t s  a r e  p r e s e n t e d  and d i s c u s s e d  i n  S e c t i o n  4.0 which 

fo l lo1is .  

3 .4 .1  STRAIGHT L I N E  BRAKING. These t e s t s  involved  t h e  

measurement of s t r a i g h t - l i n e  b rak ing  e f f e c t i v e n e s s ,  from an i n i t i a l  

speed of  30 mph, w i t h  a  program o f  b rake  i n p u t s  des igned t o  pe rmi t  

t h e  p r e c i s e  d e t e r m i n a t i o n  of d e c e l e r a t i o n  a t  t h e  p o i n t  of i n c i p i e n t  

wheel lockup,  hence b rak ing  e f f i c i e n c y .  

Brake i n p u t s  of  a q u a s i - s t e p  form were produced by slamming 

t h e  b rake  p e d a l  a g a i n s t  t h e  a d j u s t a b l e  s t o p ,  s e t  accord ing  t o  a  

c a l i b r a t i o n  cu rve  r e l a t i n g  peda l  d i sp lacemen t  t o  brake  l i n e  p r e s s u r e  

( f o r  t h e  r o l l i n g  v e h i c l e ) .  I n  a  sequence of  t e s t s  f o r  a  g iven  

s e t  of  l o a d i n g  and pavement c o n d i t i o n s ,  l i n e  p r e s s u r e  was f i r s t  

i n c r e a s e d  i n  increments  of approximate ly  100 p s i  u n t i l  a  wheel 

lockup c o n d i t i o n  was encountered .  T e s t s  were t h e n  made w i t h  

p r e s s u r e s  dec reased  i n  approximate ly  25 p s i  increments  i n  o r d e r  t o  

d e f i n e  t h e  lockup c o n d i t i o n  w i t h  more p r e c i s i o n  t h a n  could  be done 

w i t h  t h e  i n i t i a l  increment  s i z e ,  A s e r i e s  of r e p e a t a b i l i t y  runs  

were then  performed w i t h  l i n e  p r e s s u r e s  s e t  as  n e a r  a s  p o s s i b l e  

t o  t h e  lockup c o n d i t i o n .  

I n  each t e s t  r u n ,  t h e  s t e e r i n g  wheel was h e l d  f i x e d  and peda l  

d i sp lacemen t ,  t o  t h e  mechanical  s t o p ,  was achieved  i n  l e s s  than  

0.18 seconds .  Although peda l  a p p l i c a t i o n  d e l a y  can be  a  s i g n i f i c a n t  



factor in stopping distance tests, its effect on the results 

measured here is virtually negligible because of the nature of the 

data reduction method (see Sec. 4.0). 

Brake lining temperatures were maintained between 150" and 

250" before each run. Representative data on fade characteristics 

of brake lining materials indicate that variability in braking 

effectiveness due to thermal effects is relatively moderate over 

this conveniently maintained temperature range (see Fig. 17). 

Each test vehicle was subjected to straight line braking tests 
on two pavement surfaces: dry concrete and wet, painted asphalt. 

Tests were run on all vehicles in an "unloaded" condition (test 

driver plus instrumentation package). In addition, the Ford 

Station Wagon was tested with a load of 450 lb in the rear luggage 

compartment. This additional loading resulted in a front to rear 

weight distribution of 2335 1b/3075 lb, as opposed to 2445 1b/2515 lb 

when the vehicle was in the nominally loaded condition, 

In each straight line braking test, the following data were 

recorded: 

Ax - longitudinal acceleration 

V - fifth wheel velocity 

Wf - front lockup indicator 

w - rear lockup indicator r 

Pf - front brake line pressure 

3 . 4 . 2  RESPONSE TO RAPID, EXTREME STEERING. In these tests, 

the vehicle was subjected to a quasi-step displacement of the 

steering wheel, concurrent with the release of the accelerator, 

with the vehicle moving initially in a straight path at a speed 

of 30 mph. 



FIGURE 17# THERMAL FADE CHARACTERISTICS OF FRICTION MATERIAL A S  
DETERMINED FROM DYNAMOMETER T E S T S  OF D I S C  BRAKES (FROM REF, 9) 



The s t e e r  i n p u t s  were a p p l i e d  by slamming t h e  wheel a g a i n s t  

t h e  a d j u s t a b l e  s t e e r i n g  s t o p .  The t ime r e q u i r e d  f o r  t h e  t e s t  

d r i v e r  t o  ach ieve  f u l l  s t e e r i n g  wheel d isp lacement  i n  a  number 

of  r e p r e s e n t a t i v e  runs  i s  shown i n  F ig .  18. The p o i n t s  i l l u s t r a t e d  

r e p r e s e n t  t h e  3 l a r g e s t  s t e e r i n g  wheel d isp lacements  used w i t h  

each v e h i c l e ,  p l u s  one o t h e r  d isp lacement  nea r  180'. The e f f e c t  

of  v a r i a t i o n s  i n  s t e e r i n g  i n p u t  r a t e  was i n v e s t i g a t e d  by computer 

s i m u l a t i o n .  F igure  19 shows s i m u l a t i o n  t ime h i s t o r i e s  of  yaw r a t e  

and l a t e r a l  a c c e l e r a t i o n  computed u s i n g  s t e e r i n g  i n p u t s  wi th  0.18 

s e c  and 1 . 5  s e c  de lay  t imes ( t h e  computer s t e e r i n g  de lay  was a  

f i r s t  o r d e r  l a g  w i t h  ( 3  T) = 0.18 and 1 . 5 ,  r e s p e c t i v e l y  - -  s e e  

Appendix B ) .  Although t h e  time s h i f t  i s  e v i d e n t  i n  t h e  r e c o r d i n g s ,  

t h e  peak l e v e l s  reached a r e  ve ry  c l o s e .  

A t e s t  sequence c o n s i s t e d  of  s u c c e s s i v e  runs  w i t h  system- 

a t i c a l l y  i n c r e a s i n g  va lues  o f  normalized s t e e r  a n g l e ,  

where AS, i s  t h e  s t e e r i n g  wheel d i sp lacemen t ,  R i s  t h e  v e h i c l e  

wheelbase,  and N i s  t h e  o v e r a l l  s t e e r i n g  r a t i o  a s  determined G 
exper imen ta l ly  by measuring f r o n t  wheel and s t e e r i n g  wheel d i s p l a c e -  

ments w i t h  t h e  f r o n t  wheels l i f t e d  c l e a r  of t h e  ground. I t  can 

be shown from geometr ic  c o n s i d e r a t i o n s  t h a t  A A w  r e p r e s e n t s  t h e  

z e r o - s p e e d - l i m i t  v a l u e  of p a t h  c u r v a t u r e  cor responding  t o  t h e  

s t e e r i n g  wheel a n g l e  A . Accordingly ,  d i f f e r e n c e s  i n  t h e  p a t h  

c u r v a t u r e  response  of v e h i c l e s  o p e r a t i n g  w i t h  equal  v a l u e s  of  

a r e  e n t i r e l y  a t t r i b u t a b l e  t o  t h e  i n f l u e n c e  of dynamic e f f e c t s .  

Each t e s t  v e h i c l e  was s u b j e c t e d  t o  q u a s i - s t e p  s t e e r i n g  

response  t e s t s  under a t  l e a s t  two s e t s  of s e r v i c e  f a c t o r  c o n d i t i o n s :  

(1) nominal - v e h i c l e  loaded w i t h  d r i v e r  p l u s  i n s t r u m e n t a t i o n ,  and 

t i r e s  i n f l a t e d  as  p e r  manufac tu re r ' s  recommendation, and ( 2 )  o f f -  

d e s i g n  i n  a  manner in t ended  t o  degrade performance - -  w i t h  r e a r -  

b i a s e d  l o a d ,  u n d e r i n f l a t e d  r e a r  t i r e s ,  and o v e r i n f l a t e d  f r o n t  t i r e s .  
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FIGURE 19, INFLUENCE OF STEER DELAY TIME ON RESPONSE TO QUASI-STEP 
STEERING WHEEL I N P U T S  - - S I M U L A T E D  FORD S T A T I O N  WAGON 



A comple t e  l i s t i n g  of t e s t  c o n d i t i o n s  f o r  t h e  q u a s i - s t e p  

s t e e r i n g  r e s p o n s e  t e s t s  i s  g i v e n  i n  T a b l e  2 .  

I TEST CONDITIONS FOR QUASI-STEP STEER RESPOIJSE MEASUREMENTS 

I n  each  s t e p  s t e e r i n g  t e s t ,  t h e  f o l l o w i n g  d a t a  were r eco rded :  
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3 . 4 . 3  B R A K I N G  IN A TURN.  These  t e s t s  i n v o l v e d  t h e  same 

p r o c e d u r e  a s  t h e  s t r a i g h t  l i n e  b r a k i n g  t e s t s ,  b u t  t h e  i n i t i a l  

c o n d i t i o n  ( i n s t e a d  of  b e i n g  a  s t r a i g h t  c o u r s e  e q u i l i b r i u m )  was 

a 30  mph s t e a d y  t u r n  p roduc ing  a  nominal  l a t e r a l  a c c e l e r a t i o n  

o f  0 .3  g .  The s t e e r i n g  wheel d i s p l a c e m e n t  r e q u i r e d  t o  e s t a b l i s h  

t h e  s t e a d y  t u r n  was h e l d  f i x e d  t h r o u g h o u t  t h e  maneuver,  The 
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brake  i n p u t s  were incremented fo l lowing  t h e  same procedure  

d e s c r i b e d  f o r  t h e  s t r a i g h t  l i n e  t e s t s  ( s e e  S e c t i o n  3 .4 .1) .  

The t e s t  program inc luded  t h e  s e r v i c e  f a c t o r  v a r i a t i o n s  t a b -  

u l a t e d  i n  Table  3. 

The fo l lowing  d a t a  were r eco rded :  

TABLE 3 

SERVICE FACTOR CONDITIONS: BRAKING I N  TURN TESTS 

A - l a t e r a l  a c c e l e r a t i o n  
Y 

r - yaw r a t e  

V - f i f t h  wheel v e l o c i t y  

i 

' ( ~ i x e d )  Steering 
1 

Wheel Angle, deg. 

69.9 

74.5 

55.4 

1 40.0 

75.7 
1 

75.7 

73.2 

62.7 

8 sw - s t e e r i n g  wheel a n g l e  

Load 
i n  

Cargo 
Compartment 

l b  
0 

I 

450 

I 0 

180 

0 

0 

0 

450 

Vehicle 

Ford 

Toyota 

Corvair 

Mercedes 

Pf - brake  l i n e  p r e s s u r e  

w, - f r o n t  lockup i n d i c a t o r  

T i r e  Pressures,  p s i  

Front Rear 

wr - r e a r  lockup i n d i c a t o r  

28 

3 2 

2 7 

30 

18 

28 

28 

31 

28 

24 

2 7 

24 

3 0 

28 

34 

31 



3.4.4 TURNING ON A ROUGH SURFACE. Roadholding tests were 

performed by driving the test vehicle, initially in a steady 
turn, across a prefabricated rectangular grid of steel pipe 

constituting a fixed disturbance of road roughness (see Fig- 

ure 20). The accelerator was released just prior to contact 

with the grid; the steering wheel was held fixed throughout 

the maneuver. 

Tests were conducted at speeds selected to assure that 

the corresponding range of pipe/tire contact frequencies 

would circumscribe the range of fundamental wheel hop frequen- 

cies for the test vehicles. This range was established by 

estimating upper and lower limits representing, respectively, 

(1) the lightest front end unsprung mass resting 

on an over-inflated tire; 

(2) the heaviest solid rear axle unsprung mass 

resting on an under-inflated tire. 

The respective estimates wsre 69.5 ft/sec (48 mph) and 24.2 

ft/sec (16 mph). The overall speed range was arbitrarily 

divided into four equal increments. Thus tests were made with 

five different values of initial speed; Vo = 16, 24, 32, 40, 

48 mph. Simplified vibration analyses of the automobile sus- 

;ension-unsprung mass system indicate that typical "widths" of 
resonance peaks are broad relative to these speed increments. 

This assures that no significant resonance phenomenon passes 

undetected by the test procedure. 

Each vehicle was subjected to roadholding tests with tires 

inflated at each of two different sets of inflation pressures: 

(1) according to manufacturer1 s recommendation, and (2) over- 

inflated by a constant increment at all four tires. The Ford 

station wagon was also tested with uniformly under-inflated 

tires. A complete listing of test conditions established for 
the roadholding tests is given in Table 4. 
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TABLE 4 

TEST CONDITIONS FOR ROADHOLDING TESTS 

A 

1 Tire Pressures, psi ' (Fixed) Steering Wheel Angle (deg) at 
I 

I 
Vehicle I Indicated Velocity 

16 inphi 24 mph 32 mph 40 nphi 48 rnphi 
__e__ 

24 24 

3 0 
Corvair 

I 

! , 28 i 34 
I Mercedes : I 

U' 35 41 
1 I 1 27 27 1 204 107 I I 60 1 38 1 27 1 
Toyota I 1 31 1 3 1 i 204 107 60 38 1 27 

I I 

The s t e e r i n g  wheel a n g l e s  were s e l e c t e d  t o  p roduce  i n i t i a l  

( s t e a d y )  v a l u e s  of l a t e r a l  a c c e l e r a t i o n  (A ) a p p r o x i ~ i l a t e i y  
Y O  

e q u a l  t o  0 . 4  g .  A c t u a l  measured v a l u e s  of A i n  f a c t  v a r i e d  
Y O  

s u b s t a n t i a l l y  a b o u t  t h i s  r e f e r e n c e  v a l u e .  E x p l o r a t o r y  t e s t s  

showed, however,  t h a t  t h e  i n f l u e n c e  of  i n i t i a l  a c c e l e r a t i o n ,  

A yo '  on t h e  no rma l i zed  r e s u l t s  was s m a l l  ove r  t h e  r a n g e  of  

d e v i a t i o n  e n c o u n t e r e d .  

Not s u r p r i s i n g l y ,  t h e  r o a d h o l d i n g  t e s t  d a t a  were  c h a r a c t e r -  

i z e d  by a  c o n s i d e r a b l e  amount of o s c i l l a t o r y  "no i se " ,  and d i s -  

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

of measurement e r r o r  a r i s i n g  a s  a  consequence of t h i s  e f f e c t ,  

m u l t i p l e  expe r imen t s  were  per formed ,  and t h e  r e s u l t s  were  a v e r -  

aged ,  f o r  e ach  s e t  of t e s t  c o n d i t i o n s .  The a v e r a g e  number of  

r e p l i c a t i o n s  p e r  t e s t  c o n d i t i o n  was 2 .8 .  



I n  each roadhold ing  t e s t ,  t h e  fo l lowing  d a t a  were r eco rded :  

A - l a t e r a l  a c c e l e r a t i o n  
Y 

V - f i f t h  wheel v e l o c i t y  

r - yaw r a t e  

6 - s t e e r i n g  wheel a n g l e  
S W  

3 . 4 . 5  RESPONSE TO SINUSOIDAL STEER INPUT. The t e s t  v e h i c l e s  

were s u b j e c t e d  t o  s i n u s o i d a l  s t e e r  i n p u t s  w i t h  a  f i x e d  p e r i o d  of 

2 seconds and s y s t e m a t i c a l l y  v a r i e d  ampl i tudes .  The 2 second 

wave p e r i o d  was e s t a b l i s h e d  a s  r e p r e s e n t a t i v e  of  d r i v e r  p e r f o r -  

mance i n  emergency l a n e  change maneuvers,  on t h e  b a s i s  of a  

l i m i t e d  program of  d r i v e r - v e h i c l e  t e s t i n g .  E x p l o r a t o r y  e x p e r i -  

ments i n d i c a t e d  t h a t  v e h i c l e  r e sponse  t o  s i n u s o i d a l  s t e e r i n g  was 

n o t  q u a l i t a t i v e l y  d i f f e r e n t  over  t h e  range  of  i n p u t  wave p e r i o d s  

observed i n  t h e  d r i v e r - v e h i c l e  t e s t s .  

T e s t s  were conducted a t  nominal i n i t i a l  speeds  of  30,  40, 

5 0 ,  and 60 mph. (Actua l  t e s t  speeds v a r i e d  somewhat from t h e  

nominal v a l u e s . )  A t  each s p e e d ,  runs  were made w i t h  s t e e r  i n -  

p u t s  of p r o g r e s s i v e l y  i n c r e a s i n g  magnitude ( fo l lowing  t h e  

r e l e a s e  of t h e  a c c e l e r a t o r )  u n t i l  one of two l i m i t i n g  c o n d i t i o n s  

was encoun te red ,  a t  which p o i n t  t h e  speed  was incremented t o  

t h e  n e x t  h i g h e r  l e v e l .  S p e c i f i c a l l y ,  t h e  speed  was incremented 

i f  (1) t h e  s t e e r  ampl i tude  c a l l e d  f o r  by t h e  increment ing  

scheme exceeded 360°,  o r  (2) t h e  n e g a t i v e  yawing v e l o c i t y  

caused by l e f t  s t e e r  was observed t o  remain n e g a t i v e  fo l lowing  

t h e  i n i t i a t i o n  and complet ion of  t h e  r i g h t  s t e e r  p o r t i o n  of t h e  

i n p u t  wave form. The f i r s t  l i m i t  cor responds  t o  t h e  peak magni- 

t ude  o f  s t e e r i n g  wheel d isp lacement  cons ide red  l i k e l y  i n  a  

r e a l - w o r l d  emergency lane-change  (based on t h e  d r i v e r - v e h i c l e  

t e s t s ) ;  t h e  second l i m i t  r e p r e s e n t s  a  l i m i t  performance c o n d i t i o n  

we d e f i n e  a s  a " d i v e r g e n t  response".  



The p r o c e d u r e  f o r  i n c r e m e n t i n g  s t e e r i n g  a m p l i t u d e  was 

d e s i g n e d  t o  p r o v i d e  i n p u t s  of s y s t e m a t i c a l l y  i n c r e a s i n g  

s e v e r i t y  w h i l e  min imiz ing  t h e  t o t a l  number of r u n s  r e q u i r e d  

t o  map t h e  r e s p o n s e  s p a c e .  The s t e e r  a m p l i t u d e s  u sed  were 

computed f rom t h e  f o l l o w i n g  fo rmu la :*  

I n  e q u a t i o n  2 ,  t h e  i ndex  v a r i a b l e ,  i ,  was a s s i g n e d  i n t e g e r  

v a l u e s  t o  c a l c u l a t e  A S w  f o r  e ach  i n i t i a l  speed  (Vo) ,  a c c o r d i n g  

t o  t h e  scheme i l l u s t r a t e d  i n  T a b l e  5 ,  T e s t s  were f i r s t  r u n  a t  

vo = 30 mph w i t h  s t e e r  a m p l i t u d e s  computed (from e q u a t i o n  2) 

w i t h  i = 1, 2 ,  ..., a s  i n d i c a t e d .  When ia was r e a c h e d ,  c o r r e s -  

ponding t o  a  s t e e r  a m p l i t u d e  g r e a t e r  t h a n  360"  a t  Vo = 30 mph, 

V was i nc r emen ted  t o  4 0  mph and ia was u sed  ( i n  e q u a t i o n  2 )  
0 

t o  c a l c u l a t e  t h e  f i r s t  A S w  a t  t h a t  v e l o c i t y .  I n d i c e s  ib and 

i were l i k e w i s e  s h i f t e d  t o  t h e  h i g h e r  v e l o c i t y  b r a c k e t s .  
C 

T e s t  r u n s  w i t h  each  c a r  were conduc t ed  u n t i l  t h e  l i m i t  

( d i v e r g e n t )  r e s p o n s e  was o b s e r v e d ,  a t  i = icrit .  Runs were 

t h e n  made a t  s t e e r / s p e e d  c o n d i t i o n s  c a l c u l a t e d  u s i n g  icrit  

f o r  a l l  t e s t  v e l o c i t i e s  h i g h e r  t h a n  t h e  v e l o c i t y  a t  which 

t h e  l i m i t  was f i r s t  obse rved .  I f  icrit  d i d  n o t  p roduce  c r i t i c a l  

r e s p o n s e  a t  e ach  h i g h e r  v e l o c i t y ,  t h e n  s u c c e s s i v e  r u n s  were 

per formed  a t  i. + 1, icrit  + 2 ,  e t c . ,  w i t h i n  each  v e l o c i t y ,  c r i t  
u n t i l  t h e  l i m i t  was a g a i n  a c h i e v e d .  I f  icrit  d i d  p roduce  

l i m i t  r e s p o n s e  a t  h i g h e r  v e l o c i t y ,  t h e n  f u r t h e r  r u n s  were  made 

a t  i c r i t  - 1, iCr i t  - 2 ,  e t c . ,  u n t i l  a  n o n d i v e r g e n t  r e s p o n s e  was 

o b t a i n e d .  

- -- 

* I t  shou ld  be n o t e d  t h a t  t h i s  e x p r e s s i o n  i s  r e l a t e d  t o  t h e  
s t e a d y  s t a t e  l a t e r a l  a c c e l e r a t i o n  g a i n  of  t h e  n e u t r a l  s t e e r  
v e h i c l e  [ l o ] .  



TABLE 5 

SCHEME FOR INCREMEtlTING STEERING WHEEL AMPLITUDE 

I N  SINUSOIDAL STEER TESTS 

Sinusoidal-steering response tests were performed with the 

same combinations of service factors as the quasi-step steering 

response tests (see Table 2). All eight data signals produced 

by the automatic-control test instrumentation package were 

recorded during each test, viz: 

I n i t i a l  Velocity,  Vo, mph 

30 4 0 50 6 0 

1 As, (from eq. 2) 

1 Aswl 

2 Asw2 

la A s w  > 360'- 

i As, (from eq. 2 )  i A s w  (from eq. 2) 

ia A swa 

i a t l  A 
Swa+l 

ic A sWc 
A I c t l  SWct1 

. . 

A s w d _  
id Asw > 3600~ 

1 As, (from eq. 2) 

ib Asw > 360'- 

L 4 

lb A sWb 

Ib+ l  

1, Asw > 360°rrc 

Highest value of i applicable-cid-l 
for  t h i s  vehic le  



p  - r o l l  r a t e  

r - yaw r a t e  

w f  - f r o n t  lockup  i n d i c a t o r  

w - r e a r  lockup  i n d i c a t o r  r 

Pf - f r o n t  b r a k e  l i n e  p r e s s u r e  

6 - s t e e r i n g  wheel  a n g l e  
S W  

A B P  - b rake  p e d a l  d i s p l a c e m e n t  

6 - a c c e l e r a t o r  d i s p l a c e m e n t  a  

3 . 4 . 6  RESPONSE TO "DRASTIC" STEER AND BRAKE INPUTS. The 

t e s t  v e h i c l e s  were s u b j e c t e d  t o  s t e e r i n g  and b r a k i n g  i n p u t s  of 

t h e  form i l l u s t r a t e d  i n  F i g u r e  2 1 .  The s t e e r  i n p u t  was a  h a l f  

s i n e  wave o f  1 .0  second d u r a t i o n .  The b r ake  i n p u t ,  a  q u a s i -  

p u l s e  of 0 .5  second d u r a t i o n ,  was i n i t i a t e d  a t  t ime  t l  c o r r e s -  

ponding t o  t h e  i n s t a n t  o f  95% peak yaw r a t e  r e s p o n s e  t o  a 

s i n u s o i d  of magni tude  A , a s  de t e rmined  from t h e  r e s u l t s  of 
swa 

t h e  s i n u s o i d a l  s t e e r  t e s t s  ( s e e  Tab l e  5  and F i g u r e  2 1 ) .  

The ramp f r o n t  of  t h e  b r a k e  i n p u t  was a d j u s t e d  t o  p r o v i d e  

a 0.050 second d e l a y  t o  r e a c h  peak d i s p l a c e m e n t .  The c o r r e s -  

ponding a p p l i c a t i o n  r a t e s  were  c o m p a t i b l e  w i t h  d r i v e r  pe r fo rmance  

observed  i n  emergency b r a k i n g  maneuvers s i m u l a t e d  on t h e  s k i d  

pad.  

The b r a k i n g  i n p u t  l e v e l  was h e l d  f i x e d  t h roughou t  a  t e s t  

sequence  w i t h  a  g i v e n  v e h i c l e .  For  e ach  v e h i c l e ,  t h e  b r a k e  

p e d a l  d i s p l a c e m e n t ,  A g p ,  was de t e rmined  by making measurements 

o f  t h e  r e l a t i o n s h i p  between p e d a l  f o r c e ,  p e d a l  d i s p l a c e m e n t ,  

and f r o n t  b r a k e  l i n e  p r e s s u r e .  A g p  was t a k e n  t o  be t h a t  p e d a l  

d i s p l a c e m e n t  p roduc ing  a  l i n e  p r e s s u r e  c o r r e s p o n d i n g  t o  a  

p e d a l  f o r c e  of 250 l b ,  o r  1300 p s i ,  whichever  was lower .  



I I I I 1 1 1  I I \ I - 1.0 sec time + 

4 t1 - 0.5 sec + 

steer test  results 

sinusoidal steer test  results 



T h i r t e e n  hundred  p s i  i s  t h e  maximum b r a k e  sy s t em p r e s s u r e  

a l l o w a b l e  f o r  t h e  a u t o m a t i c  c o n t r o l l e r ' s  a b o r t  b r a k e  assembly .  

A p e d a l  f o r c e  o f  2 5 0  l b  c o r r e s p o n d s  a p p r o x i m a t e l y  t o  t h e  

maximum c a p a b i l i t y  of  t h e  20 th  p e r c e n t i l e  male  and t h e  8 0 t h  

p e r c e n t i l e  f e m a l e ,  a s  e s t i m a t e d  from s t a t i c  t e s t s  performed 

on a  sample  p o p u l a t i o n  of d r i v e r s  [ l l ] .  I n  e v e r y  t e s t ,  t h e  

magni tude of t h e  b r a k e  i n p u t  was s u f f i c i e n t l y  g r e a t  t o  p r o -  

duce wheel  l o c k i n g .  

A comple te  l i s t i n g  of  t e s t  c o n d i t i o n s  f o r  t h e  " d r a s t i c "  

s t e e r  and b r a k e  maneuver t e s t s  i s  g i v e n  i n  Tab l e  6 .  The t e s t  

v a l u e s  of s t e e r i n g  a m p l i t u d e  were v a r i e d  a c c o r d i n g  t o  e q u a t i o n  

2 ,  a s  i n  t h e  c a s e  of  t h e  s i n u s o i d a l  s t e e r i n g  t e s t s .  The scheme 

f o r  i n c r e m e n t a t i o n ,  however,  was much l e s s  comple te  t h a n  t h e  

s i n u s o i d a l  s t e e r i n g  t e s t  p r o c e d u r e  o u t l i n e d  i n  T a b l e  5.  

S t r o n g  e f f o r t s  were made t o  r educe  t h e  t o t a l  number of  r u n s  

because  o f  t h e  s e v e r e  mechan i ca l  s t r e s s e s  imposed on t h e  t e s t  

TABLE 6 

T E S T  CCIJDITICVJS FOR l lDRASTIC1l STEFR/RUKE RESPONSE I\IEASUREMENTS 

Stsmng Whcel D~lplrernmf,dgrr+r. r l  lndr l t td  Value 011 (ace q. 2) 

I 3  4  5  b 7 8 9  10 11 12 13 14 I5 17 I 9  20 21 23 24 28 34 

x x x r 3 3 9 x x x r x x r x x x x x x x r ~ x  

x  n r x  x  2 4 9 2 8 0 3 1 1 3 4 2 ~  x x  x  x  x  x  x  x  x  x  x  x  

x x x x x x x x 2 5 9 x x x x x x x x x x x x  

x x x x 3 3 9 x a x r x x x x x x x x x x x x x  

x x x x x 2 4 9 x x 3 4 2 ~ x x x x x x x x x x x r  

x  x x x  r x  x  x  x  2 5 9 3 0 2 3 4 5 1  x  x  x  x  x  x  x  x  x  

x x 2 4 9 x 3 3 2 x x x x x x x x x x x x x x x x  

x r r x  x .r x  r 2 5 6 3 0 3 3 1 9 ~  x  x  rr x  x  x  x x  x  x  

x rr x  x  x  x x  .r x x  x  x  2 3 9 2 6 9 ~  x  3 2 8 3 5 9 ~  x  x  

x  x  x  r .r x  x  x  r x  r x  x x  x  x  2 W x  x  2 5 0 3 0 0 3 6 0  

r r r x x x x x l x x x x ~ 4 x x x x x x x x x  

r r x ~ x x r r x x x x x x x x x x x r x 3 5 9 x ~ x  

x x x x x x x x x r x x x x x x x x x x 3 W x  

x x r x x x x x x x 3 4 4 x x r x x x x x x  

x x x x x x x x x x x x x x 2 9 9 x x 3 J 9 x x x  

l b x x r r x x x x x x x x x x x x x x x x x x  

x x 2 3 1 2 7 7 3 2 4 1  x x  x  x x  r x  x  x  x  x  x  x  x  x r 

r x x x x x ? 9 J 3 2 4 x x r r x x x x r x x x x  

x 1 1 9 r . i x x x r . i x x x x x x x x x x x x  

r x 2 3 1 2 7 7 r r x x x x x r r x x r x x x x x r r  

Vchlcle 

Ford 
" 

" 

" 

" 

" 

Toyolr 

" 

" 

0  60 

24 180 40 

30 24 180 50 

0 30 

0 40 

18 30 0  50 

28 28 0  30 

0  40 

Tue Preu,  pv  

Fmnt R r u  

111 28 

28 28 

28 28 

32 24 

32 24 

32 24 

27 2 7  

27 27 

27 27 

Load 
Ib. 

0 

0  

0  

450 

450 

450 

0  

0 

0  

0  

Norn1n.l 

Sped  

mph 

JU 

50 

bO 

40 

50 

60 

30 

40 

50 

60 



vehicles during these maneuvers.* Emphasis was placed on 

identifying limit conditions, hence tests at low and moderate 

maneuver severity levels were restricted to a minimum. 

All eight data signals produced by the automatic-con- 

trol instrumentation package (see list, Section 3.4.5) were 

recorded during each test. 

*Tire wear and wheel alignment were incessant problems and 
had to be monitored diligently. Structural failures were en- 
countered periodically as well, notably in running gear and 
suspensjon components, necessitating extensive mechanical repairs 
to restrji'e the vehicle to its original operating state. The 
most spectacular failure involved the shearing of a rear axle, 
resulting in loss of a wheel; the damage incurred by the test 
v e h i c l e  from running on three wheels was considerable. 



RESULTS AND DISCUSSION 

4.1 STRAIGHT L I N E  BRAKING 

A typical set of raw data traces from a straight line 
braking test is presented in Figure 22. To derive braking 

effectiveness/efficiency results from these data, four 

distinct pieces of information must be extracted: 

(1) whether or not front wheels lock 

(2) whether or not rear wheels lock 

(3) effective brake line pressure 

(4) effective longitudinal acceleration 

The first two pieces of information are found easily from 

the wheel lockup indicator traces. The third, effective brake 

line pressure, is also relatively straightforward to evaluate; 

the pressure-time curve has a characteristic shape (generally 

with pressure falling off gradually throughout the course of 

a constant-pedal displacement run), and it is merely necessary 

to establish a systematic procedure for picking off an ef- 

fective pressure value and adhere to it consistently. Our 

practice has been to employ the first quasi-steady-state value 

(554 psi in the run shown in Figure 22). 

The evaluation of an effective longitudinal acceleration 

from the braking test data is not such a straightforward matter. 

Generally speaking, longitudinal acceleration varies considerably 

during the course of a stopping maneuver as a result not only of 

brakeline pressure variations but also of variations in brake 

lining friction due to changing speed and temperature [9]. When 

wheel locking is involved, similar variations in tire-road fric- 

tion are also a factor [12]. 

I t  appears most  meaningful t o  define braking effectiveness 

in terms of an effective longitudinal acceleration evaluated by 
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some s o r t  of  a v e r a g i n g  p r o c e s s ,  r a t h e r  t h a n  a t  any  d i s t i n c t  

p o i n t  d u r i n g  t h e  s t o p p i n g  t r a j e c t o r y .  The s i m p l e s t  o b j e c t i v e  

p r o c e d u r e  f o r  f o rming  such  an a v e r a g e  i s  by g r a p h i c a l  d i f f e r -  

e n t i a t i o n  of  t h e  v e l o c i t y - t i m e  h i s t o r y .  D i s c r e p a n c i e s  between 

a v e r a g e s  s o  formed and c o r r e s p o n d i n g  r e s u l t s  o b t a i n e d  t h rough  

p l a n i m e t e r  a v e r a g i n g  o f  a c c e l e r a t i o n - t i m e  c u r v e s  have been 

found  t o  be n e g l i g i b l e .  We have a c c o r d i n g l y  employed t h e  

g r a p h i c a l  d i f f e r e n t i a t i o n  p r o c e d u r e  t o  a n a l y z e  t h e  p i l o t  t e s t  

r e s u l t s .  To e l i m i n a t e  t h e  e f f e c t s  of  t h e  extreme t r a n s i e n t s  

a t  t h e  b e g i n n i n g  and end p o r t i o n s  of  t h e  maneuver,  we have 

e v a l u a t e d  t h e  a v e r a g e  ove r  t h e  speed  r ange  10  mph f V < 25 mph. 

L e t  2 5 A t 1 0  d e n o t e  t h e  t ime i n t e r v a l  r e q u i r e d  f o r  t h e  v e h i -  

c l e  t o  d e c e l e r a t e  f rom 25 t o  10 mph. The q u a n t i t y  

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

shown i n  F i g u r e  2 2 ,  2 5 A t 1 0  i s  2 . 2 2  seconds  ( e v a l u a t e d  by f a i r i n g  

t h e  v e l o c i t y - t i m e  c u r v e ) ,  and rx i s  0.309 g .  

Brak ing  e f f e c t i v e n e s s  d a t a  d e r i v e d  f rom t h e  t e s t  t ime  

h i s t o r i e s  by a p p l i c a t i o n  of  t h e  d e s c r i b e d  p r o c e d u r e  a r e  p r e s e n t e d  

i n  F i g u r e  23. S t o p s  i n  which wheel  l o c k i n g  was e n c o u n t e r e d  a r e  

s o  i n d i c a t e d .  Examina t ion  of t h e  f i g u r e  r e v e a l s  t h a t  t h e  maxi-  

mum d e c e l e r a t i o n  a c h i e v a b l e  w i t h o u t  wheel  l o c k i n g  can  e i t h e r  be  

g r e a t e r  o r  l e s s  t h a n  t h e  maximum a c h i e v a b l e  w i t h  l o c k i n g  (depend-  

i n g  ma in ly  on t h e  r e l a t i v e  magni tude  of "peak" and " s l i d i n g "  

f r i c t i o n  c o e f f i c i e n t s  f o r  t h e  t i r e - p a v e m e n t  combina t i on  i n v o l v e d  

[ 1 2 ] ) .  The p r o c e d u r e  f o l l o w e d  i n  e s t a b l i s h i n g  peak non-wheel-  

l o c k i n g  d e c e l e r a t i o n  i s  d i f f e r e n t  f o r  t h e  two c a s e s .  When t h e  

h i g h e s t  v a l u e  measured i s  f rom a  n o n - l o c k i n g  s t o p  ( e . g . ,  T o y o t a ) ,  

t h a t  v a l u e  i s  u sed  ( e . g . ,  0 . 8 8  f o r  t h e  Toyota  on t h e  d r y  c o n c r e t e ) .  



Test Conditions No Yes 
J I Wet Painted Asphalt l A  I Dry Concrete . 1 0 ' 1  
I Dry Concrete, Vehicle Loaded 1 ' 1  

Ford Toyota 

Corvai r Mercedes 

Brake Line Pressure, psi Brake Line Pressure, psi 

F I G U R E  23, B R A K I N G  EFFECTIVENESS DETERMINED FROM STRAIGHT-LINE 
BRAKING TESTS 



When t h e  h i g h e s t  d e c e l e r a t i o n  i n v o l v e s  a  l o c k i n g  c o n d i t i o n  

( e . g . ,  C o r v a i r  on d r y  c o n c r e t e ) ,  t h e  v a l u e  u sed  i s  t h e  

a v e r a g e  of t h e  peak n o n - l o c k i n g  v a l u e  and t h e  n e x t  h i g h e r  

measurement ( e . g . ,  1 / 2  x (0.64 + 0.71) = 0.68 f o r  t h e  

C o r v a i r  on d r y  c o n c r e t e ) .  

Va lues  of maximum d e c e l e r a t i o n  a c h i e v a b l e  w i t h o u t  

wheel  l o c k i n g ,  e s t a b l i s h e d  f o r  e ach  t e s t  c o n f i g u r a t i o n  a s  

d e s c r i b e d  above ,  a r e  t a b u l a t e d  i n  T a b l e  7 .  A l so  i n d i c a t e d  

f o r  e ach  c o n f i g u r a t i o n  i s  t h e  a x l e  ( f r o n t  o r  r e a r )  a t  which 

wheel  l o c k i n g  was f i r s t  e n c o u n t e r e d .  

TABLE 7 
PEAK DECELERATION ACHIEVABLE WITHOUT WHEEL LOCKING: 

STRAIGHT LINE BRAKING TESTS 

Cargo / Which 
X 

Campartmenti 9 1 l o c k e d  - ! 
Vehic le  Pavement Load, lb. / 1 F i r s t  

Ford Dry Concre te  
18 n 450 , 0.72 F r o n t  
n Wet P a i n t e d  Aspha l t  0 / 0 . 3 3  Rear 

Toyota Dry Concre te  0 10.88 Fron t  
I 

II Wet P a i n t e d  Aspha l t  I 0 0.41 F r o n t  
I 

C o r v a i r  Dry Concre te  0 0.68 / Rear 
n Wet P a i n t e d  Aspha l t  0 0.31 Rear 

Mercedes Dry Concre te  0 10.92 , F r o n t  
II Wet Pa in ted  Asphal t  0 0.35 F r o n t  

Conve r s ion  o f  t h e  peak  d e c e l e r a t i o n  d a t a  g i v e n  i n  Tab l e  7 

i n t o  t h e  form o f  b r a k i n g  e f f i c i e n c i e s  r e q u i r e s  t h a t  t h e y  be 

n o r m a l i z e d  ( d i v i d e d )  by a p p r o p r i a t e  v a l u e s  o f  f r i c t i o n  c o e f f i -  

c i e n t .  Two b a s i c a l l y  d i f f e r e n t  app roaches  may be  t a k e n  i n  t h e  

d e f i n i t i o n  of such  v a l u e s .  O n  t h e  one hand,  we can  a t t e m p t  t o  
c h a r a c t e r i z e  t h e  f ~ ~ i c t i o n a l  i n t e r a c t i o n  p r e v a i l i n g  between t i r e  

and r o a d  under  t h e  a c t u a l  t e s t  c o n d i t i o n s .  T h i s  approach  would 

r e q u i r e  t h a t  s h e a r  f o r c e  measurements  be made f o r  e ach  s p e c i f i c  



t i r e -pavemen t  combina t ion  t e s t e d ,  Braking e f f i c i e n c i e s  computed 

on t h e  b a s i s  of such  d a t a  (which we w i l l  d e n o t e  a s  " c l a s s i c a l  

b r a k i n g  e f f i c i e n c i e s "  because  of t h e i r  h i s t o r i c a l  o r i g i n  [ 3 ] )  

would p r o v i d e  a  meaningfu l  a s se s smen t  of  t h e  d e g r e e  t o  which 

t h e  v e h i c l e  has  been e n g i n e e r e d  t o  e x p l o i t  t h e  t r a c t i o n  p rop -  

e r t i e s  of  t h e  p a r t i c u l a r  t i r e s  w i t h  which i t  i s  o u t f i t t e d .  

They would s a y  n o t h i n g ,  however,  abou t  t h e  a b s o l u t e  l e v e l  of  

b r a k i n g  e f f e c t i v e n e s s  produced by t h e  t o t a l  t i r e - v e h i c l e  

sys tem.  

To o b t a i n  a n  a b s o l u t e  measure  of b r a k i n g  e f f i c i e n c y ,  i t  

i s  n e c e s s a r y  t o  no rma l i ze  t h e  d e c e l e r a t i o n  d a t a  on t h e  b a s i s  

of r e f e r e n c e  f r i c t i o n  v a l u e s  which a r e  independent  o f  t h e  

p r o p e r t i e s  of t h e  t i r e s  on t h e  v e h i c l e  under  t e s t .  I n  l i g h t  

of t h e  o b j e c t i v e s  of t h e  p r e s e n t  s t u d y ,  an a b s o l u t e  b r a k i n g  

e f f i c i e n c y  measure a p p e a r s  t o  be  a p p r o p r i a t e .  We have a c -  

c o r d i n g l y  no rma l i zed  t h e  t e s t  d a t a  on t h e  b a s i s  of  nominal  

f r i c t i o n  c o e f f i c i e n t s  o b t a i n e d  from t r a c t i o n  measurements on 

a  s i n g l e ,  a r b i t r a r i l y  s e l e c t e d  t i r e  (Goodyear P o l y g l a s  H78-15 

w i t h  1000 l b  normal l o a d ,  24 p s i  i n f l a t i o n  p r e s s u r e ) .  The 

nominal c o e f f i c i e n t s ,  c o r r e s p o n d i n g  t o  z e r o - s p e e d - l i m i t  v a l u e s  

[ 8 ]  f o r  d r y  c o n c r e t e  and wet p a i n t e d  a s p h a l t  s u r f a c e s ,  r e s p e c -  

t i v e l y ,  a r e  po = 1.02 and po = 0.46.  Braking e f f i c i e n c i e s  

computed on t h i s  b a s i s  f o r  e ach  t e s t  v e h i c l e  c o n f i g u r a t i o n  a r e  

g i v e n  i n  Tab l e  8 .  

r - - TABLE 8 

I ABSOLUTE BRAKIIIG EFFICIENCIES 

Vehicle Configuration 

Ford, empty 

Ford, loaded 

Toyota 

Corvair 

Mercedes 

Absolute 

Braking Efficiency 

uo= 0.46 

0.72 
- 
0.89 

0.67 

0.76 

Uo = 1.02 

0.74 

0.71 

0.86 

0.67 

0.90 



Cons ide red  i n  t o t o ,  t h e  t e s t  r e s u l t s  p r e s e n t e d  i n  F i g u r e  

23  and s y n t h e s i z e d  i n  T a b l e s  7 and 8 appea r  t o  p r o v i d e  a , m e a n i n g -  

f u l  a s s e s s m e n t  of  a  s a f e t y - r e l e v e n t  a s p e c t  of  v e h i c l e  per formance .  

S u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  maximum a b i l i t y  of  t h e  v e h i c l e  

t o  d e c e l e r a t e  w i t h o u t  g r o s s  d e g r a d a t i o n  of  s t a b i l i t y  a n d / o r  

c o n t r o l l a b i l i t y  have been p e r c e i v e d  and q u a n t i f i e d .  I n  o r d e r  

t o  i n t e r p r e t  and e x t r a p o l a t e  f u r t h e r ,  however,  i t  i s  n e c e s s a r y  

t o  c o n s i d e r  how such  r e s u l t s  a r e  i n f l u e n c e d  by v a r i a t i o n s  i n  

s u c h  i m p o r t a n t  o p e r a t i n g  c o n d i t i o n s  a s  s p e e d ,  pavement f r i c t i o n ,  

and s e r v i c e  f a c t o r s .  

L e t  n o  d e n o t e  t h e  a b s o l u t e  b r a k i n g  e f f i c i e n c y  a s  d e f i n e d  

above ,  i . e . ,  

n = ('x) max 

where (A ) i s  t h e  maximum d e c e l e r a t i o n  a c h i e v a b l e  w i t h o u t  x max 
wheel l o c k i n g  and p i s  t h e  nominal  f r i c t i o n  c o e f f i c i e n t  

0 

whose v a l u e  i s  u n i q u e  f o r  a  g i v e n  pavement,  L e t  d e n o t e  

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

r l =  
('XI max 

L' 9 

where p i s  an  e f f e c t i v e  peak  f r i c t i o n  c o e f f i c i e n t  d e f i n e d  

f o r  t h e  p a r t i c u l a r  t i r e - r o a d  combina t i on  t e s t e d .  I f  we assume 

(1)  t h a t  peak f r i c t i o n  f o r  a  g i v e n  t i r e - r o a d  combina t i on  i s  a  

m o n o t o n i c a l l y  d e c r e a s i n g  f u n c t i o n  of t r a n s l a t i o n a l  v e l o c i t y ,  

( 2 )  t h a t  t e m p e r a t u r e  e f f e c t s  a r e  n e g l i g i b l e ,  and (3 )  t h a t  

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

t h e n  t h e  v a l u e  of  may b e  e v a l u a t e d  from t i r e  t r a c t i o n  

measurements of  t h e  form shown i n  F i g u r e  2 4 ,  pe r formed  a t  

speed  vo ' t h e  i n i t i a l  v e l o c i t y  f o r  t h e  b r a k i n g  maneuver.  

S o l v i n g  e q u a t i o n s  4 and 5 f o r  (A ) x max' e q u a t i n g  t h e  

r e s u l t s ,  and r e a r r a n g i n g  g i v e s  



Wet Concrete Pavement 
Tire Size H78-15 
Bias Beltedconstruction 
Inflation Pressure 24 psi 
Normal Load 1000 Ib 
Speed 30 mph 

Longitudinal Slip, % 

FIGURE 24,  LONGITUDINAL FORCE VERSUS LONGITUDINAL SLIP AS MEASURED 
W I T H  THE  H S R I  M O B I L E  T I R E  TESTER El31 



Given t h e  d e f i n i t i o n  of t h e  s t r a i g h t  l i n e  b r a k i n g  maneuver 

and of  b r a k i n g  e f f i c i e n c y  a s  a  q u a s i - s t a t i c  p r o p e r t y  ( i . e . ,  

d e f i n e d  w i t h  r e s p e c t  t o  a  f i n i t e  t ime  i n t e r v a l  ove r  which 

d e c e l e r a t i o n  i s  c o n s i d e r e d  c o n s t a n t ) ,  i t  f o l l o w s  t h a t  t h e  

i n f l u e n c e  of speed  on i s  n e g l i g i b l e .  T h i s  c o n c l u s i o n  i s  

s u p p o r t e d  by s i m u l a t i o n  r e s u l t s  pe r formed  u s i n g  t h e  h y b r i d  

model d e s c r i b e d  i n  Appendix B .  F u r t h e r ,  p n  i s  by d e f i n i t i o n  

c o n s t a n t  f o r  a  g i v e n  pavement s u r f a c e .  Thus t h e  i n f l u e n c e  of 

speed  on a b s o l u t e  b r a k i n g  e f f i c i e n c y  i s  a  d i r e c t  f u n c t i o n  of  

i t s  i n f l u e n c e  on t h e  peak c o e f f i c i e n t  of  t i r e - r o a d  f r i c t i o n ,  y .  

Al though  t h i s  e f f e c t  can c e r t a i n l y  be a  s i g n i f i c a n t  one 

( p a r t i c u l a r l y  i n  t h e  c a s e  o f  wet pavement when hyd rop l an ing  

i s  a  p o s s i b i l i t y ) ,  i t  i s  more a p p r o p r i a t e l y  measured d i r e c t l y ,  

t h rough  t i r e  t r a c t i o n  t e s t s  ( such  a s  t h o s e  i l l u s t r a t e d  i n  

F i g u r e  2 4 ) ,  t h a n  t h rough  v e h i c l e  t e s t s  which a r e  confounded 

by many o t h e r  f a c t o r s .  

I n  t e s t s  p r e l i m i n a r y  t o  t h e  p i l o t  program, measurements 

were made of b r a k i n g  e f f e c t i v e n e s s  a t  b o t h  30 and 50 mph. 

The d a t a  o b t a i n e d  a t  t h e  h i g h e r  speed  were  c h a r a c t e r i z e d  by 

c o n s i d e r a b l y  more s c a t t e r .  T h i s  l e d  t o  t h e  d e c i s i o n  t o  

pe r fo rm t h e  p i l o t  t e s t s  w i t h  Vo = 30 mph . 
The i n f l u e n c e  of pavement f r i c t i o n  on b r a k i n g  e f f i c i e n c y  

i s  b o t h  i m p o r t a n t  and complex. For  a g i v e n  pavement s u r f a c e ,  

two f a c t o r s  a r e  of s i g n i f i c a n c e :  (1)  t h e  f r i c t i o n a l  c o m p a t i b i l i t y  

of t h e  v e h i c l e ' s  t i r e s  w i t h  t h e  g i v e n  s u r f a c e  (y /p  i n  e q u a t i o n  
0 

6 ) ,  and ( 2 )  t h e  d e g r e e  t o  which b r a k e ,  c h a s s i s ,  and s u s p e n s i o n  

p r o p e r t i e s ,  and o p e r a t i n g  c o n d i t i o n s  a r e  matched t o  e q u a l i z e  

b r ake  t o r q u e / v e r t i c a l  l o a d  r a t i o s  a t  e ach  a x l e  (n i n  e q u a t i o n  

6 ) .  Al though  t h e  second f a c t o r  i s  governed by a s y s t e m a t i c  

r e l a t i o n s h i p ,  t h e  f i r s t  i s  n o t ;  t h e  f r i c t i o n  l e v e l s  produced 

by two d i f f e r e n t  t i r e s  ( i n  t h i s  c a s e ,  t h e  t e s t  v e h i c l e  t i r e  

and t h e  nominal  r e f e r e n c e  t i r e )  on d i f f e r e n t  pavements c a n n o t  



be related a priori on the basis of existing technology. 

For the long term, attempts should be made to develop a 

comprehensive procedure for evaluating absolute braking 

efficiency as a function of pavement friction, by means 

of a systematic program of tire traction testing on a 

series of different surfaces plus a limited number of 

vehicle tests to establish classical braking efficiency. 

Such an undertaking is beyond the scope of the present 

program. An interim procedure wherein straight line 

braking tests are repeated on as many different pave- 

ment surfaces as practicable appears to be a reasonable, 

pragmatic approach. The decision to conduct pilot tests 

on two surfaces was based on practical time and money con- 

siderations. 

Traditional analyses of vehicle braking performance 

[e.g,, 31 indicate that the influence of realistic tire 

inflation pressure variations on braking efficiency is 

not significant. Simulation runs with appropriately varied 

values of circumferencial tire stiffness (see Appendix B) 
indeed demonstrate the negligibility of associated tire 

compli.ance effects, However traction data obtained recently 

[12] on severely overloaded/underinflated tires indicate 

that significant degradation in effective friction coef- 

ficients may be produced under such circumstances. Should 

further testing indicate that realistic off-design combinations 

might significantly affect braking efficiency results through 

this mechanism, straight line braking tests with multiple 

values of inflation pressure will be indicated. Pending 

such a development, it appears appropriate to conduct tests 

using only nominal inflation pressures. 

The influence of vehicle loading condition on braking 

efficiency is very important, Generally speaking, when pave- 

ment conditions are such that the first wheels to lock on 



the nominally loaded vehicle are the front wheels, any load 

variation producing a C.G. shift either rearward or downward 

tends to degrade braking efficiency. If the rear wheels lock 

first when the vehicle is unloaded, braking efficiency is 

degraded by moving the C.G. either forward or up. Performance- 

degrading conditions for a comprehensive straight line braking 

evaluation should be derived from service factor data accordingly 

(see Appendix A). 

4.2 RESPONSE TO RAPID, EXTREME STEERING 

A typical set of time histories from a step steering 

response test is presented in Figure 25. Unlike the case of 

the braking test discussed previously, we are unable to 

structure a quasi-static interpretation of these data, since 

we cannot define an effective lateral acceleration comparable 

to Xx in the previous case. We instead focus attention on 

the peak value of the fundamental lateral acceleration 

transient, A , as estimated graphically by fairing the raw 
YP 

acceleration-time history (see Figure 25). 

Plots of A versus steering wheel displacement are 
YP 

presented for each vehicle configuration tested, in Figure 

26. These plots obviously constitute an analog to the braking 

effectiveness plots (Figure 23) discussed and analyzed earlier. 

There is one important difference, however. The steering 

maneuver is not characterized by a distinctly recognizable limit 

condition such as the occurrence of wheel locking. The limit 

responses of "spinout" and "driftout" occur, but it is not 

straightforward either to identify or to quantitatively 

characterize these limit phenomena on the basis of the 

objective data that are obtained. 

Qualitatively, the limit responses produced in the 

step steering maneuver involve a tire reaching a saturation 

condition wherein the prevailing level of tire-road friction 

effectively bounds the maximum achievable lateral force. 
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Hence an i n c r e a s e  i n  t h e  t i r e  s i d e s l i p  a n g l e - d o e s  n o t  p ro -  

duce an i n c r e a s e d  f o r c e .  The r e l a t i v e  e x t e n t  t o  which 

f r o n t  and r e a r  t i r e s  a r e  a f f e c t e d  by t h i s  phenomenon d i c -  

t a t e s  t h e  g e n e r a l  n a t u r e  of t h e  l i m i t  r e sponse .  When 

s a t u r a t i o n  i s  encountered  a t  t h e  r e a r  a x l e ,  t h e r e  o b t a i n s  

an e f f e c t i v e  d e f i c i e n c y  i n  t h e  yaw moment o f f s e t t i n g  t h a t  

produced by t h e  s t e e r e d  f r o n t  t i r e s ,  and t h e  v e h i c l e  

expe r i ences  a  s h a r p  i n c r e a s e  i n  yaw r a t e ,  o r  " ~ p i n o u t . ~ ~  

Converse ly ,  when t h e  f o r c e  d e f i c i e n c y  appears  a t  t h e  

f r o n t  a x l e ,  t h e  e f f e c t i v e n e s s  of t h e  f r o n t  t i r e s  i n  p ro -  

ducing yaw r a t e  d e c r e a s e s  and t h e  v e h i c l e  " d r i f t s  out"  

of t h e  t u r n .  

To q u a n t i f y  t h e s e  l i m i t  s t e e r i n g  r e sponses  on t h e  

b a s i s  of t h e  d a t a  a t  hand, we d e f i n e d  t h e  normalized yaw 

r a t e  

The peak fundamental va lues  of t h i s  r e sponse  parameter ,  

d e s i g n a t e d  a s  r' , appear  t o  r e p r e s e n t  a  s i g n i f i c a n t  
P  

d e s c r i p t i o n  of t h e  n a t u r e  and s e v e r i t y  of t h e  l i m i t  r e sponse  

observed.  Values of r '  computed f o r  each of t h e  p i l o t  s t e p  
P  

s t e e r i n g  r e sponse  t e s t s  a r e  shown p l o t t e d  v e r s u s  t h e  c o r -  

responding va lues  of A i n  F igure  2 7 .  Th i s  graph p rov ides  
YP 

a  much more comprehensive b a s i s  f o r  i n t e r p r e t a t i o n  of t h e  

d a t a  than  does t h e  p rev ious  p r e s e n t a t i o n  (Figure  2 6 ) .  Dis- 

c r i m i n a t i o n  of v e h i c l e  c o n f i g u r a t i o n s  expe r i enc ing  s p i n o u t  

( e . g . ,  C o r v a i r ,  o f f - d e s i g n  Toyota) i s  p o s i t i v e .  

A promising approach towards a  q u a n t i t a t i v e  c a t e g o r i z a -  

t i o n  of t h e s e  r e s u l t s  would appear  t o  invo lve  t h e  fo l lowing  

s t e p s :  (1) i d e n t i f i c a t i o n  of an  a c c e p t a b l e  upper bound on 

r' based on c o r r e l a t i o n  w i t h  s u b j e c t i v e  e v a l u a t i o n s  by 
P  

e x p e r t  d r i v e r s  o r ,  i d e a l l y ,  on a n a l y t i c a l  o r  s t a t i s t i c a l  

r e l a t i o n s h i p s  w i t h  r e a l - w o r l d  a c c i d e n t  d a t a ,  and ( 2 )  s t i p -  
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u l a t i o n  of a  v e h i c l e  r a t i n g  f o r  t h e  maneuver i n  terms of a  

peak l a t e r a l  a c c e l e r a t i o n  (normalized t o  account  f o r  p r e -  

v a i l i n g  pavement f r i c t i o n )  cor responding  e i t h e r  t o  (a )  t h e  

lowes t  v a l u e  of  A a t  which r' e q u a l s  t h e  a c c e p t a b l e  upper 
YP P  

bound o r ,  i n  t h e  event  r "  i s  always l e s s  than  t h i s  bound, 
P  

(b) t h e  h i g h e s t  v a l u e  of A achieved .  Attempts  t o  imple- 
YP 

ment such a  q u a n t i t a t i v e  procedure  on t h e  b a s i s  of on ly  t h e  

l i m i t e d  d a t a  c u r r e n t l y  i n  hand a r e  n o t  cons ide red  war ran ted ,  

A sma l l  number of s t e p  s t e e r i n g  maneuvers were performed 

d u r i n g  t h e  p r e l i m i n a r y  t e s t s ,  a t  h i g h e r  speeds than  30 mph. 

These maneuvers proved t o  be  ex t remely  hard  on t h e  t e s t  

v e h i c l e s ,  r e s u l t i n g  i n  s i g n i f i c a n t  d i f f e r e n c e s  i n  performance 

from run t o  run u n l e s s  maintenance and r e p a i r s  were v i r t u a l l y  

con t inuous ,  The p i l o t  t e s t s  were accord ing ly  r e s t r i c t e d  t o  

30 mph, Computer s i m u l a t i o n s  were performed t o  i n v e s t i g a t e  

t h e  i n f l u e n c e  of speed on t h e  impor tant  r e sponse  c h a r a c t e r -  

i s t i c s ,  Although t h e  r e s u l t s  c e r t a i n l y  were a f f e c t e d  quan- 

t i t a t i v e l y ,  i t  was concluded t h a t  t h e  phenomenological a s p e c t s  

of t h e  maneuver b a s i c a l l y  were n o t  changed and, t h e r e f o r e ,  t h a t  

t h e  performance assessments  d e r i v e d  from t h e  30 mph t e s t s  would 

a l s o  be meaningful ( i n  a  r e l a t i v e  sense )  f o r  t h e  same maneuver 

performed a t  h i g h e r  speeds .  

S imula t ion  s t u d i e s  i n d i c a t e d  t h a t  a  s i m i l a r  s i t u a t i o n  

p r e v a i l s  w i t h  r e s p e c t  t o  t h e  i n f l u e n c e  of pavement f r i c t i o n .  

Although t h e  f r i c t i o n  l e v e l  de termines  t h e  a c c e l e r a t i o n  

l e v e l s  a t  which l i m i t  c o n d i t i o n s  a r e  reached,  t h e  b a s i c  

c h a r a c t e r  of (1) t h e  r e sponse  and ( 2 )  t h e  e f f e c t s  the reon  of 

v e h i c l e  p r o p e r t i e s  appears  t o  be u n a f f e c t e d  by a  v a r i a t i o n  

i n  f r i c t i o n  l e v e l .  By and l a r g e ,  t h e  q u a n t i t a t i v e  i n f l u e n c e  

of v e h i c l e  suspens ion  c h a r a c t e r i s t i c s  appears  t o  be g r e a t e r  

on h i g h e r  f r i c t i o n  s u r f a c e s  where load  t r a n s f e r  e f f e c t s  a r e  

more pronounced. Thus, experiments  on a  d r y  pavement s u r -  

f a c e  may be expected  t o  maximize t h e  d i s c r i m i n a t o r y  power 

of t h e  t e s t  procedure .  



V a r i a t i o n s  i n  s e r v i c e  f a c t o r s  s i g n i f i c a n t l y  i n f l u e n c e  

t h e  r e s u l t s  of t h e  s t e p  s t e e r i n g  r e s p o n s e  t e s t .  A s  migh t  

be  e x p e c t e d ,  changes  i n  b o t h  l o a d  and t i r e  p r e s s u r e  d i s -  

t r i b u t i o n s  which t end  t o  deg rade  t h e  s t a t i c  s t a b i l i t y  ( i . e . ,  

r e d u c e  t h e  s t a t i c  marg in  [ l o ] )  a r e  found ,  b o t h  from sim- 

u l a t i o n  s t u d i e s  and f rom t h e  r e s u l t s  of  t h e  p i l o t  t e s t s  

( s e e  F i g u r e  2 7 ) ,  t o  i n c r e a s e  t h e  t endency  f o r  s p i n o u t .  

C o n v e r s e l y ,  s e r v i c e  f a c t o r  v a r i a t i o n s  which i n c r e a s e  t h e  

s t a t i c  margin  t e n d  t o  i n h i b i t  s p i n o u t  and produce  a  g r e a t e r  

t endency  t o  d r i f t .  

4 . 3  BRAKING IN A TURN 

These  t e s t s  a r e  a g e n e r a l i z a t i o n  o f  t h e  s t r a i g h t  l i n e  

b r a k i n g  t e s t s  d i s c u s s e d  i n  S e c t i o n  4 .1 .  The raw d a t a  r e c o r d e d  

i n c l u d e  e a c h  of t h e  s i g n a l s  needed f o r  a n  e v a l u a t i o n  of b r a k i n g  

e f f i c i e n c y ,  wf , wr  , Pf , and V ( s e e  F i g u r e  2 2 ) ,  p l u s  t h e  

d i r e c t i o n a l  r e s p o n s e  v a r i a b l e s ,  6 S W  , r , and A The s t e e r i n g  
Y *  

wheel  d i s p l a c e m e n t ,  6 
S W  ' i s  h e l d  f i x e d  t h r o u g h o u t  t h e  d u r a t i o n  

of  t h e  expe r imen t .    he d e v i a t i o n  from t h e  nominal  c i r c u l a r  

t r a j e c t o r y  p roduced  a s  t h e  l e v e l  of b r a k i n g  [ d e c e l e r a t i o n )  

i s  i n c r e a s e d  t o  a  l i m i t  c o n d i t i o n  i s  r e f l e c t e d  i n  i n c r e a s i n g l y  

d r a s t i c  t ime  h i s t o r i e s  of  r and A , 
Y 

Brak ing  e f f e c t i v e n e s s  c u r v e s  d e r i v e d  from t h e  b r a k i n g - i n -  

a - t u r n  t e s t  d a t a  by a p p l i c a t i o n  of t h e  p r o c e d u r e  d e s c r i b e d  i n  

S e c t i o n  4 . 1  a r e  p r e s e n t e d  i n  F i g u r e s  28 and 29,  r e s p e c t i v e l y ,  

f o r  t e s t  v e h i c l e s  w i t h  nominal  and o f f - d e s i g n  s e r v i c e  f a c t o r s .  

D i r e c t i o n a l  r e s p o n s e  a s p e c t s  of t h e  r e s u l t s  a r e  d e p i c t e d  i n  

F i g u r e  3 0 ,  where  t h e  peak  no rma l i zed  yaw r a t e ,  r' ( d e r i v e d  
P  

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

e f f e c t i v e  l o n g i t u d i n a l  d e c e l e r a t i o n ,  Tix . 
For  t h o s e  v e h i c l e  c o n f i g u r a t i o n s  which a r e  c h a r a c t e r i z e d  

by i n i t i a l  l o c k i n g  o f  t h e  r e a r  w h e e l s ,  p r o d u c i n g  s p i n o u t  ( i . e . ,  

Fo rd ,  C o r v a i r ) ,  t h e  r' v e r s u s  Ax p l o t s  p r o v i d e  an e f f e c t i v e  
P  

d e m o n s t r a t i o n  of how d i r e c t i o n a l  r e s p o n s e  i s  a f f e c t e d  s i g n i f i c a n t l y  
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by braking even at longitudinal accelerations substantially 

lower than the wheel locking limit. In light of this effect, 

it appears that braking efficiency values based on accelerations 

at the lockup limit may not represent a properly conservative 

basis for specifying and/or regulating performance in this 

maneuver. Some scheme based on stipulation of an acceptable 

upper bound for r' , such as described in the previous 
P 

section, appears a promising possibility for this application 

as well. 

In cases where wheel locking is first encountered at 

the front axle (Toyota, Mercedes), there is no increase in 

yawing velocity as a result of braking. Consequently there 

is no peak yaw rate and r' , as plotted, merely corresponds 
P 

to the initial turning rate, Although efforts have been made 

to quantitatively categorize driftout response by graphically 

differentiating the yaw-rate time history, these attempts 

have not been successful. Pending the development of some 

acceptable quantitative measure of driftout prior to lockup 

(e.g., a satisfactory means for measuring the sideslip 

velocity of a motor vehicle under dynamic conditions), it 

appears desirable to employ braking efficiency as one index 

of performance in this maneuver and r' versus $ as a 
P 

second index of performance. 

4.4 TURNING ON A ROUGH SURFACE 

Reduced data from the roadholding tests are plotted 

in Figures 31 and 32, in the form of the peak decrements 

in lateral acceleration and yaw rate AA and Ar , 
Y 

normalized with respect to the initial steady values of 

lateral acceleration and yaw rate, A and ro . It will 
YO 

be noted that neither data presentation is generally 

characterized by clearly defined and systematic responses 

having a resonant character (we are obviously dealing here 

with rather well-damped systems). For some vehicles, 
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t h e  r e s u l t s  a s  p l o t t e d  i n c r e a s e  monotonica l ly  over  t h e  speed 

range  covered ( e .g . ,  b r / r o  f o r  Ford ) ,  o r  have minima b u t  no 

maxima (e .g . ,  AA /A f o r  C o r v a i r ) .  These c h a r a c t e r i s t i c s  
Y Y O  

make i t  imposs ib le  t o  q u a n t i t a t i v e l y  i n t e r p r e t  t h e  d a t a  

wi thou t  be ing  somewhat a r b i t r a r y .  I t  i s  c l e a r ,  however, t h a t  

t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  among t h e  d a t a  o b t a i n e d  f o r  

t h e  d i f f e r e n t  t e s t  c o n f i g u r a t i o n s  (and t h i s  conc lus ion  can 

be reached on a  p u r e l y  s t a t i s t i c a l  s t a n d p o i n t ) ,  and f u r t h e r  

t h a t  t h e s e  d a t a  d i f f e r e n c e s  r e f l e c t  r e a l  d i f f e r e n c e s  i n  t h e  

degree  t o  which t h e  b a s i c  d i r e c t i o n a l  r e sponse  i s  a f f e c t e d  

by t h e  roughness  d i s t u r b a n c e .  There fo re ,  g iven  t h e  pragmat ic  

n a t u r e  of t h e  o v e r a l l  approach,  some a r b i t r a r i n e s s  i n  t h e  

q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e  d a t a  i s  c o n s i d e r e d  war- 

r a n t e d .  

The roadhold ing  t e s t  d a t a  prove t o  be q u a l i t a t i v e l y  

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

i n v a r i a b l y  degrades  performance,  whether  measured i n  terms 

of a c c e l e r a t i o n  o r  yaw r a t e .  This  t r e n d  accords  w i t h  expec ta -  

t i o n  on two grounds: (1) h i g h e r  p r e s s u r e  i n t e n s i f i e s  t h e  

d i s t u r b a n c e  f o r c i n g  f u n c t i o n  by opposing t h e  f i x e d  h e i g h t  

d i s t u r b a n c e s  w i t h  " s t i f f e r  s p r i n g s , "  and (2) h i g h e r  p r e s s u r e  

produces a d e c r e a s e  i n  t h e  e q u i v a l e n t  damping r a t i o  of t h e  

wheel hop system. I t  f o l l o w s  t h a t  any t e s t  procedure  t o  

e v a l u a t e  t h e  roadho ld ing  a b i l i t y  of a  motor v e h i c l e  should  

i n c l u d e  measurements w i t h  t i r e s  o v e r i n f l a t e d  t o  r e a l i s t i c  

l e v e l s  ( s e e  Appendix A ) .  

There i s  c o n s i s t e n c y ,  t o o ,  w i t h  r e s p e c t  t o  t h e  r e l a t i v e  

performance of t h e  f o u r  v e h i c l e s  t e s t e d .  I f  we ( a r b i t r a r i l y )  

e l e c t  t o  q u a n t i f y  performance on t h e  b a s i s  of t h e  peak measured 

v a l u e  ( a s  ob ta ined  by ave rag ing  r e p l i c a t i o n s )  of e i t h e r  (1) 

t h e  l a t e r a l  a c c e l e r a t i o n  decrement (AA /A ) , or  (2) t h e  
Y Y O  P  

yaw r a t e  decrement (Ar/r  ) we f i n d  t h a t  t h e  r ank  o r d e r  of 
0 P '  

t h e  f o u r  specimens i s  t h e  same f o r  both  performance measures 

( s e e  Table 9 ) .  



4 .5  R E S P O N S E  TO S I N U S O I D A L  S T E E R  I N P U T S  

TABLE 9 

ROADHOLDING PERFORJIANCE MEASURES 

A r e p r e s e n t a t i v e  sample  of raw d a t a  from t h e  s i n u s o i d a l  

s t e e r i n g  t e s t s  i s  p r e s e n t e d  i n  F i g u r e  33. The c u r v e s  shown 

a r e  t i m e  h i s t o r i e s  of  s t e e r i n g  wheel a n g l e  (6sw) and v e h i c l e  

yaw r a t e  ( r )  a s  produced by a 50 mph t e s t  of t h e  Ford s t a t i o n  

wagon, w i t h  nominal  l o a d i n g  and t i r e  p r e s s u r e s ,  and a  s t e e r i n g  

amp l i t ude  o f  311".  By any c r i t e r i o n ,  and s p e c i f i c a l l y  i n  terms 

of  t h e  r e l e v a n t  hypo these s  of t h i s  program ( S e c t i o n  2 .3 .5 ) ,  t h i s  

was a s e v e r e  maneuver. The yaw r a t e  r e s p o n s e  produced was 

markedly a symmet r i ca l ,  r e s u l t i n g  i n  a  g r o s s  head ing  change 

(A$) of 3 6 . 5 " ,  a s  de t e rmined  by i n t e g r a t i n g  t h e  r - t  cu rve  

w i t h  a  p l a n i m e t e r .  Q u a l i t a t i v e l y  s p e a k i n g ,  however, t h i s  

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

Reduced d a t a  from a l l  t h e  s i n u s o i d a l  s t e e r i n g  p i l o t  t e s t s  

a r e  p r e s e n t e d  i n  F i g u r e  34 i n  t h e  form of p l o t s  of g r o s s  

head ing  change (A$) v e r s u s  no rma l i zed  s t e e r i n g  a m p l i t u d e ,  

Ranking 

3  

4  

2 
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FIGURE 33, TYPICAL RECORD1 NG FROM SINUSOIDAL STEERING RESPONSE TEST 



Points with X: Divergent Response 

Nominal Velocity, mph 

Vehicle Empty, Tire Inflation Nominal 

Vehicle Empty, Tire Inflation Off-Design 

Vehicle Loaded, Tire Inflation Off-Design . 
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F I G U R E  34, GROSS HEADING CHANGE VERSUS NORMALIZED STEER AMPLITUDE 
PRODUCED I N  THE S I N U S O I D A L  STEER MANEUVER 



Of t h e  t h r e e  v e h i c l e s  t e s t e d ,  two (Corva i r  and Toyota) 

exper ienced  l i m i t  ( o r  l1divergentI1) r e sponses  w i t h i n  t h e  

al lowed range of s t e e r i n g  wheel d i sp lacemen t  ( i . e . ,  360 

degrees )  whereas t h e  t h i r d ,  (Ford) d i d  n o t .  I n  o r d e r  t o  

make some q u a n t i t a t i v e  s t a t e m e n t s  w i t h  r e s p e c t  t o  f a c t o r s  

a f f e c t i n g  t h e  l i m i t  r e sponse ,  we n o t e  ( s e e  F igure  34) 

t h a t  t h e r e  i s  a  d e f i n i t e  a s s o c i a t i o n  between g r o s s  heading 

change and t h e  occur rence  of a  d i v e r g e n t  r e sponse .  For 

t h e  v e h i c l e s  t e s t e d ,  a  d i v e r g e n t  r e sponse  occur s  whenever. 

t h e  g r o s s  heading change i s  g r e a t e r  than  50  d e g r e e s ,  w i t h  

t h e  r e sponse  be ing  nondivergent  whenever t h e  heading change 

i s  l e s s  than  50  degrees .  Le t  us  d e f i n e  t h e  normalized 

s t e e r  ampl i tude  r e q u i r e d  t o  produce a  g r o s s  heading change 

of 50 degrees  a s  (A:w)lim . 
When t h e  d a t a  p l o t t e d  i n  F i g u r e  34 a r e  i n t e r p o l a t e d  t o  

de te rmine  (A:w)lim , t h e  f i n d i n g s  t a b u l a t e d  i n  Table  1 0  a r e  

ob ta ined .  On t h e  b a s i s  of t h e s e  r e s u l t s ,  (and o t h e r  d a t a  

ob ta ined  from e x p l o r a t o r y  t e s t s  w i t h  t h e  Corva i r  i n  a  d i f -  

f e r e n t  o f f - d e s i g n  c o n d i t i o n ) ,  i t  appea r s  r e a s o n a b l e  t o  con- 

c lude  t h a t  t h e  i n f l u e n c e  of t e s t  speed on t h e  l i m i t  r e sponse  

v a r i a b l e  (Atw) l i m  i s  n o t  s y s t e m a t i c .  Hence t h e  n o r m a l i z a t i o n  

scheme employed ( e q u a t i o n  8 )  c o n s t i t u t e s  an e f f e c t i v e  p ro -  

cedure  t o  account  f o r  t h e  speed e f f e c t ,  and i t  i s  meaningful  

t o  c o n s i d e r  t h e  average v a l u e s  t a b u l a t e d  i n  t h e  l a s t  column 

of Table  10 a s  i n d i c a t i v e  of t h e  l i m i t  performance i n  t h i s  

maneuver. Response - l imi t  boundar ies  c o n s t r u c t e d  on t h e  

b a s i s  of t h i s  premise  a r e  p r e s e n t e d  i n  F igure  35. Also  p l o t t e d  

on t h i s  f i g u r e  a r e  d a t a  p o i n t s  from a l l  of t h e  l i m i t  ( i . e . ,  

d i v e r g e n t )  and n e a r - l i m i t  t e s t  r u n s .  The degree  of p r e c i s i o n  

w i t h  which t h e  above d e s c r i b e d  p rocedure  d e f i n e s  t h e  l i m i t  

boundary i s  a p p a r e n t .  
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The i n f l u e n c e  of  s e r v i c e  f a c t o r  v d r i a t i o n s  on t h e  l i m i t  

r e s p o n s e  d e p i c t e d  i n  F i g u r e  35 i s  s u b s t a n t i a l .  Xot s u r p r i s -  

i n g l y ,  v a r i a t i o n s  i n  l o a d i n g  and t i r e  i n f l a t i o n  p r e s s u r e s  

which t end  t o  r e d u c e  s t a t i c  margin t end  a l s o  t o  r educe  t h e  

l e v e l  of maneuver s e v e r i t y  r e q u i r e d  t o  produce d i v e r g e n t  

r e s p o n s e  t o  s i n u s o i d a l  s t e e r  i n p u t s .  T h i s  e f f e c t  shou ld  

c e r t a i n l y  be c o n s i d e r e d  i n  d e s i g n i n g  a  t e s t  s c h e d u l e  f o r  

e v a l u a t i n g  t h e  emergency l a n e  changing performance of a  

p a r t i c u l a r  v e h i c l e  c o n f i g u r a t i o n .  

r 

TABLE 1 0  

LIMIT NJRMALIZED STEER AMPLITUDE (A:") lim; SINUSOIDAL 

STEERING RESPONSE TESTS 

Test 40  50 60 Avg. 

Configuration 

4 . 6  RESPONSE TO "DRASTIC" STEER AND BRAKE INPUTS 

t '  

Toyota, Nominal Service Factors 

Toyota, Off-design Service Factors 

Corvair, Nominal Service Factors 

Corvair, Off-design Service Factors 

A r e p r e s e n t a t i v e  sample of raw d a t a  from t h e  d r a s t i c  

" s t e e r / b r a k e V  r e s p o n s e  t e s t s  i s  p r e s e n t e d  i n  F i g u r e  36. The 

sequence of e v e n t s  d e p i c t e d  i n  t h i s  s e t  of t ime  h i s t o r i e s  may 

be d e s c r i b e d  a s  f o l l o w s :  

1. The v e h i c l e ,  i n i t i a l l y  p roceed ing  a long  a  

s t r a i g h t  p a t h  a t  a  speed  of 50  mph, was s u b -  

j e c t e d  t o  a  h a l f  s i n e  wave s t e e r i n g  wheel 

i n p u t  which produced a  y a w - r o l l  r e s p o n s e  of 

a  c h a r a c t e r i s t i c  form. 
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2 .  A t  a  p o i n t  i n  t i m e  where  t h e  v e h i c l e ' s  yaw 

r a t e  r e s p o n s e  had j u s t  a b o u t  r e a c h e d  a  maxi-  

mum, a  s e v e r e  s t e p  of b r a k e  i n p u t  was a p p l i e d .  

T h i s  i n p u t  c aused  t h e  v e h i c l e ' s  whee l s  t o  l o c k  

and p e r c e p t i b l y  p e r t u r b e d  t h e  yaw and r o l l  

r e s p o n s e .  

A f t e r  one h a l f  s econd ,  t h e  b r a k e  i n p u t  was sud -  

d e n l y  r e l e a s e d .  The v e h i c l e ' s  whee l s  resumed 

r o l l i n g .  The a s s o c i a t e d  sudden i n c r e m e n t s  i n  

l a t e r a l  f o r c e  and r o l l  moment p roduced  l i t t l e  

change  i n  yaw r a t e  b u t  a  v e r y  s u b s t a n t i a l  augd  

m e n t a t i o n  of t h e  r a t e  of r o l l i n g .  ( I t  w i l l  be 

n o t e d  t h a t  t h e  r e l a t i v e  p h a s e  o f  c o n t r o l  a c t i o n s  

and r e s p o n s e  v a r i a b l e s  i s  e x t r e m e l y  s i g n i f i c a n t ) .  

The limit r e s p o n s e  c o n d i t i o n  d e f i n e d  f o r  t h i s  maneuver 

c o r r e s p o n d s  t o  t h e  c a s e  where t h e  r o l l i n g  mot ion  f o l l o w i n g  

r e l e a s e  of t h e  b r a k e  i s  s o  g r e a t  a s  t o  c a u s e  t h e  v e h i c l e  t o  

r o l l  o v e r .  Of t h e  t h r e e  v e h i c l e s  t e s t e d ,  t h i s  l i m i t  r e s p o n s e  

was e n c o u n t e r e d  o n l y  w i t h  one ,  t h e  C o r v a i r . *  

K o l l o v e r  l i m i t  r e s p o n s e  was obse rved  i n  t h r e e  s e p a r a t e  

r u n s  w i t h  t h e  C o r v a i r  o p e r a t e d  i n  a  nomina l  s e r v i c e  f a c t o r  

c o n d i t i o n . " "  The c o n t r o l  i n p u t s  i n  t h e s e  r u n s  were  s o  s i m i l a r  

( s e e  T a b l e  11 )  t h a t  i t  i s  n o t  p o s s i b l e  t o  i d e n t i f y  any s o r t  

*Because  o f  t h e  p r e s e n c e  of t h e  r o l l - l i m i t i n g  o u t r i g g e r s  
( s e e  S e c t i o n  3 . 2 . 1 ) ,  t h e  t e s t  v e h i c l e  c o u l d  n o t  i n  f a c t  r o l l  
c o m p l e t e l y  o v e r .  I n  t e s t s  w h e r e i n  t h e  r e s u l t  " r o l l o v e r "  i s  
r e p o r t e d ,  t h e r e  i s  no doub t  t h a t  t h e  v e h i c l e  would have  o v e r -  
t u r n e d  i f  n o t  s o  r e s t r a i n e d  ( s e e  F i g u r e  3 7 ) .  

**An a p p a r e n t  r o l l o v e r  was a l s o  e n c o u n t e r e d  i n  one of t h e  
t e s t s  w i t h  o f f - d e s i g n  t i r e  p r e s s u r e s ,  b u t  t h e  v e h i c l e  was 
s e v e r e l y  damaged d u r i n g  t h e  t e s t s  and t h e  e x t e n t  t o  which t h e  
damage migh t  have c o n t r i b u t e d  t o  t h e  r o l l o v e r  i s  n o t  known. 
The s e v e r i t y  of t h e  c o n t r o l  i n p u t s  (Vo = 3 7 . 8  mph, ASw = 2 7 7 ' )  

i n  t h i s  q u e s t i o n a b l e  t e s t  was s i g n i f i c a n t l y  l e s s  t h a n  i n  t h e  
r o l l o v e r  t e s t s  w i t h  nomina l  t i r e  p r e s s u r e s .  



FIGURE 37, VEHICLE I N  DRASTIC STEER AND BRAKE MANEUVER 
RESTRAINED FROM ROLLING OVER BY OUTRIGGER 



of limit response boundary such as was done in the preceeding 

section for the sinusoidal steering response test results. 

Nevertheless, the positive identification of a single limit 

response point is considered to constitute a thoroughly 

adequate demonstration of the discriminatory power of this 

unique test procedure. 

In the tests with off-design tire pressures, the severity 

of motions in response to comparable sub-limit control inputs 

was uniformly greater than in the tests with nominal pressures. 

This finding (supported by the quasi-finding mentioned in 

the second footnote on the previous page) demonstrates the desir- 

ability of tests with off-design service factors when evaluating 

motor vehicles with the drastic steer and brake maneuver. 

TABLE 11 

T E S T  CONDITIONS I N  DRASTIC STEER/BRAKE RESPONSE T E S T S  

WHERE L I M I T  (ROLLOVER) PERFORMANCE WAS ENCOUNTERED 

Initial Veloclty 

mph 

4 7 . 2  

47 .7  

47 .2  
- 

Steering Amplitude 

deg . 
324 

324 

324 

A ;w 
( S e e  eq. 8 )  

3 .92 

4 .00  

3 .92  



COMCLUD I NG RENARKS 

The specific objectives of the study have been achieved. 

A set of performance characteristics postulated to reflect 

the pre-crash safety quality of the motor vehicle have been 

defined. Methods of testing and data analysis have been 

demonstrated which provide objective and discriminating pro- 

cedures for measuring these safety-relevant characteristics. 

Particularly notable is the development of an automatic con- 

troller which permits the conduct of severe handling tests 

heretofore impossible because of the limitations of the human 

controller 

With respect to the ultimate goal of the study, viz., 

implementation of a vehicle handling performance standard, 

much work remains to be done. A logical first step is the 
conduct of a more general test program to measure the per- 

formance characteristics defined here for a much broader 

cross-section of passenger vehicles. The purpose of such a 

program would be threefold: 

1. To refine and augment the developad procedures 

with the aid of additional test experience and 

data. 

2. To more precisely define the precision and 

discriminatory power of the proposed performance 

measures. 

3. To produce a data base defining the performance 

characteristics of the passenger vehicle popula- 

tion, which would serve as a basis for accident 

causation studies and, ultimately, for the estab- 

lishment of minimum performance requirements. 

Summary descriptions of the procedures developed in this 

program are given below. They are intended to constitute a 
recommendation for the format of handling tests to be per- 



formed i n  an expanded p i l o t  program. I t  i s  i m p l i c i t  i n  t h e i r  

d e f i n i t i o n  t h a t  t h e s e  t e s t s  would be supplemented by a  compre- 

h e n s i v e  program of  t i r e  t r a c t i o n  measurements .  The summary 

i s  n o t  i n t e n d e d  t o  be  s e l f - c o n t a i n e d  - - i t  means l i t t l e  i n  

t h e  absence  of much o f  t h e  m a t e r i a l  p r e s e n t e d  i n  t h e  body of 

t h i s  r e p o r t .  

Recommended V e h i c l e  Handl ing Measurements 

1. S t r a i g h t  l i n e  b r a k i n g  e f f e c t i v e n e s s  - -  t o  

t h e  l i m i t  of t i r e - r o a d  a d h e s i o n  - -  two pave-  

ment c o n d i t i o n s ;  d r y  c o n c r e t e  and we t ,  p a i n t e d  

a s p h a l t  - -  two l o a d i n g  c o n d i t i o n s .  

2 .  Response t o  s t e p  s t e e r i n g  i n p u t  - -  t o  t h e  

l i m i t  of  t i r e - r o a d  a d h e s i o n  - -  t o  c h a r a c t e r i z e  

t h e  breakaway c o n d i t i o n  i n  terms of  peak l a t e r a l  

a c c e l e r a t i o n  and c o n t i n u i t y  of yaw r e s p o n s e  - -  
two s e r v i c e  f a c t o r  c o n d i t i o n s :  nominal  and o f f -  

d e s i g n .  

3. Braking e f f e c t i v e n e s s  from a  s t e a d y - t u r n  i n i t i a l  

c o n d i t i o n  - -  t o  p r o v i d e  a  g e n e r a l i z e d  b r a k i n g  e f -  

f i c i e n c y  c h a r a c t e r i z a t i o n  i n v o l v i n g  a  measure  of 

t h e  d e v i a t i o n  of v e h i c l e  t r a j e c t o r y  (from i t s  

nominal c i r c u l a r  p a t h )  produced by b r a k i n g  - -  t o  

t h e  l i m i t  of t i r e - r o a d  a d h e s i o n  - -  two s e r v i c e  

f a c t o r  c o n d i t i o n s :  nominal  and degraded .  

4 .  Response t o  s i m u l a t e d  road  roughness  i n  a  s t e a d y  

t u r n  - -  t o  a s s e s s  d e g r a d a t i o n  i n  t u r n i n g  p e r -  

formance a s  t h e  f r e q u e n c y  of  d i s t u r b a n c e  encoun te r  

i s  v a r i e d  ove r  a  r ange  i n c l u d i n g  fundamenta l  

wheel hop f r equency  - -  two t i r e  i n f l a t i o n  p r e s -  

s u r e s :  nominal  and o v e r i n f l a t e d .  



5 .  Response t o  s i n u s o i d a l  s t e e r  i n p u t  - -  t o  

q u a n t i f y  (1) d e g r e e  of  d e v i a t i o n  from a 

t r a j e c t o r y  whose f i n a l  and i n i t i a l  p a t h s  

a r e  p a r a l l e l ,  and ( 2 )  e v i d e n c e  of o s c i l -  

l a t o r y  o r  u n s t a b l e  b e h a v i o r  - -  a s  a  f u n c t i o n  

o f  maneuver s e v e r i t y  ove r  a  r a n g e  comparable  

t o  emergency l a n e  changing  - -  two s e r v i c e  

f a c t o r  c o n d i t i o n s :  nominal  and degraded .  

6 .  Response t o  s i m u l t a n e o u s  h a l f - s i n e  s t e e r i n g  

i n p u t  and p u l s e  b r a k e  i n p u t  - -  t o  q u a n t i f y  

v e h i c l e  t endency  t o  r o l l  ove r  a s  maneuver 

s e v e r i t y  i s  v a r i e d  ove r  a r ange  comparable  

t o  emergency o b s t a c l e - a v o i d a n c e  s i t u a t i o n s  

- -  two s e r v i c e  f a c t o r  c o n d i t i o n s :  nominal  

and degraded .  

The above recommendation does  n o t  imply t h a t  t h e  s cope  

of  a  second  g e n e r a t i o n  p i l o t  program shou ld  be r e s t r i c t e d  

e x c l u s i v e l y  t o  t h e  p r o c e d u r e s  t h a t  have been deve loped ,  I n  

c e r t a i n  r e s p e c t s ,  t h e s e  p r o c e d u r e s  need  r e f i n e m e n t .  For 

example ,  t h e  development  o f  a  r e l i a b l e  p r o c e d u r e  t o  measure  

v e h i c l e  s i d e s l i p  a n g l e  unde r  dynamic c o n d i t i o n s  would f a c i l -  

i t a t e  t h e  i n t e r p r e t a t i o n  o f  s e v e r a l  of t h e  t e s t s .  I t  must  

a l s o  be assumed t h a t  a d d i t i o n a l  p r o c e d u r e s ,  of  a t  l e a s t  

e q u i v a l e n t  s a f e t y  r e l e v a n c e ,  cou ld  s u r e l y  b e  deve loped .  I t  

a p p e a r s  t h a t  we have j u s t  begun t o  s c r a t c h  t h e  s u r f a c e  of a  

v i r t u a l l y  l i m i t l e s s  domain of i n v e s t i g a t i o n s  t h a t  a r e  made 

p o s s i b l e  w i t h  t h e  a i d  o f  a n  a u t o m a t i c  c o n t r o l l e r .  O the r  

combina t ions  of s t e e r i n g  and b r a k i n g  t ime  h i s t o r i e s  c o u l d  

and shou ld  be programmed on t h e  f u n c t i o n  g e n e r a t o r  and 

e v a l u a t e d .  By t h e  same t o k e n ,  a d d i t i o n a l  p o t e n t i a l l y  

r e l e v a n t  t e s t s  s u i t a b l e  f o r  d r i v e r  c o n t r o l  s h o u l d  a l s o  be 

e x p l o r e d  (e.g., r e s p o n s e  t o  aerodynamic i n p u t s ;  r e s p o n s e  

t o  r o a d h o l d i n g  d u r i n g  b r a k i n g ) ,  



It should be noted that the performance measures defined 

in this study provide a meaningful focus for new analytical 

work and simulation activity, Mathematical models of the 

mechanics of the motor vehicle should be extended and refined 

to permit accurate simulation of these maneuvers. The existence 

of refined simulations would facilit;lt,e sensitivity analyses 

to guide the efforts of designers and researchers, and to pro- 

vide new depths of understanding of the pre-crash dynamics of 

the roadway-vehicle system. 



APPENDIX A 

REPRESENTATIVE S E R V I C E  FACTOR DATA 

An impor tant  f e a t u r e  of t h e  t e s t i n g  procedures  d e s c r i b e d  

i n  t h i s  r e p o r t  i s  t h e  conduct of experiments  under m u l t i p l e  

s e r v i c e  f a c t o r  c o n d i t i o n s .  This  Appendix i l l u s t r a t e s  t h e  d e r -  

i v a t i o n  of a p p r o p r i a t e  o f f - d e s i g n  c o n d i t i o n s ,  on t h e  b a s i s  of 

r e p r e s e n t a t i v e  t i r e  usage d a t a  ob ta ined  i n  a  comprehensive 

survey conducted under t h e  ausp ices  of t h e  Na t iona l  Bureau 

of S tandards  [14 ,  151. 

The r e s u l t s  of t h e  NBS survey  inc luded  d i s t r i b u t i o n s  of 

t h e  fo l lowing  v a r i a b l e s ,  a s  measured f o r  a  t o t a l  sample pop- 

u l a t i o n  of 4502 v e h i c l e s  (18008 t i r e s ) :  

1. Cold t i r e  i n f l a t i o n  p r e s s u r e  ( c o r r e c t e d  f o r  

tempera ture  e f f e c t s  a s  p e r  [ 1 6 ] ) ,  by l o c a t i o n  

of t i r e  on v e h i c l e ,  pi  

2 .  Rated i n f l a t i o n  p r e s s u r e ,  pR 

3.  V e r t i c a l  t i r e  l o a d i n g ,  by l o c a t i o n  of t i r e ,  

Li 

4 ,  Type of v e h i c l e  ( sedan ,  coupe,  s t a t i o n  wagon, 

t r u c k ,  e t c . )  

From t h e s e  d a t a ,  one can c o n s t r u c t  d i s t r i b u t i o n s  of 

t h e  fo l lowing  f u n c t i o n s ,  f o r  each type  of v e h i c l e ,  a s  i l- 

l u s t r a t e d  i n  F igures  A - l  through A-3. 

1. Average t i r e  p r e s s u r e  minus r a t e d  p r e s s u r e ,  

2 .  Average f r o n t  t i r e  p r e s s u r e  minus average r e a r  

t i r e  p r e s s u r e ,  



Type Vehicles: Station Wagons 
Size of Sample: 209 

FIGURE A-1.  REPRESENTATIVE SERVICE FACTOR DATA: AVERAGE T I R E  
PRESSURE MINUS RATED T I R E  PRESSURE 
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T y p e  Vehicles: Sedans 
Size of Sample: 1 0 4 5  

FIGURE A-2, REPRESENTATIVE SERVICE FACTOR DATA; AVERAGE FRONT 
T I R E  PRESSURE M I N U S  AVERAGE REAR T I R E  PRESSURE 
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FIGURE A-3, REPRESENTATIVE SERVICE FACTOR DATA: DISTANCE, 
CG TO FRONT AXLE,  D I V I D E D  BY WHEELBASE 

Type  Vehicles: Sedans 
Size of Sample: 1966 
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3. D i s t a n c e ,  C.G.  t o  f r o n t  a x l e ,  d i v i d e d  by 

wheelbase ,  

I n  o r d e r  t o  e s t a b l i s h  from t h e s e  d a t a  r e a s o n a b l e  o f f -  

d e s i g n  c o n d i t i o n s  f o r  e v a l u a t i n g  v e h i c l e  per formance ,  i t  i s  

n e c e s s a r y  t o  s t i p u l a t e  r e a s o n a b l e  v e h i c l e  p o p u l a t i o n  p e r -  

cen tages  cor responding  t o  r e a s o n a b l e  l imits of s e r v i c e  f a c t o r  

v a r i a b i l i t y  f o r  v e h i c l e s  i n  u s e .  For i l l u s t r a t i v e  purposes ,  

we have i n d i c a t e d  i n  F igures  A - 1  through A-3 bounds cor respond-  

i n g  t o  p a r t i c u l a r  assumed pe rcen tages  of inc luded  p o p u l a t i o n .  

R e p r e s e n t a t i v e  a p p l i c a t i o n s  of t h e  i l l u s t r a t e d  bounds f o r  

e s t a b l i s h i n g  o f f - d e s i g n  v e h i c l e  hand l ing  t e s t  c o n d i t i o n s  i n c l u d e  

t h e  f o l l o w i n g :  

1. Upper bound of Ap ( s e e  F igure  A-1) : Measure- 
avg 

ments w i t h  r e a l i s t i c a l l y  o v e r i n f l a t e d  t i r e s  f o r  

roadhold ing  e v a l u a t i o n  

2 .  Upper bound of Apf-, ( s e e  F igure  A-2):  Measure- 

ments w i t h  r e a l i s t i c a l l y  dec reased  s t a t i c  margin 

3 .  Lower bound of Apf-, ( s e e  F igure  A- 2) : Measure- 

ments w i t h  r e a l i s t i c a l l y  i n c r e a s e d  s t a t i c  margin 

4 .  Upper bound of a / &  ( see  F i g u r e  A-3) :  bleasure- 

ments w i t h  r e a l i s t i c a l l y  dec reased  s t a t i c  margin;  

c o n d i t i o n  t end ing  t o  s t i m u l a t e  f r o n t  wheel lock-  

ing  

5 .  Lower bound of a / &  (see  F igure  A-3) : Measure- 

ments w i t h  r e a l i s t i c a l l y  i n c r e a s e d  s t a t i c  margin;  

c o n d i t i o n  t end ing  t o  s t i m u l a t e  r e a r  wheel l o c k -  

i n g .  



APPENDIX B 
V E H I C L E  PERFORMANCE S I M U L A T I O N  

The iterative, trial and error process which was employed 

to define and rationalize the test conditions for the pilot 

program involved a substantial amount of computer simulation 

in addition to vehicle testing. This Appendix describes the 

mathematical models employed, and compares the simulation 

results with experiment to illustrate the qualitative agree- 

ment considered adequate for the purposes of this study. 

VEHICLE DYNAMICS 

The simulation model employed in this study may be 
characterized as a modified horizontal planar model, in that 

the vehicle is assumed basically to consist of a rigid mass 

constrained to move on a horizontal plane, Differential 

equations approximating the pitching and rolling dynamics 

of the sprung mass (relative to the horizontal plane) are 

employed to compute pitch and roll angles for use in the 

calculation of tire normal loads and kinematics (pitch- 
and roll-steer and camber), but are assumed uncoupled from 

the yaw plane dynamics. 

The motion of the vehicle in the horizontal plane is 

described in terms of velocity components in a body fixed 

x-y-z coordinate system with origin at the vehicle's center 

of gravity (see Figure B-1). Application of Newton's second 

law for forces along the x and y axes and moments about 

the z-axis, respectively, yields 
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m i s  t h e  mass of t h e  v e h i c l e ,  I Z  i s  i t s  yaw moment of 

i n e r t i a ,  Fx i s  t h e  t o t a l  l o n g i t u d i n a l  f o r c e  on t h e  v e h i c l e ,  

F i s  t h e  t o t a l  l a t e r a l  f o r c e  on the  v e h i c l e ,  and T Z  i s  
Y 

t h e  t o t a l  to rque  a c t i n g  on t h e  v e h i c l e  about the  v e r t i c a l  

( z )  a x i s  through i t s  C . G .  

The r o l l  and p i t c h  dynamics of t h e  sprung mass a r e  

approximated by t h e  fo l lowing equa t ions :  

due 

and I 
YS 

a r e ,  r e s p e c t i v e l y ,  t h e  r o l l  and p i t c h  moments 

i n e r t i a  of the  sprung mass; Txh and T a r e  to rques  
yh 

8 t o  f o r c e s  i n  the  h o r i z o n t a l  p l ane  a c t i n g  on t h e  sprung 

0 mass about t h e  x and y  axes ,  r e s p e c t i v e l y ;  a n + ,  ig, 

and ie a r e  r o l l  n a t u r a l  f requency,  r o l l  damping, p i t c h  

n a t u r a l  f requency and p i t c h  damping, r e s p e c t i v e l y ,  a s  d e t e r -  

mined i n  the  l a b o r a t o r y  through t e s t s  involv ing  pure  r o l l i n g  

o r  pure p i t c h i n g  motions on ly ,  

The modified h o r i z o n t a l  p l a n a r  model r ep resen ted  by 

equat ions  B - 1  through B - 5  can be de r ived  from more compre- 

hensive v e h i c l e  dynamics r e p r e s e n t a t i o n s  [ e . g . ,  1 7 1  by n e g l e c t -  

ing  a l l  terms which a r e  comparat ively smal l  f o r  passenger  c a r  

maneuvers on smooth l e v e l  pavement. 

APPLIED FORCES AND MOMENTS 

The e x t e r n a l  f o r c e s  cons idered  t o  a c t  on the  v e h i c l e  

a r e  i l l u s t r a t e d  i n  F igure  B - 1 .  Thus 



The aerodynamic drag force, FD , is computed from 

= (1/2) CD P AD 
2  

F~ 
(B-11) 

where CD is the vehicle's aerodynamic drag coefficient, 

p is the mass density of the ambient air (taken as , 0 0 2 3 8  

sl/ft5) and AD is the cross-sectional (frontal) area of 

the vehicle. 

The components of tire forces in the horizontal plane 

are computed on the basis of a comprehensive tire shear 

force model developed in a previous HSRI study 181.  Com- 

ponents in the tire axis system (see Fig. B-2) are given 

by 

F - - 
ywi 

C tan a: ai 
1 - s  f(Ai), i 

where 

(2 - Ai) Ai, for A i  < 1, 

f (hi) = 

1 , for hi 1, - 

(B- 13) 

(B- 14) 

2 2 -1/2 
A i  = ( ~ / Z ) P ~ ~ F ~ ~  / (1-si) [(Csisi) + (Cai tan a : )  ] 

1 



NORMAL FORCE 

FIGURE B - 2  T I R E  A X I S  SYSTE1.I AND KINEPIATIC VARIACLES 



The r e p r e s e n t a t i o n  i n v o l v e s  t h r e e  e m p i r i c a l  compliance p a r a m e t e r s ;  

t h e  l o n g i t u d i n a l  s t i f f n e s s ,  CSi  , d e f i n e d  a s  t h e  a b s o l u t e  v a l u e  

of t h e  s l o p e  o f  t h e  cu rve  o f  l o n g i t u d i n a l  f o r c e  v e r s u s  l o n g i t u d i n a l  

s l i p ,  s  , e v a l u a t e d  a t  s=O , w i t h  t h e  s l i p  a n g l e ,  a , and i n c l i n -  

a t i o n  a n g l e ,  y , e q u a l  t o  z e r o ;  t h e  l a t e r a l  s t i f f n e s s  Ca i  , d e f i n e d  

a s  t h e  a b s o l u t e  v a l u e  of t h e  r a t e  of change of l a t e r a l  f o r c e  w i t h  

r e s p e c t  t o  s l i p  a n g l e ,  e v a l u a t e d  a t  a=O , w i t h  y=s=O ; and t h e  

camber s t i f f n e s s ,  C , d e f i n e d  a s  t h e  a b s o l u t e  v a l u e  of t h e  u i  
r a t e  of change of l a t e r a l  f o r c e  w i t h  r e s p e c t  t o  i n c l i n a t i o n  

a n g l e ,  e v a l u a t e d  a t  y=o ,  w i t h  a=s=O.  I t  can be  shown ( s e e  Ref-  

e r e n c e  8 )  t h a t  t h e  non-d imens iona l  v a r i a b l e  h i  r e p r e s e n t s  t h e  

l o n g i t u d i n a l  c o o r d i n a t e  ( i n  t h e  t i r e  a x i s  sys tem)  o f  t h e  p o i n t  

on t h e  t i r e  c a r c a s s  a s s o c i a t e d  w i t h  t h e  i n c e p t i o n  o f  s l i d i n g  

i n  t h e  c o n t a c t  p a t c h .  

The s i d e s l i p  a n g l e ,  a i  , and t h e  i n c l i n a t i o n  a n g l e ,  yi , 
a r e  k i n e m a t i c  v a r i a b l e s  d e f i n e d  a s  i n d i c a t e d  i n  F i g u r e  B - 2 .  The 

e f f e c t i v e  s i d e s l i p  a n g l e ,  a: , which a p p e a r s  i n  t h e  t i r e  model 
1. 

e a u a t i o n s ,  B-12 th rough  B-14. i s  g i v e n  by 

The l o n g i t u d i n a l  s l i p  r a t i o ,  s i  , i s  d e f i n e d  by 

where Q i  i s  t h e  wheel s p i n  v e l o c i t y  ( s e z  F i g u r e  B - 2 ) ,  uwi 

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

(xi) a x i s  ( s e e  e q u a t i o n  8 - 3 0 ) ,  and 
R e i  i s  t h e  e f f e c t i v e  r o l l i n g  

r a d i u s  of t h e  t i r e  ( s e e  e q u a t i o n  B-31) .  

The c o e f f i c i e n t  of t i r e - r o a d  f r i c t i o n ,  p i  , i s  computed 

from 



where VSi , the effective sliding velocity, is given by 

2 1/2 
's i = u [si2 + (tan a ; )  I wi 

and Gi and Asi are characterizing parameters that must 
be evaluated empirically for any specific tire/pavement com- 

bination. 

The tire shear force components along the vehicle axes 

are computed by application of the following coordinate trans- 

formation equations: 

F x i  = F xwi cos 6i - Fywi sin 6i (B- 19) 

F = F  sin 6i + Fywi cos 6i . xwi (B- 20) 
yi 

The angle d i  is the steering angle of the i th wheel. For 

the front wheels, 6i is determined by the effective steering 

angle fif (see equation B-28). For the rear wheels, 6i is 

given by the rear axle roll steer angle 6r (see equation B-33). 

The tire normal loads are given by 

I B -  21) 

( B -  2 2 )  

( B -  23) 

(B- 2 4 )  



where K i s  t h e  f r o n t  r o l l  s t i f f n e s s ,  
f 4 Kr+ 

i s  t h e  r e a r  r o l l  

s t i f f n e s s ,  and K O  i s  t h e  p i t c h  s t i f f n e s s ,  a l l  of  which a r e  

de t e rmined  e m p i r i c a l l y .  

WHEEL ROTATION DYNAMICS 

The c o o r d i n a t e  sy s t em employed t o  d e s c r i b e  t h e  dynamics 

of  t h e  i th wheel  i s  shown i n  t h e  s k e t c h  below. 

A p p l i c a t i o n  of  Newton's second  law f o r  moments abou t  t h e  

wheel s p i n  a x i s  y i e l d s  

I h . = x  zi F Z i  - T i  - Fxwi(Ri - 6Zi) - C . R  wyi I. w i  i ( B - 2 5 )  

I 
wy i i s  t h e  moment of  i n e r t i a  o f  t h e  r o t a t i n g  p a r t  o f  t h e  

wheel abou t  t h e  s p i n  a x i s  of  t h e  w h e e l ,  Q i  i s  t h e  s p i n  

v e l o c i t y  of  t h e  whee l ,  Ti i s  t h e  b r a k e  t o r q u e  a p p l i e d  t o  

t h e  whee l ,  Fxwi i s  t h e  l o n g i t u d i n a l  t i r e  f o r c e  i n  t h e  

wheel p l a n e .  R i  i s  t h e  u n d e f l e c t e d  r a d i u s  of t h e  t i r e ,  

6 Z i  1 s  t h e  v e r t i c a l  t i r e  d e f l e c t i o n ,  F Z i  i s  t h e  normal 

l o a d  on t h e  t l r e ,  x r i  i s  t h e  l o n g i t u d i n a l  o f f s e t  of  t h e  

center of  v e r t i c a l  p r e s s u r e  from t h e  wheel  c e n t e r .  and Cwi 



1 s  t h e  wheel damping c o e f f i c i e n t .  

The v e r t i c a l  t i r e  d e f l e c t i o n  i s  computed from an e m p i r i c a l  

e q u a t i o n ,  

( B -  2 6 )  

where C z i  , t h e  v e r t i c a l  d e f l e c t i o n  r a t e  of t h e  t i r e .  i s  an 

e m p i r i c a l l y  de termined p r o p e r t y .  The l o n g i t u d i n a l  o f f s e t  o i  

t h e  c e n t e r  of v e r t i c a l  p r e s s u r e  i s  c o m ~ u t e d  from 

x = C . F  + x z i  X I  xwi r i  

where C x i  , t h e  " v e r t i c a l  f o r c e  o f f s e t  r a t e , "  and x r i  , t h e  
" r o l l i n g  r e s i s t a n c e  f a c t o r , "  a r e  a l s o  de termined e m p i r i c a l l y .  

STEERING SYSTEM DYNAMICS 

The dynamics of t h e  s t e e r i n g  sys tem a r e  t r e a t e d  i n  

approximate f a s h i o n .  The degrees  of freedom a s s o c i a t e d  w i t h  

wheel .  i n e r t i a s  a r e  n e g l e c t e d ,  and both  f r o n t  wheels  a r e  

cons ide red  t o  assume t h e  same e f f e c t i v e  s t e e r i n g  a n g l e ,  6*. 

The f o l l o w i n g  s t e e r i n g  system to rque  ba lance  i s  assumed: 

KSS i s  t h e  t o r s i o n a l  compliance of t h e  sys tem;  k i s  t h e  k i n g p i n  

o f f s e t ;  x  i s  t h e  pneumatic  t r a i l  of t h e  t i r e s ,  assumed t o  be 
P  

a  c o n s t a n t ,  and 6 g w ,  t h e  " e f f e c t i v e  s t e e r  i n p u t " ,  i s  computed 

from t h e  f i r s t  o r d e r  d i f f e r e n t i a l  e q u a t i o n  

( B -  2 8 )  



where 6 i w  i s  t h e  s t e e r i n g  wheel ang le  d i v i d e d  by t h e  s t e e r i n g  

g e a r  r a t i o  and -rss i s  an " e f f e c t i v e  lag"  f o r  t h e  system. 

TIRE KINEMATICS 

The l o n g i t u d i n a l  and l a t e r a l  components of t h e  v e l o c i t i e s  

o f  each wheel a r e  given by ( see  F igure  B-1) 

v1 = v + a r ,  

V 2  = V + a r ,  

v3  = v - b r ,  

v4  = v - b r .  (B-  2 9 )  

The v e l o c i t y  components i n  t h e  wheel p l ane  uwi , a r e  computed 

from t h e  above us ing  t h e  fo l lowing equa t ion :  

u  = u  cos 6 i  + v i  s i n  6 i  , w i  i 

where 6 i  i s  the  s t e e r i n g  angle  of t h e  ith wheel ( see  n o t e  

a f t e r  equa t ion  B-20) . 
The l o n g i t u d i n a l  s l i p  r a t i o s ,  s i  , a r e  computed from 

equa t ion  B-16, us ing  'wi from equa t ion  B-30, Ri from 

equa t ion  8 - 2 5 ,  and va lues  f o r  Rei  , t h e  e f f e c t i v e  r o l l i n g  

r a d i u s ,  e s t i m a t e d  from 

where S Z i  , t h e  v e r t i c a l  t i r e  d e f l e c t i o n ,  i s  g iven  by equa t ion  

B - 2 6 .  



The t i r e  s i d e s l i p  a n g l e s ,  a i  a r e  g iven  by ( s e e  s k e t c h ) :  

The r e a r  a x l e  r o l l  s t e e r  i s  g iven  by 

( B -  3 2 )  

where Cr  , t h e  r o l l  s t e e r  c o e f f i c i e n t ,  i s  an e m p i r i c a l l y  

d e r i v e d  pa ramete r .  

The camber ang les  of t h e  f r o n t  wheels ,  yi , a r e  f u n c t i o n s  
- 

of t h e  v e r t i c a l  wheel d e f l e c t i o n s ,  zi , which a r e  g iven  by 



where Kf is the front spring rate. Expirical functions 

expressing the camber angles as functions of ? are imple- i 
mented in the simulation with diode function generators 

using input data from [17]. 

TRAJECTORY KINEMATICS 

The angular orientation of the vehicle body axes with 

respect to x, y- axes fixed in the earth is illustrated in 

the sketch below: 

x inertial axis 

/" x body axis 

- 
inertia 1 axis 

y body axis \ 

The orientation angle Y is the result of the vehicle rotating 

away from its original orientation angle. Since this rotation 

takes place with angular velocity r , 



The components of the vehicle velocity in the body axis 

system u and v , are resolved into the earth axis system by 
using the following coordinate conversions: 

( B -  38)  

The position of the vehicle is obtained by integrating 

the velocities. Thus 

( B -  39)  

(B- 40) 

S IhlULATION MECfiANI ZATION 

The vehicle simulation, summarized in block diagram 

form in Figure B-3, was mechanized on a hybrid system com- 

prised of an expanded AD4 analog computer and an IBM 1130 

digital computer. To minimize operating time (hence costs), 

all integration and function generation was performed on 

the analog component. The analog circuits for calculating 

tire forces were time-shared, under the digital computer's 

control, using digital core for inter-update data storage. 

Each computed tire force was updated every 5 milliseconds, 

i.e., 200 times per second. This update frequency appears 

to be adequate for representing continuous phenomena occur- 

ring at frequencies up to approximately 40 Hertz. 

In addition to controlling the time sharing of analog 

circuitry, and generally managing the computational process 

per se, the digital component was employed to set up and 





check o u t  t h e  a n a l o g  component a u t o m a t i c a l l y  ( e . g . ,  t o  s e t  

and v e r i f y  p o t e n t i o m e t e r  s e t t i n g s  and pe r fo rm s t a t i c  c h e c k s ) .  

P a r a m e t r i c  s t u d i e s  were run  i n  e i t h e r  o f  two o p e r a t i n g  modes; 

(1 )  pre-programmed, where in  p a r a m e t e r s  were a u t o m a t i c a l l y  

changed between r u n s  a c c o r d i n g  t o  a  program and d a t a  l i s t i n g s  

s t o r e d  i n  t h e  d i g i t a l  computer ,  o r  ( 2 )  c o n v e r s a t i o n a l ,  where in  

t h e  computer would h o l d  between r u n s  u n t i l  t h e  o p e r a t o r  s u p p l i e d  

a  new p a r a m e t e r  v a l u e  by t y p i n g  i t  i n  a t  t h e  d i g i t a l  computer 

c o n s o l e .  

The h i g h l y  automated h y b r i d  mechan i za t i on  p e r m i t t e d  t h e  

economical  conduc t  of  a l a r g e  number o f  a p p l i c a t i o n  r u n s .  Ap- 

p r o x i m a t e l y  1400 r u n s  were made i n  a l l  a t  an  ave rage  o p e r a t i n g  

c o s t  of l e s s  t h a n  twenty c e n t s  p e r  r u n .  

MODEL VALIDATION 

The s i m u l a t i o n  was . a p p l i e d  . t o  i n v e s t i g a t e  v e h i c l e  p e r -  

formance i n  each  of  t h r e e  maneuvers ;  s t r a i g h t  l i n e  b r a k i n g ,  

r e s p o n s e  t o  q u a s i - s t e p  s t e e r i n g ,  and b r a k i n g  i n  a  t u r n .  Com- 

p a r i s o n s  between s i m u l a t i o n  r e s u l t s  and c o r r e s p o n d i n g  e x p e r i -  

menta l  d a t a ,  f o r  each  c a s e ,  a r e  i l l u s t r a t e d  i n  F i g u r e s  B - 4  

th rough  B - 6 .  The v e h i c l e  c o n f i g u r a t i o n  employed f o r  t h e  v a l i -  

d a t i o n  e f f o r t  was t h e  Ford s t a t i o n  wagon w i t h  nominal  s e r v i c e  

f a c t o r s .  ( T h i s  c o n f i g u r a t i o n  a l s o  r e p r e s e n t e d  t h e  " c e n t r a l  

c a se"  i n  t h e  p a r a m e t r i c  s t u d i e s  which were pe r fo rmed . )  The 

p a r a m e t r i c  d a t a  u t i l i z e d  i n  t h e  c a l c u l a t i o n s  a r e  t a b u l a t e d  

i n  Tab l e  B - 1 .  

The agreement  between s i m u l a t i o n  and t e s t  e x h i b i t e d  i n  

F i g u r e s  B - 4  t h rough  B - 6  i s  by no means p e r f e c t .  A d d i t i o n a l  

r e s e a r c h  d i r e c t e d  towards  a c h i e v i n g  improved c o r r e l a t i o n  i s  

c e r t a i n l y  recommended. For  t h e  pu rposes  t o  which i t  was 

employed i n  t h i s  s t u d y ,  however,  t h e  e x i s t i n g  s i m u l a t i o n  

i s  c o n s i d e r e d  t o  be e n t i r e l y  a d e q u a t e .  
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TABLE B - 1  

PARAMETRIC DATA FOR SIMULATION VALIDATION RUNS 

(1967 Ford S t a t i o n  Wagon; Nominal S e r v i c e  F a c t o r s )  
I 

I 
I 
j SYMBOL 

m 

I 

I 
1 AD C r o s s - s e c t i o n a l  ( f r o n t a l )  a r e a  I 
I 

1 25 f t 2  
i I 

I t r  

a  

b 

h 

NAME 

Mass 

F ron t  wheel h a l f  t r e a d  

Rear wheel  h a l f  t r e a d  

D i s t a n c e ,  C . G .  t o  f r o n t  a x l e  

D i s t a n c e ,  C . G .  t o  r e a r  a x l e  

C . G .  h e i g h t  

I 
! 4070 s l u g  f t 2  1 
I I 

VALUE 

154 .1  s l u g s  

2.61 f t  

I IZ 
I I ! I Sprung mass r o l l  moment of i n e r t i a  i 540 s l u g  f t  2 
I Is i 

Yaw moment of i n e r t i a  

1 
!L) ' R o l l  n a t u r a l  f r equency  / 10.26 r a d / s e c  

I nQ 1 

Sprung mass p i t c h  moment of i n e r t i a  

I 5 I R o l l  damping 

i W  I P i t c h  n a t u r a l  f r equency  
1 

r P i t c h  damping 
I ' r, 

' 'II i Aerodynamic d r a g  c o e f f i c i e n t  
I i 

I i K f ~  , Fron t  r o l l  s t i f f n e s s  
1 

3500 s l u g  f t  2 i 
I 

I 1 Kr@ 1 Rear r o l l  s t i f f n e s s  

P i t c h  s t i f f n e s s  
I 

S t e e r i n g  sys tem s t i f f n e s s  

S t e e r i n g  sys tem l a g  

k I I Kingpin o f f s e t  

9560 f t  l b / r a d  

0.06 s e c  

0.2 f t  



TABLE B-1 

Continued 

VALUE 

C Wheel damping coefficient I 0.0 

I 
WY 

Cs I Tire longitudinal stiffness 1 22,500 lb/unit slip 

Wheel inertia about axle 

Rear roll steer coefficient 

Tire camber stiffness 1 2,180 lb/rad 

1.417 slug ftZ 

f 

C 
a 

Front spring rate 

Tire lateral stiffness 

Nominal (zero speed) friction coef- 

f icient 

Friction reduction factor 

R 1 Nominal tire radius 1 1.15 ft I 

1.05 

.0037 ftel 

x 
P 

Pneumatic trail 1 0.1 ft 

x 1 Tire rolling resistance factor 
r I  

C z 

Cx 

Tire vertical deflection rate 

Tire vertical force offset rate 
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