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P R E F A C E  

The Final Report for  t h i s  project i s  divided into two parts ,  a 
Summary Report and a Technical Report. This volume contains the 

Summary Report which i s  a condensation of the Technical Report. The 
conclusions and recommendations developed in the Technical Report 
are repeated herein. 

The ab i l i ty  to  apply the l a t e s t  research findings in th i s  project 

would not have been possible without the assistance and cooperation . 

of Messrs. Weir and Klein of Systems Technology, Inc. The Contract 
Technical Manager, Mr. Francis Di Lorenzo, was instrumental in arranging 
th i s  cooperation. 

As part of th i s  research program, v i s i t s  were made to the General 
. Motors Corporation, the Chrysler Corporation, and the Ford Motor 

Company t o  consult with industry experts on vehicle modification. The 
he1 p received from industry personnel i s  grateful l y  acknowledged. 





1  .0 INTRODUCTION 

T h i s  r e p o r t  p resents  t h e  conc lus ions  and recommendations ob ta ined  

i n  a  p r o j e c t  e n t i t l e d  " S t e e r i n g  Con t ro l  l a b i l  i ty  C h a r a c t e r i s t i c s "  pe r -  

formed by t h e  Highway Safe ty  Research I n s t i t u t e  (HSRI) on b e h a l f  o f  

t h e  N a t i o n a l  Highway T r a f f i c  S a f e t y  A d m i n i s t r a t i o n  (NHTSA). The 

f o l l o w i n g  q u o t a t i o n  f rom NHTSA's Request f o r  Proposal  i n d i c a t e s  t h e  

b a s i c  i n t e n t i o n  of  t h i s  s tudy:  

"It i s  e s s e n t i a l  i n  t h e  p rog ress ing  s t u d i e s  o f  d r i v e r -  
v e h i c l e  c o n t r o l  1  a b i l  i t y  t o  have "bench-marks" e s t a b l i s h e d  
t h a t  f i r m l y  r e l a t e  t h e  research  f i n d i n g s  t o  t h e  p r a c t i c a l  
problems o f  imp1 ementing those f i n d i n g s  i n t o  p r o d u c t i o n  
v e h i c l e s .  If such bench-marks a r e  n o t  e s t a b l i s h e d ,  i t  i s  
c o n c e i v a b l e  t h a t  a  s e r i o u s  gap c o u l d  develop between prac-  
t i c a l  des ign  and t h a t  des ign necessary f o r  compl iance t o  
r e s e a r c h  f i n d i n g s . "  

A c c o r d i n g l y ,  t h i s  s tudy  has addressed p r a c t i c a l  c o n s i d e r a t i o n s  

connected w i t h  t h e  a p p l i c a t i o n  o f  research  f i n d i n g s  ( o b t a i n e d  i n  NHTSA 

programs [I, 21) t o  t h e  s t e e r i n g  c o n t r o l 1  a b i l  i t y  o f  d o m e s t i c a l l y  

produced subcompact, compact, and i n t e r m e d i a t e  s i z e  automobi les .  The 

method01 ogy used i n  t h e  i n v e s t i g a t i o n  desc r ibed  h e r e i n  c o n s i s t e d  o f  

( 1 )  a n , a n a l y t i c a l  s t u d y  o f  t h e  i n f l u e n c e  o f  changes i n  v e h i c l e  

parameters on t h e  yaw r a t e  response t o  s tee r ing -whee l  c o n t r o l  i n p u t s ,  

( 2 )  a  su rvey  of  t h e  response c h a r a c t e r i s t i c s  o f  motor  c a r s  t o  s e l e c t  

s p e c i f i c  subcompact, compact, and i nte rmed ia te  s i z e  v e h i c l e s  f o r  

exper imenta l  work, and ( 3 )  open- and c l o s e d - l o o p  t e s t s  o f  m o d i f i e d  and 

unmodi f ied  v e r s i o n s  o f  a  1977 Ford  P i n t o  (subcompact),  a  1977 Bu ick  

S k y l a r k  (compact) ,  and a  1977 Plymouth Fury ( i n t e r m e d i a t e ) .  

The h a n d l i n g  performance s p e c i f i c a t i o n s  used i n  t h i s  program a r e  

s t a t e d  i n  terms o f  t h e  yaw r a t e  e x h i b i t e d  by a  g i v e n  v.ehic le i n  r e -  

sponse t o  a  s teer ing-wheel  d isp lacement  i n p u t .  I n  p a r t i c u l a r ,  an 

"optimum" r e g i o n  o f  a  "performance space" d e f i n e d  by ( 1 )  s t e a d y - s t a t e  

g a i n  and ( 2 )  a measure of t r a n s i e n t  response- t ime was developed i n  a 

concur ren t  (and separa te )  p r o j e c t  [2 ] .  These performance s p e c i f i c a t i o n s  

a r e  d iscussed i n  t h e  f o l l o w i n g  s e c t i o n  (2 .0)  of t h i s  r e p o r t .  



The f i n d i n g s  of  t h e  a n a l y t i c a l  s tudy  and t h e  survey o f  v e h i c l e  p e r -  

fo rmance a r e  summarized i n  S e c t i o n  3 .0  The r e s u l t s  o b t a i n e d  i n  t h e  

v e h i c l e  and d r i v e r - v e h i c l e  t e s t s  a r e  desc r ibed  i n  S e c t i o n  4.0,  Con- 

c l u s i  ons  and recommendations a r e  presented i n  S e c t i o n  5 .O.  

A t  t h e  o u t s e t ,  i t  shou ld  be emphasized t h a t  t h e  s tudy  r e p o r t e d  

h e r e i n  i n d i c a t e s  t h a t  a  somewhat u n a n t i c i p a t e d  " bench-mark" has been 

e s t a b l i s h e d .  S p e c i f i c a l l y ,  t h e  f i n d i n g s  show t h a t ,  w i t h  t h e  e x c e p t i o n  

o f  some v e h i c l e  models equipped w i t h  manual s t e e r i n g  systems, t h e  

d i r e c t i o n a l  performance c h a r a c t e r i s t i c s  o f  c u r r e n t l y  produced sub- 

compact, compact, and i n t e r m e d i a t e  s i z e  automobi les  1 i e  w i t h i n  t h e  

"optimum" r e g i o n  t h a t  has been d e f i n e d  by  r e s e a r c h  per formed under 

t h e  ausp ices  of NHTSA. A c c o r d i n g l y ,  a  p r i n c i p a l  c o n c l u s i o n  o f  t h i s  

s t u d y  i s  t h a t  a  s e r i o u s  gap does n o t  e x i s t  between c u r r e n t  d e s i g n  and 

t h a t  d e s i g n  necessary  f o r  compl i a n c e  w i t h  r e c e n t  r e s e a r c h  f i n d i n g s .  

A1 though t h e  p r i o r  r e s e a r c h  f i n d i n g s  ( a p p l i e d  i n  t h i s  s t u d y )  do 

c o n t r i b u t e  t o  t h e  development of  an  unders tand ing  o f  t h e  r e 1  a t i o n s h i p s  

between d i r e c t i o n a l  performance measures and d r i v e r  c o n t r o l ,  t h i s  s t u d y  

suggests  t h a t  t h e r e  a r e  f a c t o r s ,  i n  a d d i t i o n  t o  s p e c i f i c a t i o n s  on  yaw 

r a t e  response,  wh ich  shou ld  be e v a l u a t e d  t o  assess t h e  h a n d l i n g  

q u a l i t i e s  o f  a  p a r t i c u l  a r  v e h i c l e .  For  exampl e, s t e e r i  ng-wheel t o r q u e ,  

r o l l  response t o  l a t e r a l  acce l  e r a t i o n ,  1  a t e r a l  a c c e l e r a t i o n  response 

t ime ,  yaw response o v e r  a  range o f  f o rward  v e l o c i t i e s ,  and emergency 

maneuver ing performance a r e  some of t h e  f a c t o r s  wh ich  appear t o  be 

i m p o r t a n t .  S e c t i o n  5 . 0  recommends t h a t  t h e s e  f a c t o r s  be addressed i n  

f u r t h e r  s t u d i e s .  



2.0 DESCRIPTION OF THE VEHICLE HANDLING SPECIFICATIONS 
DEVELOPED I N  NHTSA RESEARCH STUD1 ES 

Passenger c a r  h a n d l i n g  and t h e  c o n t r o l  o f  road  v e h i c l e s  have been 

t h e  s u b j e c t  o f  many r e s e a r c h  s t u d i e s  and t e c h n i c a l  papers ove r  t h e  

l a s t  25 y e a r s .  Reviews and e v a l u a t i o n s  o f  a  good sample o f  p e r t i n e n t  

e f f o r t s  a r e  g i v e n  i n  References [3, 4, 51. I n  t h i s  s e c t i o n ,  t h e  

open-1 oop v e h i c l e  response measures developed i n  two NHTSA-sponsored 

s t u d i e s  [I, 2 1  w i l l  be desc r i bed  because those  v e h i c l e  s p e c i f i c a t i o n s  

have been used i n  t h i s  program. 

A  t e n t a t i v e  optimum range o f  v e h i c l e  dynamics f o r  d i r e c t i o n a l  

c o n t r o l  was presented i n  1975 i n  t h e  f i n a l  r e p o r t  f o r  a  s t u d y  e n t i t l e d  

"Automobi le  C o n t r o l  l a  b i l  i t y - D r i v e r / V e h i c l e  Response f o r  S t e e r i n g  

C o n t r o l , "  C o n t r a c t  Number DOT-HS-359-3-762 [ I ] .  I n  t h a t  p r o j e c t  

v e h i c l e s  w i t h  d i f f e r i n g  dynamic p r o p e r t i e s  were d r i v e n  by 16  t y p i c a l  

d r i v e r s  and an e x p e r t  d r i v e r  i n  r e g u l a t i o n  t a s k s  and t r a n s i e n t  maneuvers. 

Much o f  t h e  expe r imen ta l  work was done w i t h  a  " l a b o r a t o r y "  v e h i c l e  

wh ich  had a  servomechanism i n s t a l l e d  t o  p r o v i d e  f r o n t  wheel mo t ions  

i n  a d d i t i o n  t o  those s t e e r  mo t ions  commanded by t h e  d r i v e r  t h rough  

t h e  use of t h e  s t e e r i n g  wheel . By u s i n g  t ransduced  v e h i c l e  response 

v a r i a b l e s  as i n p u t s  t o  t h e  servomechanism, a  w ide v a r i e t y  o f  v e h i c l e  

dynamics c h a r a c t e r i s t i c s  were o b t a i n e d .  I n  a d d i t i o n ,  t h e  servo-  

mechanism was used t o  a p p l y  known " d i s t u r b a n c e s "  t o  t h e  f r o n t  wheels, 

t he reby  p r o v i d i n g  t h e  i n p u t s  f o r  s o p h i s t i c a t e d  s t u d i e s  o f  d r i v e r  

r e g u l a t i o n  o f  v e h i c l e  p a t h .  

The l a b o r a t o r y  v e h i c l e  used power s t e e r i n g  ( w h i c h  he lped t o  i s o l a t e  

t h e  d r i v e r  from t h e  to rques  a p p l i e d  by  t h e  servomechanism). The 

l a b o r a t o r y  v e h i c l e  was " s t i f f e n e d "  i ,n  r o l l  t o  remove t h e  p o s s i b l y  

c o n f u s i n g  i s s u e  of r o l l  dynamics f r o m  t h e  i n i t i a l  r e s e a r c h  e f f o r t s  

and t o  a l l o w  t h e  use o f  a  s imp le  two-degree-o f - f reedom model i n  

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

The f o r m  o f  t h e  t r a n s f e r  f u n c t i o n  used i n  [I] t o  d e s c r i b e  t h e  yaw 

r a t e  response t o  s tee r i ng -whee l  i n p u t s  i s  as f o l l o w s :  



where 

r = yaw r a t e  

6sw = s teer ing-wheel  a n g l e  

"'sw J s s  = s t e a d y - s t a t e  ga in ,  yaw v e l o c i t y  t o  s t e e r i n g -  

wheel a n g l e  

r = t h e  yaw v e l o c i t y  numerator  t i m e  c o n s t a n t  

s  = Lap lace t r a n s f o r m  v a r i a b l e  

W n  = n a t u r a l  f requency  

5 = damping r a t i o  

C l e a r l y ,  t h e  t r a n s f e r  f u n c t i o n  approach imp1 i e s  1  i n e a r  a n a l y s i s  and 

a  1  i n e a r  system. 

Never the l  ess, i n  [I 1, some r e s u l  t s  f o r  t r a n s i  e n t  maneuvers 

s u b s t a n t i a l l y  exceeding t h e  l i n e a r  r a n g e  o f  v e h i c l e  performance were 

s t u d i e d .  I n  those  cases, d r i v e r  o p i n i o n ,  l a n e  excedances, and s t e e r -  

i n g  a c t i v i t y  were c o r r e l a t e d  w i t h  v e h i c l e  response parameters as  

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

The i n i t i a l  e f f o r t  [ I ]  was f o l l o w e d  b y  a subsequent s t u d y  [2 ]  

e n t i t l e d  "Eva1 u a t i o n  and C o r r e l a t i o n  o f  D r i v e r I V e h i c l e  Data," C o n t r a c t  

Number DOT-HS-5-01200. The r e s u l t s  f r o m  t h e  i n i t i a l  program, a1 ong 

w i t h  data  f r o m  o t h e r  s t u d i e s  [6, 7 1 ,  were e v a l u a t e d ,  The v e h i c l e  I * 

r a t i n g  data  f o r  16  t y p i c a l  d r i v e r s  f r o m  [I] were ana lyzed  t o  d e f i n e  

an optimum r e g i o n  (see F i g u r e  1 ) .  
. 

The r e s u l t i n g  optimum r e g i o n  f o r  t y p i c a l  d r i v e r s  i s  s p e c i f i e d  

i n  a  per formance space c o n s i s t i n g  o f  s t e a d y - s t a t e  yaw r a t e  g a i n ,  

r'6sw , and an e f f e c t i v e  t i m e  c o n s t a n t ,  Te. The q u a n t i t y  l / T e  

cor responds t o  t h e  f r e q u e n c y  a t  w h i c h  t h e r e  i s  a  45" phase l a g  be- 

tween t h e  s tee r ing -whee l  a n g l e  i n p u t  and t h e  yaw r a t e  o u t p u t .  The 



F i g u r e  1 . The S p e c i f i e d  Performance Space ( S P S )  t y p i c a l  
d r i v e r  boundar ies  - 50 mph. 
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e f f e c t i v e  t i m e  cons tan t ,  Te, i s  used i n s t e a d  o f  Tr (Tr was used i n  

t h e  o r i g i n a l  p r o j e c t )  because Te i s  a  more r e p r e s e n t a t i v e  measure o f  

v e h i c l e  phase l a g  than  Tr fo r  v e h i c l e  c o n f i g u r a t i o n s  i n  wh ich  l / T r  

i s  s u b s t a n t i a l l y  l e s s  t h a n  t h e  n a t u r a l  frequency, wn. (See 
- - 

E q u a t i o n  ( I ) . )  
# 

I n  sumnary, t h e  s p e c i f i e d  performance space (SPS), used as  a  

goa l  f o r  v e h i c l e  m o d i f i c a t i o n  i n  t h i s  p r o j e c t ,  c o n s i s t s  o f  t h e  o p t i -  t 

mum r e g i o n  shown i n  F i g u r e  1  and t h e  a d d i t i o n a l  requ i remen ts  ( i n -  

c l u d e d  i n  [ I ] )  t h a t  ( 1 )  t h e  damping r a t i o ,  5 ,  exceed 0.5 and ( 2 )  

t h e  n a t u r a l  f requency,  u,, exceed 3.0 r a d l s e c .  The n o t a t i o n  

"'sw / 50' Te 150' ' / 50' and 'n 150 i s  used h e r e i n  t o  emphasize t h a t  

t h e  s p e c i f i e d  performance requ i remen ts  a r e  a l l  e v a l u a t e d  a t  50 mph. 



3.0  ANALYSIS OF THE INFLUENCE OF VEHICLE PARAMETERS ON 
PERFORMANCE RELATIVE TO THE SPEC1 FIED 

PERFORMANCE SPACE 

The Techn ica l  Repor t  p resen ts  a  d e t a i l e d  d i s c u s s i o n  o f  t h e  

t e c h n i q u e s  used i n  o b t a i n i n g  t h e  a n a l y t i c a l  r e s u l t s  summarized here-  

i n a f t e r .  The purpose o f  t h i s  s e c t i o n  o f  t h e  Summary Repor t  i s  t o  

p r o v i d e  a  c o n c i s e  r e v i e w  o f  t h e  r e s u l t s  o f  an  a n a l y t i c a l  survey  o f  

v e h i c l e  c h a r a c t e r i s t i c s  per formed i n  t h i s  p r o j e c t .  

3.1 F a c t o r s  I n f l u e n c i n q  Steady-Sta te  Yaw Rate Gain 

The we1 1  -known b a s i c  e q u a t i o n  d e s c r i b i n g  t h e  s teady-s  t a t e  s t e e r -  

i n g  o f  an  au tomob i l e  w h i l e  t u r n i n g  a t  l e s s  than  a p p r o x i m a t e l y  0.3 g  

i s  as f o l l o w s :  

where 

6sw = s t e e r i  ng-wheel ang le ,  degrees 

NG = t o t a l  s t e e r i n g  r a t i o  

R = wheel base, f e e t  

R = r a d i u s  o f  t h e  t u r n ,  f e e t  

K = unders t e e r  f a c t o r ,  deg rees lg  ( u n d e r s t e e r / o v e r s  t e e r  g r a d i e n t )  

u = fo rward  v e l o c i t y ,  f t / s e c  

r = yaw r a t e ,  deg/sec 

g  = g r a v i t a t i o n a l  cons tan t ,  32.2 f t / s e c 2  

F o r  un i f o rm v e l o c i t y  on  a  c i r c u l a r  pa th ,  t h e  r a d i u s ,  v e l o c i t y ,  and 

yaw r a t e  a r e  r e l a t e d  by  t h e  f o l l o w i n g  e q u a t i o n :  



I n  a d d i t i o n ,  t h e  l a t e r a l  a c c e l e r a t i o n ,  A i s  g i v e n  by 
Y '  

where 1/R i s  t h e  p a t h  c u r v a t u r e ,  The s t e a d y - s t a t e  g a i n s  (yaw r a t e ,  , 
-'> 

p a t h  c u r v a t u r e ,  o r  l a t e r a l  a c c e l e r a t i o n )  can be o b t a i n e d  by com- 

b i n i n g  Equat ions  ( 2 ) ,  ( 3 ) ,  and ( 4 ) .  S p e c i f i c a l l y ,  t h e  e x p r e s s i o n  

f o r  yaw r a t e  g a i n ,  G, i s  

As i n d i c a t e d  by Equa t ion  ( 5 ) ,  t h e r e  a r e  two f a c t o r s ,  NG and K, 

w h i c h  can be v a r i e d  i n d e p e n d e n t l y  t o  a c h i e v e  a  r e q u i r e d  yaw r a t e  

g a i n  f o r  a  v e h i c l e  o f  g i v e n  wheelbase a t  a  speed of 73.3 f t / s e c  (50 

mph). C l e a r l y ,  i t  i s  obv ious  t h a t  t h e  yaw r a t e  g a i n  can be changed 

d i r e c t l y  by  a l t e r i n g  s t e e r i n g  r a t i o .  Even though i t  i s  p a t e n t l y  

c l e a r ,  i t  shou ld  be emphasized t h a t  chang ing s t e e r i n g  r a t i o  has t h e  

advantages t h a t  i t  does n o t  change (1 ) t h e  u n d e r s t e e r l o v e r s t e e r  

g r a d i e n t ,  ( 2 )  s t e a d y - s t a t e  r o l l  response i n  degrees p e r  u n i t  l a t e r a l  

a c c e l e r a t i o n ,  o r  ( 3 )  t h e  f o r m  o f  t h e  t r a n s i e n t  response.  

(Depending upon t h e  t y p e  of  s t e e r i n g  sys tem employed on a  p a r -  

t i c u l a r  v e h i c l e ,  t h e  chang ing o f  s t e e r i n g  r a t i o  may cause a  s i g n i -  

f i c a n t  change i n  t h e  t o r q u e  t h e  d r i v e r  f e e l s  a t  t h e  s t e e r i n g  whee l .  

A t  p resen t ,  boundar ies  on s tee r ing -whee l  t o r q u e  have n o t  been 

s p e c i f i e d . )  
" 

The u n d e r s t e e r / o v e r s t e e r  g r a d i e n t ,  K, i n  E q u a t i o n  ( 5 )  can a1 so 

be v a r i e d  t o  change yaw r a t e  g a i n .  However, K i s  dependent upon many 

v e h i c l e  parameters  and changes i n  v e h i c l e  parameters  w h i c h  i n f l u e n c e  

K a l s o  a f f e c t  t r a n s i e n t  response .  



To exami ne t h e  i n f l u e n c e  o f  v e h i c l e  parameters o n  unders teer ,  

t h e  t o t a l  exp ress ion  f o r  unde rs tee r  has been d i v i d e d  i n t o  f o u r  

c o n t r i b u t i n g  f a c t o r s * ,  s p e c i f i c a l l y ,  

where 

K1 
i s  t h e  c o n t r i b u t i o n  t o  unde rs tee r  due t o  ( 1 )  f r o n t  t i r e  

c o r n e r i n g  s t i f f n e s s ,  ( 2 )  t h e  l o a d  on t h e  f r o n t  wheels, 

and ( 3 )  t h e  i n f l u e n c e  o f  s t e e r i n g  system s t i f f n e s s ,  

mechanical,  t r a i l ,  and a1 i g n i n g  t o r q u e  i n  chang ing f r o n t  

wheel a n g l e  

K2 i s  t h e  c o n t r i b u t i o n  due t o  r e a r  t i r e  c o r n e r i n g  s t i f f -  

ness and t h e  l o a d  on t h e  r e a r  wheel s  

Kg i s  t h e  c o n t r i b u t i o n  due t o  r o l l  e f f e c t s  i n c l u d i n g  r o l l  

s t i f f n e s s ,  camber f o r c e s ,  r o l l  s t e e r ,  suspens ion  r o l l  

c e n t e r  he igh ts ,  and t h e  h e i g h t  o f  t h e  c e n t e r  o f  g r a v i t y  

o f  t h e  sprung mass 

K4 i s  t h e  c o n t r i b u t i o n  due t o  r i g i d  body a l i g n i n g  to rque .  

The l a r g e s t  c o n t r i b u t o r  t o  u n d e r s t e e r  comes f r o m  K1. The i n -  

f l u e n c e  o f  s t e e r i n g  system c m p l  i ance  i s  t o  i n c r e a s e  K, . In e f f e c t ,  

t h i s  i n f l u e n c e  may be t h o u g h t  o f  as  an i n c r e a s e  i n  t h e  va lue  o f  f r o n t  

c o r n e r i n g  compl iance.  The r e s u l t s  o f  t h e  s u r v e y  o f  v e h i c l e  charac-  

t e r i s t i c s  i n d i c a t e  t h a t  f o r  subcompact, compact, and i n t e r m e d i a t e  

s i z e  automobi les ,  t y p i c a l  va lues  o f  K1 range  from 8 t o  11 deg/g. 

I t  shou ld  be no ted  t h a t  t h e  v a l u e  o f  s t e e r i n g  system compl iance . 
i s  n o t  i n c l u d e d  i n  c u r r e n t l y  a v a i l a b l e  v e h i c l e  s p e c i f i c a t i o n  d a t a .  

Data o n  t h e  s t e e r i n g  compl iance o f  t y p i c a l  manual s t e e r i n g  systems 

* A n a l y t i c a l  e x p r e s s i o n s  f o r  t h e s e  f a c t o r s  a r e  g i v e n  i n  S e c t i o n  
3.0 o f  t h e  Techn ica l  Repor t .  

A- 9 



i s  p r a c t i c a l l y  non -ex i s ten t .  Nevertheless,  based on 1  i m i  t e d  i n f o r -  

ma t ion  [ 8  1, i t  i s  es t imated t h a t ' c h a n g i n g  f rom power s t e e r i n g  t o  

a  c o n v e n t i o n a l  manual s t e e r i n g  system may inc rease  unders teer  by as  

much as 2  deg lg .  

The q u a n t i t y  K2 i s  c l o s e l y  r e l a t e d  t o  t h e  numerator t i m e  con- 

s t a n t ,  Tr, de f i ned  b y  ST1 i n  [I]*, v i z .  

where u  i s  t h e  fo rward  v e l o c i t y  and g  i s  t h e  g r a v i t a t i o n a l  c o n s t a n t .  

T y p i c a l l y ,  K2 ranges from approx ima te l y  5.8 t o  8.0 deglg, c o r r e s -  

ponding t o  Tr values between 0.23 and 0.32 sec a t  50 mph f o r  t h e  

v e h i c l e  s i z e s  addressed i n  t h i s  p r o j e c t .  

S i n c e  K, and K2 a r e  r o u g h l y  equal f o r  t y p i c a l  automobi les,  t h e  

q u a n t i t y  K3 can be an i m p o r t a n t  f a c t o r  i n  de te rm in ing  unders tee r .  The 

r o l l  r e l a t e d  terms a r e  es t ima ted  t o  add approx ima te l y  1.2 t o  2.6 deg/g 

t o  t h e  unders tee r ,  depending upon ( 1  ) t h e  camber s t i f f n e s s e s  o f  t h e  

t i r e s  employed, ( 2 )  whether t h e  v e h i c l e  has a  f r o n t  a n t i - r o l l  bar ,  

and ( 3 )  t h e  r o l l  s t e e r  p r o p e r t i e s  o f  t h e  f r o n t  and r e a r  suspensions.  

The pa ramet r i c  data  needed t o  make a c c u r a t e  e s t i m a t e s  o f  K3 a r e  n o t  

g e n e r a l l y  pub1 ished,  p a r t i c u l a r l y  t h e  r o l l  s t e e r  p r o p e r t i e s  and t h e  

r o l l  c e n t e r  h e i g h t s  of t h e  suspensions a r e  n o t  ' u s u a l l y  a v a i l a b l e .  

The r i g i d  body a l i g n i n g  t o r q u e  e f f e c t s  t h a t  c o n s t i t u t e  K4 t o t a l  

about  0.5 deg/g o f  unders tee r .  Th is  i s  a  smal l  e f f e c t  b u t  i t  i s  

f a i r l y  c o n s t a n t  f r o m  c a r  t o  c a r .  Also,  50.5 deg/g i s  abou t  t h e  b e s t  

t h a t  i s  c u r r e n t l y  done i n  measur ing u n d e r s t e e r  u s i n g  f u l l - s c a l e  v e h i c l e  

t e s t i n g ,  

The o v e r a l l  f i n d i n g s  f rom t h e  a n a l y s i s  o f  v e h i c l e s ,  i n c l u d i n g  

b o t h  g a i n  and response t i m e  e f fec ts ,  w i l l  be p resen ted  i n  S e c t i o n  3 ,3  

*For a  s imp le  n o n - r o l l i n g  v e h i c l e  model, K2 i s  t h e  " r e a r  c o r n e r i n g  
compl iance"  i n t r o d u c e d  by Bundor f  and L e f f e r t  [9 1. Recogn iz ing  
t h i s ,  much of  t h e  work persented here  and i n  [I] can be r e l a t e d  t o  
r 9  I. 



a f t e r  exp ress ions  p e r t a i n i n g  t o  t r a n s i e n t  response have been p resen ted  

i n  t h e  n e x t  s e c t i o n .  

3 .2  R e l a t i o n s h i p s  Between V e h i c l e  C h a r a c t e r i s t i c s  and T r a n s i e n t  
Response 

The yaw moment o f  i n e r t i a  i s  t h e  p r i m a r y  v e h i c l e  parameter  wh ich  

( 1 )  has an  i n f l u e n c e  on t r a n s i e n t  response and ( 2 )  does n o t  i n f l u e n c e  

s t e a d y - s t a t e  response. However, t h e  yaw moment o f  i n e r t i a  can be 

e s t i m a t e d  knowing t h e  l o a d s  on t h e  f r o n t  and r e a r  wheels [9 1. 
Acco rd ing l y ,  t r a n s i e n t  response parameters ( c ,  wn, and Te) can be 

e s t i m a t e d  f r o m  t h e  s t e e r i n g  r a t i o ,  wheelbase, v e h i c l e  speed, s teady- 

s t a t e  yaw r a t e  ga in ,  and t h e  f a c t o r s  K, and K p  which  c o n t r i b u t e  t o  

unders t e e r .  

I n  t h e  Techn ica l  Report ,  equa t i ons  were developed f o r  e s t i m a t i n g  

t r a n s i e n t  response p r o p e r t i e s ,  v i z . ,  

( r e p e a t  o f  ( 7 ) )  

Once Equat ions  ( 7 ) ,  ( 8 ) ,  and ( 9 )  have been e v a l u a t e d  f o r  6, wn, 

and Tr, t hen  Equa t i on  (1  0 )  can be  s o l v e d  n u m e r i c a l l y  f o r  Te. The 

r e s u l t s  p resented i n  t h e  n e x t  s e c t i o n  a r e  based on  u s i n g  Equa t i on  (10)  

t o  eva lua te  Te. 



3.3 Summary o f  t h e  A n a l y t i c a l  Survey o f  V e h i c l e  C h a r a c t e r i s t i c s  

Paramet r i c  data  from References [10,11,12] (and, where necessary, 

e s t i m a t e d  pa ramet r i c  va lues )  were used i n  t h i s  p r o j e c t  t o  c a l c u l a t e  

t h e  s t e a d y - s t a t e  yaw r a t e  ga in ,  damping r a t i o ,  n a t u r a l  f requency,  

and e f f e c t i v e  t i m e  c o n s t a n t  f o r  domest ica l  l y -p roduced  1977 subcompact, . . 

compact, and i n t e r m e d i a t e  s i z e  automobi les .  For  a l l  t h e  v e h i c l e s  -, 

surveyed,  t h e  damping r a t i o ,  5 ,  was g r e a t e r  t han  0 .5  and t h e  n a t u r a l  

f requency,  wn, was g r e a t e r  than 3.0 rad/sec .  The r e l a t i o n s h i p  between a . 

t h e  p r o p e r t i e s  o f  t h e  v e h i c l e s  surveyed and t h e  s p e c i f i c  performance 

space (SPS) i s  i l l u s t r a t e d  i n  F i g u r e  2. 

Even though these r e s u l  t s  were o b t a i n e d  by a n a l y t i c a l  procedures 

u s i n g  p a r a m e t r i c  data  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  a  number o f  im- 

p o r t a n t  t r e n d s  can be d e r i v e d  f rom t h e  r e s u l t s  p resen ted  i n  F i g u r e  2. 

S p e c i f i c a l l y ,  t h e  f i n d i n g s  a r e  as f o l l o w s :  

1  ) The response t imes  (Te)  f o r  subcompact, compact, and 

i n t e r m e d i a t e  s i z e  automobi les  a r e  w i t h i n  t h e  SPS. 

( P o s s i b l y ,  1  a r g e r  v e h i c l e s  m i g h t  have response t imes  

which  would f a l l  o u t s i d e  t h e  SPS.) 

2)  W i th  t h e  e x c e p t i o n  o f  c a r s  equipped w i t h  manual s t e e r -  

i ng ,  t h e  yaw r a t e  g a i n  o f  t y p i c a l  c a r s  i n  a nominal  

c o n d i t i o n  ( two passengers i n  t h e  f r o n t  s e a t j  w i l l  be 

l a r g e  enough t o  l i e  w i t h i n  t h e  SPS. 

3 )  The obv ious  m o d i f i c a t i o n  t o  b r i n g  manual s t e e r i n g  c a r s  

i n t o  t h e  SPS i s  t o  e q u i p  them w i t h  power s t e e r i n g .  

Another  approach would be t o  decrease t h e  s t e e r i n g  r a t i o  

b u t  t h i s  m i g h t  i n c r e a s e  t h e  s tee r ing -whee l  t o r q u e  t o  an 

o b j e c t i o n a b l e  l e v e l  . 
A d d i t i o n a l  c a l c u l a t i o n s  were made t o  assess t h e  i n f l u e n c e  o f  

s e r v i c e  f a c t o r s  on v e h i c l e  c h a r a c t e r i s t i c s .  Changes i n  t h e  l o a d i n g  
t 

o r  t h e  c o n d i t i o n  o f  t h e  r e a r  t i r e s  were t a k e n  t o  be i m p o r t a n t .  Tab le  

1  p resen ts  a  summary of p e r t i n e n t  r e s u l t s .  The r e s u l t s  g i v e n  i n  



h Subcompact 

0 Compact 

B Intermediate 

F igure  2. Re la t i onsh ip  of es t imates  o f  1977 v e h i c l e  
performances t o  t h e  SPS . 



Tab le  1  i n d i c a t e d  t h a t  s e r v i c e  f a c t o r s  must be c o n t r o l l e d  f a i r l y  

c l o s e l y  i f  v e h i c l e  h a n d l i n g  c h a r a c t e r i s t i c s  a r e  t o  be m a i n t a i n e d  

reasonab ly  c o n s t a n t  i n  use. 

w 

Table  1 
r 

S e r v i c e  Fac to r  
V a r i a t i o n  

r 

Change f rom be1 ted-b ias  
t i r e s  t o  r a d i a l  t i r e s  on 
t h e  r e a r  a x l e  

3 r e a r  sea t  passengers o r  
an a d d i t i o n a l  400 I bs on 
t h e  r e a r  wheels 

1 3  p s i  change i n  i n f l a t i o n  
p ressu re  from nominal v a l u e  

, 

Approximate Change 
I n  K p  

1 . 5  deg/g 
reduc t l o n  

1 .3  deg/g 
i nc rease  

k0.5 deg/g 

I 



4.0 VEHICLE TESTS 

Two s e r i e s  of v e h i c l e  t e s t s  were conducted f o r  t h i s  research  

program. A p r e l i m i n a r y  t e s t  s e r i e s  was conducted on  v e h i c l e s  ten -  

t a t i v e l y  chosen as s u b j e c t s  f o r  t h e  m o d i f i c a t i o n  program. These 

t e s t s  conf i rmed t h e  p o s i t i o n  o f  t h e  v e h i c l e s  r e l a t i v e  t o  t h e  SPS. 

L a t e r ,  c o n f i r m a t i o n  t e s t i n g  was conducted on t h e  chosen v e h i c l e s  

i n  b o t h  mod i f i ed  and unmodi f ied  c o n d i t i o n s .  

Both t e s t .  s e r i e s  i n c l u d e d  open-loop t e s t i n g  designed t o  measure 

hand1 i n g  qua1 i t i e s  which a r e  germane t o  t h e  SPS. Open-loop t e s t i n g  

i n c l u d e d  ( 1 )  " s tep "  s t e e r  t e s t s  and ( 2 )  "pu l se "  s t e e r  t e s t s .  The 

s t e p  s t e e r  t e s t s  a r e  c h a r a c t e r i z e d  by a  r a p i d  qua,s i -step s t e e r i n g  

i n p u t ,  i n i t i a t e d  w i t h  t h e  v e h i c l e  t r a v e l i n g  e s s e n t i a l l y  s t r a i g h t  

ahead a t  50 mph. Both  yaw r a t e  response t i m e  and yaw r a t e  g a i n  da ta  

were ob ta ined  f rom t h i s  t e s t .  

"Pu lse"  s t e e r  t e s t s  a r e  c h a r a c t e r i z e d  by  a  s e r i e s  o f  "random" 

s t e e r i n g  pu lses  i n p u t  f r e e l y  by t h e  d r i v e r .  An a t tempt  i s  made t o  

i n p u t  s teer ing-wheel  mo t ion  w i t h  wide r a n g i n g  f requency  con ten t .  

Th is  t e s t  i s  used t o  g a t h e r  yaw r a t e  response t i m e  da ta .  

The p r e l  i m i n a r y  t e s t  s e r i e s  i n d i c a t e d  t h a t  each of t h e  t h r e e  

v e h i c l e s  (subompact: P in to ;  compact: Sky1 ark ;  and i n t e r m e d i a t e :  

Fu ry )  possessed yaw r a t e  t i m e  response c h a r a c t e r i s t i c s  (Te / wh ich  

were s a t i s f a c t o r y  r e l a t i v e  t o  t h e  SPS. The P i n t o  and Fury were 

found t o  have s t e a d y - s t a t e  yaw r a t e  ga ins  which were t o o  low. To 

mod i f y  these  v e h i c l e s ,  s t e e r i n g  r a t i o  was a l t e r e d  u s i n g  t h e  v a r i a b l e  

r a t i o  s t e e r i n g  wheel l i m i t e r  shown i n  F i g u r e  3. R a t i o s  were chosen ' 

t h a t  i nc reased  t h e  g a i n  t o  acceptab le  l e v e l s .  S ince  t h e  S k y l a r k  f e l l  

w i t h i n  t h e  SPS range  i n  i t s  unmodi f ied  c o n d i t i o n ,  a  r a t i o  was chosen 

f o r  i t  which r e s u l t e d  i n  an unacceptably l ow  yaw r a t e  g a i n .  F i g u r e  4 
presents  s t e a d y - s t a t e  g a i n  and response t i m e  da ta  f o r  each o f  t h e  

v e h i c l e s  as wel' l as t h e  boundar ies of  t h e  SPS. 
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Figure 4 . Steady-state yaw r a t e  ga in  and e f f e c t i v e  t ime constant 
of modi f ied and unmodif ied t e s t  veh ic les  a t  50 mph. 



The v e r i f i c a t i o n  t e s t  se r i es  a1 so i nc l uded  some c losed- loop 

v e h i c l e  t e s t i n g ,  These t e s t s  were conducted t o  con f i rm t h a t  t h e  

m o d i f i  ed veh i c l es  were acceptab le  highway veh i c l es  and t o  t e n t a t i v e l y  

judge t h e  hand1 i n g  va lue o f  t he  mod i f i ca t i ons ,  

Four exper ienced d r i v e r s  and one expe r t  d r i v e r  were used as 

d r i v e r s  i n  t h e  c losed- loop p o r t i o n  of t h e  v e h i c l e  t e s t i n g ,  I n  each 4 

case, t h e  d r i v e r  was g i ven  twenty  minutes o f  i n - town d r i v i n g  and 
* 3 

twenty minutes o f  highway d r i v i n g  t o  f a m i l i a r i z e  h imsel f  w i t h  t h e  

t e s t  v e h i c l e .  Then t h e  d r i v e r  was asked t o  gu ide  t h e  v e h i c l e  through 

a  t i g h t l y  r e s t r i c t e d  cone course. Data was taken on cone s t r i k e s  

i n  n e g o t i a t i n g  the  course, and a  d r i v e r  o p i n i o n  o f  hand l ing  q u a l i t y  

i n  bo th  general  d r i v i n g  and course d r i v i n g .  Bo th  m o d i f i e d  and 

unmodi f ied veh i  c l  es were t es ted .  

The general  l a y o u t  o f  t h e  cone course used i s  shown i n  F igure  

5 .  The course was designed t o  be r u n  a t  a  speed o f  50 mph. A t  t h i s  

speed, t h e  curved p o r t i o n  de f i nes  a  cons tan t  r a d i u s  t u r n  which, a t  

s teady-s ta te ,  produces a  l a t e r a l  a c c e l e r a t i o n  o f  . 2 5  g .  The " l a n e  

changes" (avoidance maneuvers) a t  e i t h e r  end a1 so produced approx i  - 
mate ly  . 2 5  g l a t e r a l  a c c e l e r a t i o n .  The l a n e  changes a r e  s u f f i c i e n t l y  

sho r t  as t o  e l i c i t  r e l a t i v e l y  abrup t  s t e e r i n g  i n p u t s  and t h e  s tep  

t r a n s i t i o n s  from s t r a i g h t  t o  cu rve  and back t o  s t r a i g h t  r e q u i r e  step- 

1  i ke s t e e r i  ng changes which have r e l a t i v e l y  s t r ong  frequency con ten t  

a t  t he  l e v e l s  of i n t e r e s t .  A  " s h o r t "  course was a l s o  used i n  which 

t h e  l a n e  changes were e l im ina ted .  

The w i d t h  o f  t h e  course lanes  was determined e m p i r i c a l l y  f o r  

each v e h i c l e  i n  o r d e r  t o  o b t a i n  a  l e v e l  o f  d i f f i c u l t y  which was 

cha l l eng ing  b u t  n o t  overwhelming. Lane w id ths  were s e t  such t h a t  

nominal c learance w i t h  r espec t  t o  v e h i c l e  w i d t h  ranged f rom s i x  t o  

n i ne  and one-ha l f  inches.  

The degree o f  d i f f i c u l t y  i n  n e g o t i a t i n g  t h e  course was found t o  

be s e n s i t i v e  t o  smal l  (1  112 i n )  changes i n  l a n e  w id th .  Clearances 

used were so smal l  as t o  make v e h i c l e  s ides1 i p  ang le  a  s i g n i f i c a n t  





i n f l u e n c e  on t h e  degree o f  d i f f i c u l t y .  Th is  means t h a t  reasonable  

comparisons of t e s t  data can on ly ,  be made between m o d i f i e d  and 

unmod i f i ed  v e h i c l e s *  and n o t  between d i f f e r e n t  v e h i c l e  t ypes .  

Cone s t r i k e  and d r i v e r  o p i n i o n  data  a r e  shown i n  normal ized 

form i n  F i g u r e  6 .  For each measure, performance w i t h  t h e  unmodi f ied  

ve rs ions  of t h e  c a r  i s  used as t h e  no rma l i ze r ,  Thus, a l l  normal ized 

measures a r e  u n i t y  f o r  t h e  unmodif ied ca rs ,  For t h e  m o d i f i e d  cars,  - i 
va l  ues 1  a rge r  than u n i t y  i m p l y  " b e t t e r "  performance (1  ess cone s t r i k e s  + .  

o r  h i g h e r  s u b j e c t i v e  r a t i n g s )  and values s m a l l e r  than  u n i t y  i m p l y  

worse performance. 

F i g u r e  6 shows t h a t  r e s u l t s  o f  t h e  c losed- loop  t e s t i n g  were 

general  l y  inconc l  us i ve .  D r i v e r  o p i n i o n  o f  hand1 i n g  qua1 i t y  i n  t h e  

course showed no t rends,  a1 though t h e  d r i v e r s ,  w i t h  o n l y  one excep- 

t i o n ,  p r e f e r r e d  t h e  unmodi f ied  v e h i c l e s  i n  genera l  d r i v i n g .  Cone 

s t r i k e  data  showed t h a t  t h e  m o d i f i e d  P i n t o  performed b e t t e r  than  t h e  

unmodi f ied  P i n t o  on t h e  f u l l  l e n g t h  course.  Other cone s t r i k e  data  

was mixed. 

*Even t h i s  comparison i s  reasonable  o n l y  because o f  t h e  s p e c i f i c  
m o d i f i c a t i o n  method used i n  t h i s  s tudy .  
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5 .0  CONCLUSIONS AND RECOMNENDATIONS 

I 

5.1 Concl us ions  

T h i s  research  p r o j e c t  has endeavored t o  address p r a c t i c a l  con- 

s i d e r a t i o n s  assoc ia ted  w i t h  a p p l y i n g  t h e  research  f i n d i n g s  ob ta ined  

i n  NHTSA programs [I , 21 t o  t h e  s t e e r i n g  c o n t r o l  1  a b i  1  i t y  o f  domes- 

t i c a l l y - p r o d u c e d  subcompact, compact, and i n t e r m e d i a t e  s i z e  automobi les .  

I t  was t h e  purpose h e r e i n  t o  i d e n t i f y  reasonab le  techn iques whereby 

such v e h i c l e s  c o u l d  be made t o  f a l l  w i t h i n  t h e  boundar ies  o f  t h e  

S p e c i f i e d  Performance Space (SPS) , as d e f i n e d  by those  s t u d i e s  . 
The work wh ich  was undertaken has l e d  t o  a  s e r i e s  o f  concl  us ions 

wh ich  l e n d  themselves t o  o r g a n i z a t i o n  under t h e  f o l l o w i n g  two major  

c l a s s i f i c a t i o n s :  

1 ) Conclusions r e g a r d i n g  i n d i v i d u a l  v e h i c l e s  and/or  t h e  

v e h i c l e  p o p u l a t i o n  ( s p e c i f i c a l l y ,  subcompact, compact, 

and i n t e r m e d i a t e  s i z e  v e h i c l e s )  and t h e i r  r e l a t i o n s h i p  

w i t h  the  SPS. 

2 )  Conclusions r e g a r d i n g  t h e  SPS s p e c i f i c a l l y  and i t s  p lace  

i n  t h e  deve lop ing  a r t  o f  t h e  o b j e c t i v e  c h a r a c t e r i z a t i o n  

o f  v e h i c l e  hand1 i n g  qua1 i ty. 

Even though t h e  expressed o b j e c t i v e s  o f  t h i s  r e s e a r c h  p r o j e c t  were 

d i r e c t e d  toward o b t a i n i n g  conc lus ions  wh ich  would f a l l  w i t h i n  t h e  

f i r s t  ca tegory ,  conc lus ions  of  t h e  second t y p e  were a  n a t u r a l  r e s u l t  

o f  t h i s  e f f o r t .  

Conc lus ions drawn from t h i s  p r o j e c t  a r e  1  i s t e d  below acco rd ing  

' .  t o  these  two c l a s s i f i c a t i o n s .  

.- 1 .  Conclusions r e g a r d i n g  t h e  r e l a t i o n s h i p  o f  v e h i c l e s  t o  t h e  SPS. 

a )  Most domest ica l  l y -p roduced  passenger c a r s  o f  t h e  sub- 

compact, compact, and i n t e r m e d i a t e  s i z e s  f a l l  w i t h i n  t h e  

SPS. 



b)  Vehicles of these s izes show very l i t t l e  var iance i n  

Te 1 50 , one from another, and genera l l y  f a l l  comfor tab ly  

w i t h i n  t h e  spec i f i ed  range f o r  Te150n 

c )  These s i z e  veh ic les ,  when equipped w i t h  manual s teer lng ,  

o f t e n  fa1  1  ou ts ide  of the  SPS because they tend toward 

unacceptably low values of  r/asw150. The l a r g e  value o f  

o v e r a l l  s teer ing  r a t i o  which i s  necessary because o f  

s teer ing  e f f o r t  cons iderat ions,  i s  the  cause o f  t h i s  low 

gain.  

d )  Some in termediate  veh ic les  equipped w i t h  power s t ee r i ng  
f a l l  ou ts ide  of the  SPS, again because r/6Sw150 i s  too  

low. 

e )  A reasonable m o d i f i c a t i o n  t o  move veh ic les  which are ou t -  
s ide  of the  SPS (because of low yaw r a t e  ga in )  i n t o  t h e  

space i s  t o  lower the s tee r i ng  r a t i o ,  I n  t he  case o f  

manual s teer ing  cars, t h i s  r educ t i on  i s  e a s i l y  accomplished 

by changing t o  a  power s t e e r i n g  gear. 

f )  Steer ing r a t i o  i s  v i r t u a l l y  the  o n l y  veh i c l e  parameter 
which can e f f e c t  a  change i n  steady-sta'te yaw r a t e  ga in  

w i t hou t  causing changes i n t r a n s i e n t .  yaw response. 

g  ) In-use f ac to r s ,  espec ia l  l y  those d e r i v i n g  from load ing  
and t i r e s ,  have an e f f ec t  on v e h i c l e  performance i n  t he  

dimensions o f  t he  SPS. Changes i n  in-use f a c t o r s  can 

cause i n d i v i d u a l  veh i c l es  t o  cross t h e  boundaries o f  t he  

space. Thus i t  would be necessary t o  cons t ra i n  t he  

v a r i a t i o n  i n  in-use f ac to r s  i f  a  v e h i c l e ' s  p o s i t i o n  r e l a -  

t i v e  t o  t he  SPS i s  t o  be maintained over  t ime. 

2 .  Conclusions regard ing t h e  SPS s p e c i f i c a l l y .  

a )  The SPS, and e s p e c i a l l y  t he  research e f f o r t s  which l e d  
t o  i t s  development, make a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  

the developing a r t  o f  t he  o b j e c t i v e  d e f i n i t i o n  of v e h i c l e  

handl ing q u a l i t i e s .  However, t he  SPS (as w e l l  as t h i s  



a r t  i n  genera l )  does n o t  appear t o  be s u f f i c i e n t l y  

developed as t o  be adequate f o r  t h e  general i d e n t i f i -  

c a t i o n  o f  handl i ng qua1 i ty .  

b )  I t  i s  poss ib le  f o r  v e h i c l e s ,  whose yaw response pro-  

p e r t i e s  l i e  w i t h i n  the  SPS, t o  have w i d e l y  va ry ing ,  and 

p o s s i b l y  unacceptable 1  eve ls  o f  unders teer  ( o v e r s t e e r ) .  

c )  Veh ic les  which have s i m i l a r  yaw response p r o p e r t i e s  a t  

50 mph, as d e f i n e d  by t h e  SPS, may have w i d e l y  va ry ing  

yaw response p r o p e r t i e s  a t  o t h e r  v e l o c i t i e s .  

d )  Many v e h i c l e  response p r o p e r t i e s  ( o t h e r  than  t h e  yaw r e -  

sponse p r o p e r t i e s  which c o n s t i t u t e  t h e  SPS) need con- 

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

I n  a  separate area which does n o t  f i t  c o n v e n i e n t l y  i n t o  t h e  

above c l a s s i f i c a t i o n s ,  t h i s  program has found t h a t  

The use o f  t h e  p r e c i s i o n  cone course and r e s u l t i n g  cone 

s t r i k e  data  f o r  t h e  eval  u a t i o n  o f  d r i v e r - v e h i c l e  system 

handl i ng performance w i t h i n  t h e  1  i n e a r  range i s  o f  

ques t i onab le  v a l i d i t y .  

5.2 Recommendations 

Recomnenda t i on : 

E f f o r t s  should be made t o  e s t a b l i s h  t h e  s a f e t y  s i g n i f i c a n c e  o f  

t h e  SPS through a  study o f  t h e  a c c i d e n t  r e c o r d .  

Discussion:  

The preced ing "Conclusions" s e c t i o n  p o i n t s  o u t  t h a t ,  i n  l a r g e  

p a r t ,  v e h i c l e s  p r e s e n t l y  be ing manufactured conform t o  t h e  p e r f o r -  

mance s p e c i f i c a t i o n s  developed i n  NHTSA research  s t u d i e s  [I, 21. Given 

t h a t  s u b j e c t i v e  r a t i n g s  by  d r i v e r s  have p layed a  ma jo r  r o l e  i n  

e s t a b l i s h i n g  bo th  t h e  performance space s p e c i f i e d  by  t h a t  research  

and t h e  c u r r e n t  des ign p r a c t i c e s  o f  v e h i c l e  manufacturers,  t h i s  



f i n d i n g  i s  no t  p a r t i c u l a r l y  su rp r i s i ng .  I t  i s  va luab le  t o  note, 

however, t h a t  t h i s  study has i d e n t i f i e d  veh i c l es  which f a l l  w i t h i n  

the  SPS and o the r  veh ic les  t h a t  f a l l  w i t hou t ,  I t  would then appear 

t h a t  t h e r e  i s  a  p o t e n t i a l  mechanism f o r  eva lua t i ng  t h e  s a f e t y  s i g n i -  

f i cance  of  t he  SPS through the  comparative eva lua t i on  of t h e  acc iden t  

records o f  these two sets  of veh ic les ,  even though problems r e l a t e d  

t o  t h e  s i gn i f i cance  of t he  r e s u l t s  due t o  the  i n f l u e n c e  o f  o ther ,  

uncon t r o l  l e d  va r i ab l es  cou ld  be very  1  arge. 

An approach, which would e l im ina te  some o f  t h e  uncon t ro l l ed  

d i f f e rences  i n  veh ic les  would be t o  compare veh i c l es  of t h e  same basic 

model b u t  d i f f e r i n g  i n  c e r t a i n  mechanical f ea tu res  such as power 

versus manual s teer ing,  r a d i a l  versus b i a s  t i r e s ,  and/or a  f r o n t  a n t i -  

r o l l  bar  versus no a n t i - r o l l  ba r .  C lear l y ,  i t  would be necessary 

t o  ( 1 )  t e s t  t he  var ious vers ions of t he  v e h i c l e  models t o  be s tud ied  

t o  e s t a b l i s h  t h e i r  r e l a t i o n s h i p  t o  t he  SPS, ( 2 )  ma in ta i n  the  veh i c l es  

so t h a t  t h e i r  r e l a t i o n s h i p  t o  t h e  SPS d i d  no t  change s i g n i f i c a n t l y  

i n  use, and ( 3 )  study a  s i zeab le  sample o f  these veh ic les  t o  a t tempt  

t o  remove the  in f luences  in t roduced by the  va ry ing  c h a r a c t e r i s t i c s  o f  

t h e  d r i v e r s  invo lved.  

Recomrnenda t i on: 

As a  p re l im ina ry  s tep  t o  f u r t h e r  handl i n g  research, c losed- loop, 

d r i v e r - v e h i c l  e  handl i ng t e s t  methodologies which'  (1 ) y i e l d  o b j e c t i v e  

measures o f  d r i v e r - v e h i c l e  system performance and ( 2 )  p rov ide  an 

assessment of t he  c o n t r o l  d i f f i c u l t i e s  assoc ia ted w i t h  p a r t i c u l a r  

veh ic les  should be developed. 

Discussion: 

It i s  o f  i n t e r e s t  t o  no te  t h a t  the  boundaries o f  t h e  SPS have 

been se t  l a r g e l y  through t he  s u b j e c t i v e  r a t i n g s  o f  d r i v e r s .  Pre- 

sumably, then, t he  SPS de f i nes  a s e t  o f  v e h i c l e  hand l ing  p rope r t i es  

which d r i v e r s  l i k e .  I t  i s  n o t  y e t  w e l l  es tab l i shed ,  however, t h a t  t h i s  

same se t  o f  v e h i c l e  p rope r t i es  a re  necessary f o r  sa fe  handl ing charac- 

t e r i s t i c s .  Indeed, t he  f a c t  t h a t  d r i v e r s  a r e  adaptab le  t o  the  char-  

a c t e r i s t i c s  o f  t he  v e h i c l e  they a r e  d r i v i n g  and can compensate f o r  



broad d i f f e r e n c e s  i n  v e h i c l e  c h a r a c t e r i s t i c s  m igh t  suggest t h a t  " sa fe "  

handl i n g  c h a r a c t e r i s t i c s  may cover  a  s i g n i f i c a n t l y  broader range than  

"1 i keabl  e "  c h a r a c t e r i s t i c s .  Acco rd ing l y ,  f u t u r e  research  e f f o r t s  

m igh t  search f o r  an o u t e r  r e g i o n  i n  which c o n t r o l  p r o p e r t i e s  become 

unacceptab le ,  r a t h e r  than f o r  an i n n e r  r e g i o n  i n  which they  a r e  

"optimum . " 
I 

I - 
One manner i n  which t h e  s a f e t y  s i g n i f i c a n c e  o f  t h e  SPS m i g h t  be 

. . examined through acc iden t  data a n a l y s i s  has been suggested above. For  

purposes o f  sa fe ty - re1 a ted  v e h i c l e  handl i n g  research,  t h e  development 
r 

o f  c losed- loop  v e h i c l e  handl i n g  t e s t  methodologies wh ich  would y i e l d  

o b j e c t i v e  measures of s a f e t y - r e l a t e d  d r i v e r - v e h i c l e  hand l i ng  p e r f o r -  

mance q u a l i t y  would a l s o  be d e s i r a b l e .  I t  i s  recogn ized t h a t  t h e  

s a f e t y - r e 1  evance of o b j e c t i v e  measures o b t a i n e d  on t h e  t e s t  t r a c k  i s  

ex t reme ly  d i f f i c u l t  t o  es tab l  i s h .  Nonetheless,  t h e  s t a t e - o f - t h e - a r t  

o f  d r i v e r - v e h i c l  e  performance t e s t i n g  appears s e v e r e l y  want ing  re1  a- 

t i v e  t o  t h e  need f o r  o b j e c t i v e  data .  

*Recommendati on : 

I n v e s t i g a t i o n s  shou ld  be undertaken t o  examine t h e  s i g n i f i c a n c e  

o f  t h e  many o t h e r  v e h i c l e  f a c t o r s  wh ich  m i g h t  c o n t r i b u t e  t o  1  i n e a r -  

regime handl i n g  qua1 i t y .  The SPS concept  shou ld  be a p p r o p r i a t e l y  

expanded accord ing t o  t h e  r e s u l t s  o f  such i n v e s t i g a t i o n s .  

D iscuss ion:  

I n  connect ion  w i t h  f u r t h e r  research  i n t o  t h e  c o n t r o l  q u a l i t y  o f  

v e h i c l e s  i n  t h e  normal d r i v i n g  range,  i t  would appear t h a t  more 

b r o a d l y  based i n v e s t i g a t i o n s  a r e  c a l l e d  f o r .  The s u b j e c t  under con- 
* .  

s i d e r a t i o n  appears t o  be most complex w i t h  a  l a r g e  number o f  i n t e r -  

r e l a t e d  p r o p e r t i e s  c o n t r i b u t i n g  t o  o v e r a l l  h a n d l i n g  q u a l i t y .  I n  t h e  
* 

f u t u r e ,  i t  w i l l  be necessary t o  c o n s i d e r  a t  l e a s t  (1  ) b o t h  l a t e r a l  

a c c e l e r a t i o n  and yaw r a t e  response t imes,  ( 2 )  t h e  i n f l u e n c e  o f  t h e  amount 

and t i m i n g  o f  r o l l - r e l a t e d  p r o p e r t i e s ,  and ( 3 )  t h e  impor tance o f  t h e  

l e v e l  and n a t u r e  of s t e e r i n g  to rque  o r  " f e e l  " p r i o r  t o  t h e  es tab l i shmen t  

o f  f i r m l y  based hand l i ng  performance s p e c i f i c a t i o n s .  Even though t h e  



SPS, as c u r r e n t l y  def ined,  represents a  use fu l ,  i n t e r e s t i n g  approach, 

i t s  d e f i n i t i o n  should be expanded. and/or rev ised  according t o  t h e  

f i nd i ngs  of fu tu re  research i n t o  these areas, Furthermore, v e h i c l e  

performance over  a  range of v e l o c i t i e s  should be examined and s p e c i f i e d .  

Research on veh i c l e  handl i n g  as i t  i s  a f f e c t e d  by the  t r a n s i t l o n  

from the  1  inear  range through t h e  non l inear  range t o  t he  1  i m i t  o f  

t u r n i n g  performance should be undertaken. The f i n d i n g s  de r i ved  there-  

f rom should be incorpora ted  i n  any evo lv ing  veh i c l e  s p e c i f i c a t i o n  

scenar io.  

Discussion: 

Overa l l  handl i n g  qual i t y ,  s p e c i f i c a l l y  sa fe t y - r e l a ted  qual  i t y ,  

would c e r t a i n l y  appear t o  i n v o l v e  more than the  normal d r i v i n g  regime. 

I n  a d d i t i o n  t o  c losed- loop c o n t r o l  i n  normal d r i v i n g ,  NHTSA has i n  t he  

past sponsored research s tud ies  addressing the  1  i m i  t performance o f  

passenger ca rs  [12, 141. I n  those s tud ies ,  v e h i c l e  hand l ing  t e s t  pro- 

cedures (VHTP) were developed and used t o  examine open-loop performance 

w i t h  the  idea of seeing i f  veh i c l es  possess response c h a r a c t e r i s t i c s  

which a re  uncon t ro l l ab l e  i n  extreme maneuvers. That i s ,  do veh i c l es  

reach a  1  i m i t  response beyond which d r i v e r  s k i l l  and ,exper ience i s  

o f  l i t t l e  a v a i l ?  

Two maneuvers which o n l y  i n v o l v e  t u rn i ng ,  v i z . ,  a  r a p i d  t u r n  

( c a l l e d  " t rapezo ida l  s teer1 ' )  and a  reverse s tee r  o r  lane-change- l ike 

maneuver ( c a l l e d  "s inuso ida l  s t e e r " )  have been i nc l uded  i n  t he  developed 

t e s t  procedures. O f  these two t u r n i n g  maneuvers, t h e  l ane  change i s  

be1 ieved t o  be more r e a l  i s t i c  s ince  i t  can be r e l a t e d  t o  d r i v e r - v h h i c l e  

con t ro l  s i t u a t i o n s  on t y p i c a l  roads. 

D i r ec t i ona l  response i n  emergency t u r n i n g  maneuvers i s  p a r t i a l  l y  

dependent upon the v e h i c l e  c h a r a c t e r i s t i c s  ( i n c l u d i n g  t i r e  charac- 

t e r i s t i c s )  used, i n  the  d e f i n i t i o n  o f  thG SPS. The yaw r a t e  cond i t i ons  

p r e v a i l i n g  dur ing t h e  i n i t i a l  phase o f  a  d r a s t i c  s t e e r i n g  maneuver a re  



determined by the linear-range yaw-response properties ( tha t  i s ,  the 
SPS)  of the vehicle. At the s t a r t  of a steering maneuver the f ront  
wheels generate a side force causing the vehicle to  yaw. As the 
vehicle yaws and s t a r t s  to s ides l ip ,  the rear  t i r e s  generate forces 
providing additional acceleration in the direction of the turn.  For 
a controlled turn to  develop, the f ron t  and rear t i r e  forces must pro- 
duce a yaw moment balance appropriate for  the desired turn. How the 
t rans i t ion from rapid yaw acceleration into yaw moment balance occurs 
i s  crucial in establishing a good turn.  

Further research on the transi t ion fromthe l inear  range through 
the nonl i near range t o  the 1 imi t of turning performance appears val uabl e 
in order t o  gain an understanding of the events which can lead to loss 
of control in attempted turning maneuvers. Previous closed-loop 
studies [ 6  ] have shown that  drivers are  capable of applying inputs 
which will lead to loss Of control a t  the l imi t  fo r  part icular  vehicles. 
B u t  means for  assessing the performance capab i l i t i e s  of the driver- 
vehicle system in extreme maneuvers have not been established [ 4  ] .  
Both  open- and closed-loop resu l t s  for  evasive performance t e s t s  (1 ane- 
change maneuvers) are  needed to  illuminate meaningful, objective 
measures of vehicle dynamics character is t ics  which are pertinent to 
vehicle control in accident avoidance maneuvers. Until the interaction 
between driver control and vehicl e 'dynamics character is t ics  in evasive 
maneuvers i s  we1 1 understood, our know1 edge of steering control labi l  i t y  

will be incomplete with respect t o  safety-related accident avoidance 
considerations. 

Specifical ly,  further study of driver-vehicle system performance 
in evasive, lane-change maneuvers i s  suggested. Even though the 1 ane- 
change maneuver has been used in many s tudies  with only 1 imited success 
[15] ,  i t  s t i l l  appears t o  be a promising maneuver to  investigate in 
the future .  With regard to the type of maneuver involved, the resu l t s  
of t h i s  study indicate that  a precision, tightly-constrained lane 
change course i s  not appropriate for  comparing d i f fe ren t  vehicle types 
or  model s . Accordi ngly, a course arranged t o  chall enge the responsive- 
ness of the vehicle in avoiding an obstacle while allowing a f a i r l y  



reasonable space l a t e r a l l y  (such as a l ane  width)  fo r  recover ing the  
o r i g i n a l  d i r e c t i o n  o f  t r a v e l  appears to  be a  good candidate f o r  
f u r t h e r  study, 

4 o n c l  uding Recomendatlon: 

Implementation o f  v e h i c l e  handllng performance s p e c l f l c a t l o n s  
I s  n o t  recommended a t  t h i s  t ime,  pending f u r t h e r '  development as 

amp1 i f i e d  above. 
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The work performed i n  t h i s  s tudy examines t he  r e l a t i o n s h i p  o f  

s t e e r i n g  c o n t r o l l a b i l i t y  s p e c i f i c a t i o n s  developed i n  research 

programs sponsored by the  Nat iona l  Highway T r a f f i c  Safety Adrni n i  s- 

t r a t i o n  (NHTSA) t o  t h e  performance c h a r a c t e r i s t i c s  of domes t i ca l l y -  

produced subcompact, compact, and i n t e rmed ia te  s i z e  autornobil es . 
The NHTSA Contract  Technical  Manager, Mr. Franc is  DiLorenzo, was 

ins t rumenta l  i n  e s t a b l i s h i n g  con tac t  w i t h  t echn i ca l  personnel (from 

Systems Technology, Incorporated (STI)  ) who were develop ing s t e e r -  

i n g  c o n t r o l l a b i l i t y  s p e c i f i c a t i o n s  f o r  NHTSA i n  a  separate  research 

i n v e s t i g a t i o n  (Con t rac t  No. DOT-HS-5-01200). 

The ass is tance  o f  Messrs. Weir, K l e i n ,  and McRuer o f  ST1 i n  

exp la i n i ng  and keeping the  au thors  up t o  da te  on t h e  progress o f  

S T I ' s  work i s  g r a t e f u l l y  acknowledged. The a b i l i t y  t o  app l y  t h e  

l a t e s t  research r e s u l t s  would n o t  have been p o s s i b l e  w i t h o u t  t h e i r  

cooperat ion.  The e f f o r t  expended by ST1 and t he  CTM i n  keeping 

HSRI in formed i s  ve r y  much apprec ia ted.  

As p a r t  o f  t h i s  research program, v i s i t s  were made t o  c o n s u l t  

on v e h i c l e  m o d i f i c a t i o n s  w i t h  t echn i ca l  personnel from General 

Motors, Ford, and Chrysl  e r .  The arrangements f o r  those meetings 

were made through M r .  R.  Humphries of General Motors, Mr. C .  Kennedy 

o f  Chrys ler ,  and M r .  M.  Webb of Ford. The d iscuss ions  a t  t h e  

meetings were he1 p fu l  i n  fo rmu la t ing  an unders tanding of t h e  wide 

range o f  cons idera t ions  a p p l i c a b l e  t o  t he  development o f  s u i  tab1 e  

handl ing q u a l i t i e s  f o r  p roduc t ion  veh i c l es  w i t h  va r i ous  o p t i o n s .  

I n  t h i s  regard,  t h e  ass is tance  o f  t h e  f o l l o w i n g  t e c h n i c a l  personnel 

should be noted: 
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H i s  w i l l i n g n e s s  t o  p a r t i c i p a t e  as needed was he lp fu l  i n  complet ing 

t h e  t e s t  program e f f i c i e n t l y .  

F i n a l l y ,  a demonst ra t ion exerc ise ,  i n c l u d i n g  bo th  mod i f ied  and 

unmodif ied ve rs ions  o f  t h e  example v e h i c l e s  i n  t h i s  p r o j e c t ,  was 

conducted a t  t h e  end of t h i s  program t o  p rov ide  a "hands-on" assess- 

ment t o  supplement t h e  f i n a l  r e p o r t .  Thanks a r e  extended t o  those . . who p a r t i c i p a t e d  i n  t h e  demonst ra t ion.  





1 .0 INTRODUCTION 

T h i s  r e p o r t  p resents  t h e  r e s u l t s  ob ta ined  i n  a  p r o j e c t  en- 

t i t l e d  "S tee r ing  Con t ro l  l a b i  1  i ty  C h a r a c t e r i s t i c s "  performed by t h e  

Highway Safe ty  Research I n s t i t u t e  (HSRI) on b e h a l f  o f  t h e  N a t i o n a l  

Highway T r a f f i c  Sa fe ty  A d m i n i s t r a t i o n  (NHTSA) . The f o l l o w i n g  
h. . q u o t a t i o n  from NHTSA's Request f o r  Proposal i n d i c a t e s  t h e  b a s i c  

. , 
i n t e n t i o n  of t h i s  s tudy:  

-. ' 
"It i s  e s s e n t i a l  i n  t h e  progress ing s t u d i e s  o f  d r i v e r -  

v e h i c l e  c o n t r o l  l a b i l  i t y  t o  have "bench-marks" e s t a b l i s h e d  
t h a t  f i rmly r e l a t e  t h e  research  f i n d i n g s  t o  t h e  p r a c t i c a l  
problems of imp1 ementing those f i n d i n g s  i n t o  p r o d u c t i o n  
v e h i c l e s .  I f  such bench-marks a r e  n o t  es tab l i shed ,  i t  i s  
conce ivab le  t h a t  a  s e r i o u s  gap c o u l d  develop between p rac -  
t i c a l  des ign and t h a t  des ign necessary f o r  compliance t o  
research  f i n d i n g s .  " 

Acco rd ing l y ,  t h i s  s tudy has addressed p r a c t i c a l  c o n s i d e r a t i o n s  

connected w i t h  t h e  appl i c a t i o n  o f  research  f i n d i n g s  ( o b t a i n e d  i n  

NHTSA programs [I, 21) t o  t h e  s t e e r i n g  c o n t r o l  l a b i l  i t y  of domes- 

t i c a l  l y -produced subcompact, compact, and i n t e r m e d i a t e  s i z e  auto-  

mobi les .  The methodology used i n  t h e  i n v e s t i g a t i o n  desc r ibed  h e r e i n  

c o n s i s t e d  of ( 1 )  a n  a n a l y t i c a l  s tudy  o f  t h e  i n f l u e n c e  o f  changes i n  

v e h i c l e  parameters on t h e  yaw r a t e  response t o  s teer ing-wheel  con- 

t r o l  i n p u t s ,  ( 2 )  a  survey o f  t h e  response c h a r a c . t e r i s t i c s  o f  motor  

ca rs  t o  s e l e c t  s p e c i f i c  subcompact, compact, and i n t e r m e d i a t e  s i z e  

v e h i c l e s  f o r  exper imenta l  work, and ( 3 )  open- and c losed- loop  t e s t s  

o f  modi f ied  and unmodi f ied ve rs ions  o f  a  1977 Ford  P i n t o  (subcompact),  

a  1977 Bu ick  S k y l a r k  (compact),  and a  1977 Plymouth Fury  ( i n t e r -  

, .  med ia te ) .  

The hand1 i n g  performance s p e c i f i c a t i o n s  used i n  t h i s  program 

a r e  s t a t e d  i n  terms of t h e  yaw r a t e  e x h i b i t e d  by a  g i v e n  v e h i c l e  i n  

response t o  a  s teer ing-wheel  d isp lacement  i n p u t .  I n  p a r t i c u l a r ,  an 

"optimum" r e g i o n  o f  a  "performance space" de f i ned  by ( 1 )  s t e a d y - s t a t e  

g a i n  and ( 2 )  a  measure o f  t r a n s i e n t  response- t ime was developed i n  



a c o n c u r r e n t  (and separa te)  p r o j e c t  [z] , These performance 

s p e c i f i c a t i o n s  a r e  discussed i n  t h e  f o l l o w i n g  s e c t l o n  (2,O) o f  

t h l s  r e p o r t ,  The f i n d i n g s  o f  t he  a n a l y t i c a l  s t u d y  and t h e  survey 

o f  v e h i c l e  performance a r e  summarized i n  S e c t i o n  3.0. The r e s u l t s  

o b t a i n e d  i n  t h e  v e h i c l e  and d r i v e r - v e h i c l e  t e s t s  a r e  desc r ibed  i n  

S e c t i o n  4.0, Conclusions and recommendations a r e  presented i n  

S e c t i o n  5,O. 

A t  t h e  o u t s e t ,  i t  shou ld  be emphasized t h a t  t h e  s tudy  r e p o r t e d  

h e r e i n  i n d i c a t e s  t h a t  a  somewhat unan t i c , i pa ted  "bench-mark" has been 

e s t a b l i s h e d .  S p e c i f i c a l l y ,  t h e  f i n d i n g s  show t h a t ,  w i t h  t h e  excep- 

t i o n  o f  some v e h i c l e  models equipped w i t h  manual s t e e r i n g  systems, 

t h e  d i r e c t i o n a l  performance c h a r a c t e r i s t i c s  o f  c u r r e n t l y  produced 

subcompact, compact, and i n t e r m e d i a t e  s i z e  au tomob i les  l i e  w i t h i n  

t h e  "optimum" r e g i o n  t h a t  has been d e f i n e d  by  r e s e a r c h  per formed 

under t h e  ausp ices  of NHTSA. Acco rd ing l y ,  a  p r i n c i p a l  c o n c l u s i o n  

o f  t h i s  s t u d y  i s  t h a t  a  s e r i o u s  gap does n o t  e x i s t  between c u r r e n t  

des ign and t h a t  des ign necessary f o r  compl iance w i t h  r e c e n t  r e s e a r c h  

f i n d i n g s  . 
A l though  t h e  p r i o r  r e s e a r c h  f i n d i n g s  ( a p p l i e d  i n  t h i s  s t u d y )  

do c o n t r i b u t e  t o  t h e  development o f  an  unders tand ing  o f  t h e  r e l a t i o n -  

sh ips  between d i r e c t i o n a l  performance measures and d r i v e r  c o n t r o l ,  

t h i s  s tudy  suggests t h a t  t h e r e  a r e  f a c t o r s ,  i n  a d d i t i o n  t o  s p e c i f i -  

c a t i o n s  on yaw r a t e  response, wh ich  s h o u l d  be e v a l u a t e d  t o  assess 

t h e  h a n d l i n g  q u a l i t i e s  o f  a  p a r t i c u l a r  v e h i c l e .  F o r  example, s t e e r i n g  

wheel to rque,  r o l l  response t o  l a t e r a l  a c c e l e r a t i o n ,  1  a t e r a l  a c c e l e r a -  

t i o n  response t ime,  yaw response o v e r  a  range o f  f o r w a r d  v e l o c i t i e s ,  
. .  

and emergency maneuvering performance a r e  some o f  t h e  f a c t o r s  wh ich  

appear t o  be i m p o r t a n t .  S e c t i o n  5.0 recomnends t h a t  t hese  f a c t o r s  

be addressed i n  f u r t h e r  s t u d i e s .  

I n  summary, an o v e r a l l  c o n c l u s i o n  o f  t h i s  s t u d y  i s  t h a t  a  des ign  

s e r v i n g  t o  s a t i s f y  a  s e t  o f  s p e c i f i c a t i o n s  on yaw r a t e  response, as 

developed e a r l i e r  i n  a  separa te  s tudy,  i s  n o t  s u f f i c i e n t  t o  i n s u r e  



a  good hand1 i n g  automobi le .  Th i s  c o n c l u s i o n  does n o t  come as a  

s u r p r i s e  i n  v iew  o f  t h e  t o t a l  absence o f  any consensus r e 1  a t i v e  t o  

t h e  a r t  o f  d e f i n i n g  and/or  i d e n t i f y i n g  good hand l i ng  c h a r a c t e r i s t i c s .  

The body o f  t h i s  r e p o r t  p resen ts  evidence s u p p o r t i n g  t h e  two 

main  conc lus ions  s t a t e d  above. 





2.0 DISCUSSION OF VEHICLE HANDLING SPECIFICATIONS 

Passenger c a r  hand l i ng  and t h e  c o n t r o l  o f  road  v e h i c l e s  have 

been t h e  s u b j e c t  o f  many research  s t u d i e s  and t e c h n i c a l  papers ove r  

t h e  l a s t  25  years .  Reviews and e v a l u a t i o n s  o f  a  good sample o f  

p e r t i n e n t  e f f o r t s  a r e  g i v e n  i n  References [3, 4, 51. I n  t h i s  s e c t i o n ,  

t h e  open- loop v e h i c l e  response measures developed i n  two NHTSA- 

sponsored s t u d i e s  [I, 21 w i l l  be desc r ibed  because those v e h i c l e  

s p e c i f i c a t i o n s  have been used i n  t h i s  program. 

Bo th  what t h e  s p e c i f i c a t i o n s  a r e  and what t h e y  a r e  n o t  w i l l  be 

d iscussed.  The d i s c u s s i o n  o f  f a c t o r s  n o t  s p e c i f i e d  i s  i n t e n d e d  t o  

p r o v i d e  an i n d i c a t i o n  o f  d i r e c t i o n s  which p r o g r e s s i n g  s t u d i e s  o f  

d r i v e r - v e h i c l  e  c o n t r o l  m i g h t  t a k e  i n  t h e  f u t u r e .  

2.1 Review o f  t h e  Preced ing and Concurrent  P r o j e c t s  

A t e n t a t i v e  optimum range o f  v e h i c l e  dynamics f o r  d i r e c t i o n a l  

c o n t r o l  was presented i n  1975 i n  t h e  f i n a l  r e p o r t  f o r  a  s t u d y  en- 

t i t l e d  "Automobi 1  e  C o n t r o l  1  a b i l  i t y - D r i v e r l v e h i c l e  Response f o r  

S t e e r i n g  Con t ro l  ," C o n t r a c t  Number DOT-HS-359-3-762 [I]. I n  t h a t  

p r o j e c t  v e h i c l e s  w i t h  d i f f e r i n g  dynamic p r o p e r t i e s  were d r i v e n  by 

16 t y p i c a l  d r i v e r s  and an e x p e r t  d r i v e r  i n  r e g u l a t i o n  t a s k s  and 

t r a n s i e n t  maneuvers. Much o f  t h e  exper imen ta l  work was done w i t h  a  

"1 abo ra to ry "  v e h i c l e  wh ich  had a  servomechanism i n s t a l  l e d  t o  p r o v i d e  

f r o n t  wheel mot ions  i n  a d d i t i o n  t o  those  s t e e r  mo t ions  commanded by 

t h e  d r i v e r  th rough  t h e  use o f  t h e  s t e e r i n g  wheel .  By u s i n g  t r a n s -  

duced v e h i c l e  response v a r i a b l e s  as i n p u t s  t o  t h e  servomechanism, a  

wide v a r i e t y  o f  v e h i c l e  dynamics c h a r a c t e r i s t i c s  were o b t a i n e d .  I n  

a d d i t i o n ,  t h e  servomechanism was used t o  a p p l y  known "d i s tu rbances"  

t o  t h e  f r o n t  wheels, t he reby  p r o v i d i n g  t h e  i n p u t s  f o r  s o p h i s t i c a t e d  

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

The l a b o r a t o r y  v e h i c l e  used power s t e e r i n g  (wh ich  he lped t o  

i s o l a t e  t h e  d r i v e r  f r o m  t h e  to rques  appl  i e d  by  t h e  servomechanism). 



The l a b o r a t o r y  v e h i c l e  was "s t i f f ened"  i n  r o l l  t o  remove the poss ib-  

l y  confus ing i s s u e  of r o l l  dynamics from t h e  i n i t i a l  research e f f o r t s  

and t o  a1 low t h e  use of a  s imple two-degree-of-freedom model i n  

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

The form of t h e  t r a n s f e r  f u n c t i o n  used i n  [I] t o  desc r ibe  t h e  

yaw r a t e  response t o  s t e e r i n g  wheel i n p u t s  i s  as f o l l o w s :  

where 

r = yaw r a t e  

6sw = s teer ing-wheel  ang le  

Y / J S W  / ss = s teady -s ta te  yaw v e l o c i t y  t o  s t e e r i n g  g a i n  

Tr = t h e  yaw v e l o c i t y  numerator t i m e  cons tan t  

S = Laplace t r a n s f o r m  v a r i a b l e  

W n  = n a t u r a l  f requency 

5 = damping r a t i o  

C l e a r l y ,  t h e  t r a n s f e r  f u n c t i o n  approach i m p l i e s  l i n e a r  a n a l y s i s  and 

a  1  i n e a r  system, Nevertheless,  i n  [I], some r e s u l t s  f o r  t r a n s i e n t  

maneuvers s u b s t a n t i a l l y  exceeding t h e  1  i n e a r  range o f  v e h i c l e  pe r -  

formance were s tud ied ,  I n  those cases, d r i v e r  o p i n i o n ,  l a n e  exceed- 

ances, and s t e e r i n g  a c t i v i t y  were c o r r e l a t e d  w i t h  v e h i c l e  response 

parameters, as d e f i n e d  i n  t h e  1  i n e a r  a n a l y s i s .  

The r e s u l t s  o f  t h e  i n i t i a l  s t u d y  may be summarized as  f o l l o w s :  

l )  r'6sW/ss and Tr appear t o  be t h e  most i m p o r t a n t  v e h i c l e  

c h a r a c t e r i s t i c s  i n  terms o f  d r i v e r  r a t i n g ;  

2 )  A t  50 mph, t e n t a t i v e  boundar ies on r / ~ ~ ~  I S S  and Tr 

f o r  a  r e g i o n  o f  optimum v e h i c l e  response f o r  an 

exper ienced t e s t  d r i v e r  a r e  those  g i v e n  i n  F i g u r e  1; and 



r - 8swls  ':: 7 Optimum 

at 50 mph 
.20 

F i g u r e  1 .  T e n t a t i v e  boundar ies o f  optimum v e h i c l e  response a t  
50 mph as determined f rom s u b j e c t i v e  r a t i n g s  o f  
exper ienced t e s t  d r i v e r  [I]. 

3)  The lower  bounds on ~~1~~ and 5 1 5 0  a r e  app rox ima te l y  

3.0 rad/sec  and 0.5, r e s p e c t i v e l y  (where t h e  n o t a t i o n  

i n d i c a t e s  t h a t  t h e  parameter i s  eva lua ted  a t  a .. 

v e h i c l e  v e l o c i t y  o f  50 mph). 

These s p e c i f i e d  r e s t r i c t i o n s  on v e h i c l e  performance a r e  a1 1 

f o r  a forward speed o f  50 mph. The use o f  a p a r t i c u l a r  speed i s  
'A ' i m p o r t a n t  t o  observe because a l l  o f  t h e  v e h i c l e  performance parameters 

used i n  Equat ion  ( 1  ) a r e  f u n c t i o n s  o f  f o rward  v e l o c i t y .  

A1 thoug h t h e  i n i t i a l  optimum space was m o d i f i e d  s i g n i f i c a n t l y  

i n  a second s tudy  [2], i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  many domest ic  

passenger c a r s  do n o t  have l a r g e  enough s t e a d y - s t a t e  yaw r a t e  g a i n s  



t o  f a l l  i n t o  t h e  i n i t i a l  optimum r e g i o n ,  T y p i c a l l y ,  g a i n  increases 

o f  approx imate ly  1.3 t imes would be needed t o  cause conven t iona l  

passenger ca rs  t o  meet t h e  s p e c i f i c a t i o n s  g i v e n  by F i g u r e  1 ,  

The i n i t i a l  e f f o r t  [I] was f o l l o w e d  by a subsequent s tudy  [2]  

e n t i t l e d  "Eva lua t i on  and C o r r e l a t i o n  o f  D r i v e r I V e h i c l e  Data," Con- 
. d 

t r a c t  Number DOT-HS-5-01200. The r e s u l  t s  f r om t h e  i n i  t i a l  program 
- 1 

a l o n g  w i t h  da ta  f rom o t h e r  s t u d i e s  [6, 71 were eva lua ted  us ing  r e -  
#.. 

v i s e d  procedures.  The v e h i c l e  r a t i n g  data f o r  16  t y p i c a l  d r i v e r s  

f r o m  [I] were ana lyzed t o  d e f i n e  a  new optimum r e g i o n  (see F i g u r e  2 ) .  

F i g u r e  2. T y p i c a l  d r i v e r  boundar ies  - 50 mph. 



The new optimum r e g i o n  i s  s p e c i f i e d  i n  a  performance space 

c o n s i s t i n g  o f  s teady -s ta te  yaw r a t e  g a i n  ( a t  50 mph) and an e f f e c -  

t i v e  t i m e  constant ,  T e / 5 0  The q u a n t i t y  l / T e  corresponds t o  t h e  

f requency a t  which t h e r e  i s  a  45" phase l a g  between t h e  s t e e r i n g -  

wheel a n g l e  i n p u t  and the  yaw r a t e  o u t p u t .  The e f f e c t i v e  t ime  con- 

s t a n t ,  Te, i s  used i n s t e a d  of Tr because Te i s  a  more r e p r e s e n t a t i v e  

measure of v e h i c l e  phase l a g  than Tr f o r  v e h i c l e  c o n f i g u r a t i o n s  i n  

which l / T r  i s  s u b s t a n t i a l l y  l e s s  than t h e  n a t u r a l  f requency,  wn 

(see Eq. ( 1 ) ) .  

A l t hough  t h e  use of Te i n  F igu re  2 i n  p lace  o f  Tr, as used i n  

F igu re  1 ,  necess i t a tes  a  frequency domain a n a l y s i s  o f  t h e  v e h i c l e  

response data ,  t h e  most s i g n i f i c a n t  d i f f e r e n c e  between F i g u r e s  1  

and 2 f o r  t h e  s tudy  desc r i bed  here i s  t h e  l a r g e  change i n  t h e  l ower  

boundary f o r  s teady -s ta te  g a i n  between t h e  e x p e r t  d r i v e r  boundary 

and t h e  t y p i c a l  d r i v e r  boundary. S p e c i f i c a l l y ,  t h e  l ower  boundary 

f o r  s teady -s ta te  g a i n  a t  50 mph f o r  t h e  e x p e r t  d r i v e r  i s  0.2 sec-' 

and t h e  l o w e r  boundary f o r  t y p i c a l  d r i v e r s  i s  below 0.14 sec- I  . 
I n  terms of c u r r e n t  v e h i c l e  design,  t h e  r e s u l t s  o f  t h i s  s tudy  

(presented i n  Sect ions  3 .0  and 4.0)  i n d i c a t e  t h a t  t h e  s teady -s ta te  

yaw r a t e  g a i n s  f o r  many 1977 v e h i c l e  models 1 i e  between t h e  l o w e r  

boundar ies f o r  t y p i c a l  and expe r t  d r i v e r s .  Acco rd ing l y ,  t h e  change 

f rom e x p e r t  d r i v e r  r e s u l t s  t o  t y p i c a l  d r i v e r  r e s u l t s  means a  change 

f rom a  s i t u a t i o n  i n  which t h e  resea rch  r e s u l t s  i m p l y  an i nc rease  i n  

g a i n  t o  a  s i t u a t i o n  i n  wh ich  no v e h i c l e  m o d i f i c a t i o n  i s  r e q u i r e d  

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

; 
, - 2.2 Fac to rs  Not I nc luded  i n  t h e  Spec i f i ed  Performance Space (SPSL 

The boundar ies shown i n  F i g u r e  2, a long w i t h  t h e  r e s t r i c t i o n  

t h a t  be g r e a t e r  t han  0.5 and ~~l~~ be g r e a t e r  t han  3.0 rad /sec ,  

d e f i n e  t h e  s p e c i f i e d  performance space (SPS) . However, t h e  f o l l o w -  

i n g  f a c t o r s  n o t  i n c l u d e d  i n  t h e  SPS can be i m p o r t a n t  i n  a t t e m p t i n g  

t o  develop s t r a i g h t f o r w a r d ,  inexpens ive  methods t o  b r i n g  a  v e h i c l e ' s  

yaw response i n t o  t h e  SPS w i t h o u t  degrad ing  t h e  v e h i c l e  i n  some 

o t h e r  aspect  o f  performance: 



1 ) s t e e r i n g  to rque  c h a r a c t e r i s t i c s  

2 )  i n f l u e n c e  o f  r o l l  on acceptab le  l e v e l s  o f  yaw r a t e  g a i n  

3 )  l a t e r a l  a c c e l e r a t i o n  response t i m e  

4 )  s i d e s l i p  ang le  response 

5 )  " sp in -ou t "  o r  "p low-out"  a t  t h e  l i m i t  

6 )  c o n d i t i o n s  f o r  wheel "1 i f t - o f f "  

7 )  performance a t  speeds o t h e r  than 50 mph. 

Comprehensive i n v e s t i g a t i o n s  o f  each o f  these i tems were beyond 

t h e  scope o f  t h i s  p r o j e c t ,  Each o f  these f a c t o r s  c o u l d  be t h e  sub- 

j e c t  of a  separa te  resea rch  task  o r  p r o j e c t  i n  f u t u r e  s t u d i e s .  The 

d i scuss ions  which f o l l o w  p resen t  reasons f o r  c o n s i d e r i n g  these f a c -  

t o r s .  

2.2.1 S t e e r i n g  Torque C h a r a c t e r i s t i c s .  Most au tomobi les  

equipped w i t h  manual s t e e r i n g  have a  s i g n i f i c a n t l y  l a r g e r  s t e e r i n g  

r a t i o  than t h a t  used on an e q u i v a l e n t  model equipped w i t h  power 

s t e e r i n g .  The purpose o f  t h e  l a r g e r  s t e e r i n g  r a t i o  i s  t o  keep t h e  

to rque  l e v e l  r e q u i r e d  f rom t h e  d r i v e r  w i t h i n  accep tab le  bounds, ( I t  
i s  b e l i e v e d  t h a t  ( 1 )  d r i v e r s  a r e  s e n s i t i v e  t o  s t e e r i n g  t o r q u e  and 

( 2 )  t hey  do n o t  l i k e  t o  a p p l y  r e l a t i v e l y  l a r g e  o r  r e l a t i v e l y  smal l  

to rques i n  c o n t r o l  1  i n g  a  v e h i c l e . )  

Fo r  manual s t e e r i n g  automobi les ,  t h e  d e s i r e  f o r  1  i m i  t e d  s t e e r -  

i ng to rques con f l  i c t s  w i t h  t he  requ i remen t  f o r  exceeding t h e  spec i -  

f i e d  l ower  boundary f o r  s t e a d y - s t a t e  yaw r a t e  g a i n ,  One obv ious  

s o l u t i o n  t o  t h e  c o n f l i c t  i s  t o  use power s t e e r i n g  i f  t h e  c o s t  i s  

acceptable.  Another approach would be t o  conduct  r e s e a r c h  w i t h  t h e  

goal  o f  e s t a b l  i s h i n g  accep tab le  bounds on s tee r i ng -whee l  t o rque .  

A1 so, resea rch  c o u l d  be performed t o  see i f  t h e r e  i s  an i n t e r a c t i o n  

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

response p r o p e r t i e s  wh ich  a r e  good f o r  d r i v e r  c o n t r o l .  I t  i s  p o s s i b l e  

t h a t  s teer ing-whee l  t o rque  i n f l u e n c e s  t h e  ranges o f  yaw r a t e  g a i n  

and response t i m e  ( e f f e c t i v e  t i m e  c o n s t a n t )  s u i t a b l e  f o r  good 

s t e e r i n g  c o n t r o l  l a b i l  i ty. 



2.2.2  I n f l u e n c e  o f  R o l l  on Acceptable Leve l s  o f  Yaw Rate Gain. 

Recent r e s e a r c h  [8]  i n d i c a t e s  t h a t  d r i v e r s  p r e f e r  l ower  l e v e l s  o f  

yaw r a t e  g a i n  f o r  v e h i c l e s ,  which have a  g r e a t e r  r o l l  response 

(degrees r o l l  per  u n i t  o f  l a t e r a l  a c c e l e r a t i o n ) ,  than t h e  l e v e l s  o f  

g a i n  t h e y  d e s i r e  f o r  " s t i f f e r "  v e h i c l e s .  S ince t h e  i n i t i a l  s tudy  

[I] was conducted p r i m a r i l y  w i t h  r o l l  - s t i f f e n e d  v e h i c l e s ,  t h e  p o s s i -  

b i l  i t y  e x i s t s  t h a t  t h e  r e s u l t s  ob ta ined  the re f rom need t o  be extended 

t o  i n c l u d e  t h e  i n f l u e n c e  o f  v e h i c l e  r o l l .  

I n  t h e  fo l l ow-on  s tudy  [2] ,  and i n  t h i s  p r o j e c t ,  t h e  i n f l u e n c e  

o f  v e h i c l e  r o l l  on yaw g a i n  and e f f e c t i v e  t i m e  c o n s t a n t  have been 

cons ide red .  B u t  t h e  i n f l u e n c e  of r o l l  per  se ( f o r  example, t h e  

l a t e r a l  a c c e l e r a t i o n  f e l t  by t h e  d r i v e r  due t o  r o l l  m o t i o n )  was n o t  

s t u d i e d .  Whether r o l l  i n f l u e n c e s  t h e  d r i v e r ' s  a b i l i t y  t o  s t e e r  i s  a  

c a n d i d a t e  s u b j e c t  f o r  f u r t h e r  research.  

2.2.3 L a t e r a l  A c c e l e r a t i o n  Response Time. Dur ing  t h i s  p r o -  

j e c t ,  consu l  t a t i o n  v i s i t s  were made t o  t h r e e  au tomob i l e  manu fac tu r i ng  

f i r m s  t o  speak w i t h  persons knowledgeable i n  p r a c t i c a l  m a t t e r s  asso- 

c i a t e d  w i t h  t h e  s t e e r i n g  and c o n t r o l l a b i l i t y  o f  passenger c a r s .  On 

two o f  t hese  v i s i t s ,  t h e  r e p r e s e n t a t i v e s  f rom i n d u s t r y  v o l u n t e e r e d  

t h a t  1  a t e r a l  a c c e l e r a t i o n  response t ime  was a  more d i s c r i m i n a t i n g  

measure o f  d i r e c t i o n a l  per formance than  yaw r a t e  response t i m e  ( o r  

t h e  e f f e c t i v e  t ime  c o n s t a n t  f o r  yaw). 

The i n d u s t r y  personne l  observed f rom t h e i r  expe r ience  i n  e x p e r i  - 
mental  work t h a t  most v e h i c l e s  o f  a  p a r t i c u l a r  s i z e  had v e r y  s i m i l a r  

yaw r a t e  response t imes  wh ich  d i d  n o t  change much w i t h  changes i n  

v e h i c l e  parameters.  However, t h e  changes i n  v e h i c l e  response due 

t o  changes i n  parameters were obse rvab le  i n  t h e  1  a t e r a l  a c c e l e r a t i o n  

response t i m e .  A c c o r d i n g l y ,  t hey  p r e f e r  t o  work w i t h  l a t e r a l  a c c e l e r a -  

t i o n  response t i m e  because t h e y  can more r e a d i l y  i n t e r p r e t  t h e i r  t e s t  

r e s u l  t s  u s i n g  t h i s  performance measure. 

T h i s  s i t u a t i o n  does n o t  appear t o  be we1 1  documented i n  t h e  

t e c h n i c a l  1  i t e r a t u r e ,  a1 though l a t e r a l  a c c e l e r a t i o n  response t i m e  i s  

used i n  severa l  re fe rences  [ 9 ,  10, 11, 121 d e a l i n g  w i t h  t h e  d i r e c -  

t i o n a l  response and c o n t r o l  o f  passenger c a r s .  I t  s h o u l d  be no ted  



t h a t  t h e r e  does n o t  appear t o  be agreement w i t h i n  t h e  t e c h n i c a l  

community as t o  s u i t a b l e  measures f o r  q u a n t i f y i n g  t r a n s i e n t  

r e s p o n s e *  I n  t h i s  regard ,  yaw r a t e  i s  q u i t e  o f t e n  used as t h e  

mo t ion  v a r i a b l e  employed because t h e  s t e e r i n g  sys tem's  b a s i c  f u n c t i o n  

i s  t o  t u r n  t h e  v e h i c l e  towards d e s i r e d  heading ang les ,  Never the less ,  

t h e  avo idance of obs tac les  a t  h i g h  speed r e q u i r e s  r a p i d  l a t e r a l  

d e v i a t i o n s  which e n t a i l  s h o r t  l a t e r a l  a c c e l e r a t i o n  response t imes .  . I  

I n t e r e s t i n g l y ,  one researcher  [11] has used a  measure wh ich  i s  equ i -  . .  

v a l  e n t  t o  t h e  ,d i f f e rence  between t h e  1  a t e r a l  a c c e l e r a t i o n  and t h e  

yaw r a t e  response t imes.  

I n  summary, researchers  have n o t  y e t  reached agreement on 

a p p r o p r i a t e  measures f o r  q u a n t i f y i n g  t r a n s i e n t  d i r e c t i o n a l  -response 

p r o p e r t i e s  Undoubtedly, t h i s  s u b j e c t  wi  11 c o n t i n u e  t o  r e c e i v e  

a t t e n t i o n  i n  f u t u r e  s tud ies ,  a t t e m p t i n g  t o  e v a l u a t e  v e h i c l e  c o n t r o l  

and a c c i d e n t  avoidance capabi 1  i ty. 

2 . 2 . 4  S i d e s l i p  Angle Response. The s i d e s l i p  ang le ,  d e f i n e d  as  

t h e  a n g l e  between an a x i s  d i r e c t l y  o u t  t h e  f r o n t  o f  t h e  v e h i c l e  and 

t h e  v e l o c i t y  v e c t o r ,  i s  smal l  ( u s u a l l y  l e s s  than  2') f o r  normal 

d r i v i n g  maneuvers. Using commonly a v a i l a b l e  dev ices ,  i t  i s  d i f f i c u l t  

t o  measure s i d e s l i p  ang le  a c c u r a t e l y  enough f o r  use i n  s t u d y i n g  

normal d r i v i n g .  However, i n  severe  maneuvers 1  a rge  s i d e s l  i p  ang les  

can deve lop  and measured ( d e r i v e d )  s i d e s l i p  a n g l e  d a t a  can be used 

t o  p r o v i d e  an i n d i c a t i o n  of t h e  t ype  and s e v e r i t y  o f  response i n  

emergency maneuvers approaching t h e  1  i m i  t s  o f  v e h i c l e  performance 

[131. 

Never the less ,  t h e  s i d e s l  i p  a n g l e  can be i m p o r t a n t  i n  r e l a t i v e l y  

low-1 eve1 t r a c k i n g  o r  p r e c i s i o n  s t e e r i n g  courses because even below 

a  s i d e s l i p  ang le  o f  2' t h e  e f f e c t i v e  w i d t h  o f  t h e  v e h i c l e  i s  i n -  

creased by an amount wh ich  can be s i g n i f i c a n t  t o  t h e  d r i v e r .  T h i s  

phenomenon appeared t o  be o f  impor tance i n  t h i s  s t u d y  and t h e  

imp1 i c a t i o n s  o f  s i d e s l  i p  a n g l e  w i t h  r e g a r d  t o  d r i v e r - v e h i c l e  t e s t i n g  

a r e  desc r ibed  i n  S e c t i o n  4.2.2. 



2.2 .5  "Spin-Out"  o r  "Plow-Out" a t  t h e  L i m i t .  Upon i n i t i a t i n g  

a sudden t u r n ,  a  v e h i c l e ' s  f r o n t  t i r e s  produce a  s i d e  f o r c e  caus ing  

t h e  v e h i c l e  t o  a c c e l e r a t e  i n  yaw and l a t e r a l  mo t ion .  Then, t h e  

r e a r  t i r e s  s t a r t  t o  produce l a t e r a l  f o r c e s  as t h e  v e h i c l e  deve lops  

yaw and l a t e r a l  v e l o c i t i e s .  The f o r c e s  from t h e  r e a r  t i r e s  reduce 

. t h e  yaw a c c e l e r a t i o n  and i n c r e a s e  t h e  l a t e r a l  a c c e l e r a t i o n  of t h e  
L. v e h i c l e .  If t h e  fo rces  from t h e  r e a r  t i r e s  cannot  a r r e s t  t h e  yaw 

mot ion,  t h e  v e h i c l e  w i l l  s p i n  o u t .  I f  t h e  f r o n t  t i r e  f o rces  s a t u r a t e  
- . -. be fo re  t h e  r e a r  t i r e  fo rces  reach  t h e i r  maximum value,  t h e  v e h i c l e  

w i l l  p low o u t ,  t h a t  i s ,  t h e  d r i v e r  can i nc rease  t h e  s t e e r  a n g l e  above 

t h e  l e v e l  f o r  f r o n t  t i r e  s a t u r a t i o n  w i t h o u t  causing an i n c r e a s e  i n  

pa th  c u r v a t u r e .  

I n  o r d e r  t o  i nc rease  s t e a d y - s t a t e  yaw- ra te  g a i n  i n  t h e  normal 

o r  l i n e a r  d r i v i n g  range, c o n s i d e r a t i o n  has been g i v e n  t o  i n c r e a s i n g  

t h e  c o r n e r i n g  s t i f f n e s s e s  o f  t h e  f r o n t  t i r e s  and dec reas ing  t h e  

c o r n e r i n g  s t i f f n e s s e s  of t h e  r e a r  t i r e s .  

A poss i  b i l  i t y  f o r  accompl i s h i n g  t h i s  d i f f e r e n c e  i n  t i r e  charac-  

t e r i s t i c s  i s  t o  use a  d i f f e r e n t  t ype  o f  t i r e  on t h e  r e a r  a x l e  t h a n  

t h a t  used on t h e  f r o n t  a x l e .  Even though t h i s  s i t u a t i o n  occu rs  

f a i r l y  f r e q u e n t l y  f o r  v e h i c l e s  i n  use ( t h a t  i s ,  peop le  o f t e n  r e p l a c e  

two t i r e s  a t  a  t i m e ) ,  i t  i s  cons ide red  t o  be i m p r a c t i c a l  t o  m a i n t a i n  

a  s p e c i f i e d  d i f f e r e n c e  i n  t h e  types  o f  t i r e s  i n s t a l l e d  on t h e  f r o n t  

and r e a r  ax les .  

However, d i f f e r e n c e s  i n  t i r e  mechanical  c h a r a c t e r i s t i c s  have 

been achieved by u s i n g  d i f f e r e n t  i n f l a t i o n  p ressu res  between f r o n t  

and r e a r  t i r e s .  To o b t a i n  s u b s t a n t i a l  changes i n  g a i n ,  e x t r a -  
* ' 

o r d i n a r i l y  l ow  l e v e l s  o f  i n f l a t i o n  p ressu re  a r e  needed i n  t h e  r e a r  

t i r e s  [14]. T h i s  s i t u a t i o n  can l e a d  t o  a  t e n d e n c y f o r  t h e v e h i c l e  
I 

t o  s p i n  o u t  i n  emergency maneuvers. Dur ing  t h e  i n i t i a l  phase o f  a  

sudden t u r n ,  a  l a r g e  yaw a c c e l e r a t i o n  can be deve loped.  Even i f  t h e  

fo rces  from t h e  f r o n t  and r e a r  t i r e s  tended t o  s a t u r a t e  a t  l e v e l s  
which produce a  yaw moment ba lance  on t h e  v e h i c l e  l a t e r  i n  t h e  manuever, 



they would no t  be able t o  reduce t h e  h i gh  yaw r a t e  es tab l i shed  dur-  

i ng  t h e  t ime when the yaw acce le ra t i on  was l a r g e .  If the  l a r g e  yaw 

r a t e  p e r s i s t s ,  the  veh i c l e  w i l l  s p i n  ou t ,  

There a re  d i f fe rences  i n  op in ion  regard ing whether a "sp i  n-out"  

o r  a  "p low-out"  i s  l e a s t  safe ,  I n  the  case of a  sp in-out ,  t he  d r i v e r  

i s  t u r n i n g  i n  an uncon t ro l led  manner which he probably cannot co r rec t .  

I n  a  plow-out, the  d r i v e r  cannot increase t he  s e v e r i t y  of the turn,  

but  he can reduce the s e v e r i t y  o f  the t u r n  and he i s  o r i en ted  some- 

what i n  t he  d i r e c t i o n  o f  the  v e h i c l e ' s  v e l o c i t y  vec to r .  From a  

c o n t r o l l a b i l i t y  s tandpoin t ,  a  plow-out appears t o  have an advantage 

over a  severe sp in-out .  Nonetheless, t he  mat te r  of plow-out versus 

sp in -ou t  has n o t  been reso lved  and t he  prudent course o f  a c t i o n  i s  

t o  t r y  t o  avo id  e i t h e r  one. 

Accord ing ly ,  l a r g e  reduct ions i n  r e a r  t i r e  i n f l a t i o n  pressure 

t o  achieve s i g n i f i c a n t  changes i n  yaw r a t e  g a i n  a re  no t  recommended 

even though t h i s  m o d i f i c a t i o n  might  move t he  performance character -  

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

2.2.6 Condi t ions f o r  Wheel " L i f t - O f f  ." This  sub jec t  was men- 

t i oned  by represen ta t i ves  from a  v e h i c l e  manufactur ing firm as one 

o f  a  number o f  i tems a  manufacturer m igh t  cons ider  i n  eva lua t ing  a 

v e h i c l e ' s  response i n  severe maneuvers. The r n l l  s t i f f n e s s e s  o f  f r o n t  

and r e a r  suspensions, j ack i ng  e f f e c t s ,  f r o n t  and r e a r  r o l l  center  

he ights ,  sprung-mass cen te r  o f  g r a v i t y  he igh t ,  and t h e  l o c a t i o n s  o f  

bump stops a re  impor tant  w i t h  regard t o  t h e  l e v e l  o f  maneuver a t  which 

wheels s t a r t  t o  l i f t  o f f  t h e  ground. 

For a  veh i c l e  w i t h  a  subs tan t i a l  f r o n t  a n t i - r o l l  bar and a  

f a i r l y  r o l l - c o m p l i a n t  r e a r  suspension, t h e  i n s i d e  f r o n t  wheel may be 

e n t i r e l y  unloaded i n  a  severe t u r n i n g  maneuver. The unloading o f  one 

f r o n t  wheel and the  load ing o f  t he  o t h e r  f r o n t  wheel can cause a  

ne t  r educ t i on  i n  t i r e  s ide  f o r c e  from t h e  f r o n t  wheels. This phenom- 

enon can reduce the  tendency f o r  a  v e h i c l e  t o  s p i n  o u t  (enhance t he  

tendency f o r  plow o u t )  i n  an abrupt  t u r n i n g  maneuver. 



F o r  v e h i c l e s  w i t h o u t  a  f r o n t  a n t i - r o l l  bar ,  t h e  a d d i t i o n  o f  a  

f r o n t  a n t i - r o l l  bar  can be used t o  i nc rease  t h e  yaw r a t e  g a i n  i n  

normal d r i v i n g .  (See S e c t i o n  3.1 . )  Thus t h i s  m o d i f i c a t i o n  c o u l d  

be used t o  b r i n g  a  v e h i c l e  whose g a i n  i s  s l i g h t l y  below t h e  l o w e r  

boundary o f  t h e  SPS i n t o  t h e  SPS. Whether t h e  a d d i t i o n a l  f r o n t  roll 

s t i f f n e s s  w i l l  cause an un favo rab le  wheel l i f t - o f f  s i t u a t i o n  o r  an 

i n a p p r o p r i a t e  l o s s  i n  n e t  s i d e  f o r c e  f rom t h e  f r o n t  wheels i n  maneuvers 

i n  t h e  n o n l i n e a r  range o f  v e h i c l e  performance has n o t  been e s t a b l i s h e d ,  

and any genera l  r e s u l t s  o f  t h i s  n a t u r e  a r e  beyond t h e  scope o f  t h i s  

p r o j e c t  and t h e  requ i rements  d e f i n i n g  t h e  SPS. 

2.2.7 Performance a t  Speeds D i f f e r e n t  from 50 mph. The SPS i s  

based on parameters wh ich  a r e  a l l  de termined a t  a  speed o f  50 mph. 

As d iscussed i n  t h e  n e x t  s e c t i o n ,  reasonab le  va lues  o f  g a i n  and r e -  

sponse t i m e  a t  50 mph do n o t  i n s u r e  reasonab le  va lues  o f  g a i n  and 

response t i m e  a t  speeds s l i g h t l y  removed f rom 50 mph. 

I f  o v e r a l l  s t e e r i n g  r a t i o  were t o  be c o n s t r a i n e d  t o  a  nar row 

range, t hen  g a i n  and response t i m e  measures a t  50 mph would adequate- 

l y  d e f i n e  performance a t  o t h e r  speeds. But  o v e r a l l  s t e e r i n g  r a t i o  

i s  n o t  c o n s t r a i n e d  t o  a  nar row range e i t h e r  i n  p r a c t i c e  o r  by  t h e  

SPS. Thus, s p e c i f i c a t i o n s  a t  50 mph a r e  n o t  s u f f i c i e n t  t o  i n s u r e  

good h a n d l i n g  qua1 i t i e s  th roughou t  t h e  e n t i r e  range o f  t y p i c a l  f o r -  

ward v e l o c i t i e s .  

There a r e  v e h i c l e  per formance parameters wh ich  a r e  n o t  speed 

dependent. For example, t h e  u n d e r s t e e r / o v e r s t e e r  g r a d i e n t ,  a  t r a d i  - 
t i o n a l  open- loop h a n d l i n g  measure, does n o t  depend upon speed i n  t h e  

normal d r i v i n g  range.  A lso ,  t h e  f r o n t  and r e a r  c o r n e r i n g  compl iances 

[9 ]  a r e  independent o f  speed. 

The n e x t  s e c t i o n  examines what t h e  requ i remen ts  o f  t h e  SPS i m p l y  

about  (1 ) u n d e r s t e e r / o v e r s t e e r  g r a d i e n t  and ( 2 )  hand1 i ng p r o p e r t i e s  

a t  speeds d i f f e r e n t  from 50 mph. 



2 , 3  L i m i t a t i o n s  o f  t h e  SPS i n  Determining t h e  Yaw Response o f  
a  Veh ic le  

The f o l l o w i n g  d i scuss ion  w i  11 demonstrate, us ing  v e r y  s imp le  

a n a l y t i c a l  models, t h a t  

1 )  I t  i s  p o s s i b l e  f o r  v e h i c l e s  wh ich  f a l l  w i t h i n  t h e  
boundaries o f  t h e  SPS t o  have unders tee r /ove rs tee r  

g r a d i e n t  values which would g e n e r a l l y  be deemed un- 

acceptab le .  These va lues cou ld  range a t  l e a s t  as 

h i g h  as 9.5O/g unders teer  t o  1,O/g o v e r s t e e r .  

2 )  Veh ic les  which have s i m i l a r  p r o p e r t i e s  o r  "accep tab le "  

p r o p e r t i e s  (acco rd ing  t o  t h e  SPS requ i remen t )  a t  50 

mph may have w i d e l y  v a r y i n g  o r  "unaccepta b l  eli p roper -  

t i e s  a t  v e l o c i t i e s  o t h e r  than  50 mph, 

To examine t h e  manner i n  which t h e  SPS serves t o  determine a  

v e h i c l e ' s  hand1 i n g  p r o p e r t i e s ,  express ions d e r i v e d  f rom t h e  we1 1  - 
known two-degree-of-freedom, 1  i n e a r  range, " b i c y c l e "  model o f  t h e  

passenger c a r  w i l l  be used. The b a s i c  equa t ion  d e f i n i n g  steady- 

s t a t e  s t e e r i n g ,  as d e r i v e s  f r o m  such a  model, i s  

where 

= s t e e r i n g  wheel ang le ,  degrees 

= o v e r a l l  s t e e r i n g  r a t i o  

= wheelbase, f e e t  

= t u r n  r a d i u s ,  f e e t  

= unders teer /overs  t e e r  g r a d i e n t ,  degrees pe r  g  

= forward v e l o c i t y ,  f t / s e c  

= yaw r a t e ,  degrees lsec  

= g r a v i t a t i o n a l  cons tan t ,  32.2 f t / s e c 2  



F u r t h e r ,  under s teady -s ta  t e  c o n d i t i o n s  

From t h e s e  express ions ,  t h e  s t e a d y - s t a t e  yaw r a t e  g a i n  ( G )  may be 

expressed as 
L .  

* .  *. 1  u l  a - 1 
u  K , sec 

1  + 2 
g a 5 7 . 3  

I n  t h e  e a r l i e r  work [I], t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  non- 

r o l l i n g  v e h i c l e  model was shown t o  be 

r T r S + l  - (S) = 
6sw -JS+;S 1  2 5 + 1 

n  n  

The phase s h i f t  ( 4 )  between i n p u t  (6,,) and o u t p u t  ( r )  of  t h e  

system de f i ned  by  Equa t i on  ( 5 )  may be expressed as f o l l o w s :  

w/wn + = t a n  - t a n 1 (  r 
w/wn ,i) 

where u i s  t h e  f requency o f  system e x c i t a t i o n .  

From ( 6 ) ,  

t a n  4 = t a n  tan- ' (Trw)  - t a n  C 
and u s i n g  t h e  i d e n t i t y  

- t a n  x  - t a n  y t a n ( x - y )  - 1  + t a n  x t a n  y 



i t  can be shown t h a t  

tan  + = 

The equ iva len t  t ime constant (T,), which i s  one dimension of t he  

SPS, i s  defined such t ha t ,  when 

then 

= - 4 5 O  

S u b s t i t u t i n g  Equation (10) i n t o  Equat ion (9 )  and rearranging,  t h e  

f o l  lowing cubic  equat ion der i ves*  

F i na l  ly,  Bundorf and L e f f e r t  [9], us ing t h e  co rner ing  compl iance. 

concept, have shown t h a t  damping r a t i o  and na tu ra l  f requency may be 

expressed, r espec t i ve l y ,  as: 

and 

*A c losed-form s o l u t i o n  f o r  (1/T ) can be ob ta ined  f rom t h i s  equa- 
t i o n ,  but  i t  i s  very  complex. Th is  " s o l u t i o n , "  i . e . ,  Equat ion ( l l ) ,  
w i l l  be s u f f i c i e n t  f o r  purposes he re i n .  L a t e r  i n  t h i s  d iscuss ion ,  
example values o f  Te w i l l  be g i ven  which a r e  ob ta ined  through numeri- 
c a l  s o l u t i o n  o f  Equation (11) .  



where 

Df = f r o n t  c o r n e r i n g  compliance, deg/g 

Dr 
= r e a r  c o r n e r i n g  compl iance,  deg/g 

Equat ions (1 2 )  and (1 3 )  a r e  a c t u a l l y  approximat ions which r e q u i r e  

t h e  c o n d i t i o n s  
11. 

and 

where 

k = r a d i u s  of g y r a t i o n  o f  t h e  v e h i c l e  i n  yaw, ft 

a = l o n g i t u d i n a l  d i s t a n c e  from t h e  cen te r  o f  g r a v i t y  t o  

t h e  f r o n t  ax le ,  f t  

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

t h e  r e a r  ax le ,  f t  

(Equat ion  (13 )  i s  e x a c t l y  t r u e  i f  Equat ion  (14)  ho lds .  Accord ing  

t o  [9] ,  i t  i s  g e n e r a l l y  t r u e  t h a t  0.9 < k2/ab < 1 .2  such t h a t  Equa- 

t i o n  (14)  i s  s u f f i c i e n t l y  accu ra te  f o r  purposes h e r e i n . )  

For  t h e  s i m p l e s t  v e h i c l e  models, wherein o n l y  t i r e  c o r n e r i n g  

s t i f f n e s s  and we ight  d i s t r i b u t i o n  a r e  considered,  c o r n e r i n g  compl i - 
ances may be expressed as: 

where Wi = we igh t  on t h e  ax le ,  1  b  

C = t o t a l  t i r e  c o r n e r i n g  s t i f f n e s s  on  t h e  
C1 

a x l e ,  I b/deg 



For more complex models, co rne r ing  compliances may a1 so i n c l u d e  t h e  

e f f e c t s  o f  r o l l  s t e e r  and t h e  severa l  compl i ance  s t e e r  e f f e c t s .  

I t  shou ld  be noted t h a t  

and t h a t  

The above equations may be used t o  i l l u m i n a t e  t h e  s i g n i f i c a n c e  

o f  t h e  performance parameter c o n s t r a i n t s  represented by t h e  SPS. 

Equat ion ( 4 )  i n d i c a t e s  t h a t  t h e r e  a r e  two parameters a v a i l a b l e  which 

can be a1 t e r e d  i n  o rde r  t o  o b t a i n  a  d e s i r e d  s teady -s ta te ,  50 mph, 

yaw r a t e  ga in .  These a re  t h e  unders tee r  c o e f f i c i e n t  (K) and t h e  

o v e r a l l  s t e e r i n g  r a t i o  (NG) (assuming t h e  wheelbase i s  a  f i x e d  va lue  

f o r  a  g i v e n  v e h i c l e ) .  Equat ion (12) ,  however, p o i n t s  o u t  t h a t  t h e  

r e s t r i c t i o n  on damping r a t i o ,  i . e . ,  > $ 5 ,  e s s e n t i a l l y  p laces an 

upper bound on t h e  va lue o f  K. (Here again,  i s  assumed f i x e d ,  and 

i t  i s  a l s o  assumed t h a t  t h e  i n e r t i a l  p r o p e r t i e s  of t h e  v e h i c l e  a r e  

n o t  a1 t e r e d  s i g n i f i c a n t l y  from those imp1 i e d  b y  Equat ion (14) . )  

The remain ing r e s t r i c t i o n  on n a t u r a l  f requency > 3 rad /sec )  

and on ~~l~~ (see F i g .  2) do n o t  y i e l d  t o  such s t r a i g h t f o r w a r d  i n t e r -  

p r e t a t i o n .  I n  e f f e c t ,  these r e s t r i c t i o n s ,  th rough  Equat ions (11 ),  

(13), and (18)  p u t  a  lower  bound on K and l i m i t  t h e  t o t a l  c o r n e r i n g  

compliance on t h e  two ax les  o f  t h e  v e h i c l e .  

Now cons ide r  an example based on a  r e a l  v e h i c l e .  Reference 

[ l o ]  presents c o r n e r i n g  compliance data* f o r  a  compact c a r  wh ich r e -  
- I 

su l  t e d  f rom a  v a r i e t y  o f  l o a d  and t i r e  c o n d i t i o n  v a r i a t i o n s  ( i n c l u d i n g  

wear, c o n s t r u c t i o n  type, and i n f l a t i o n  p ressure  v a r i a t i o n s ) .  Tab le  1  

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

*The o r i g i n a l  co rne r ing  compl iance d e f i n i t i o n s  g i v e n  i n  [9]  have 
been extended i n  [ l o ]  t o  i n c l u d e  v e h i c l e  f a c t o r s  n o t  cons idered 
i n  t h e  e a r l i e r  work. 



Tab le  1 .  Corner ing  Compliances Obtained f o r  a  Compact 
Car Through Load and T i r e  Fac to r  V a r i a t i o n s .  

Veh ic l  e  F r o n t  Corner ing  Rear Corner ing  
C o n f i g u r a t i o n  Compl iance,  Olg Compl iance, O/g 

1  10 .5  6.1 

work.  The v e h i c l e  f rom which  these  data  were o b t a i n e d  was a  compact 

c a r  v e r y  much l i k e  t h e  Bu ick  S k y l a r k  used i n  t h i s  p r o j e c t .  Us ing  

t h e  wheelbase o f  t h e  S k y l a r k  (9 .25  f t )  and t h e  compl iance data  o f  

Tab le  1, t h e  va lues  o f  K, u,, I 50, ~ ~ 5 0 , a n d T e / 5 0 c a n b e c a l c u l a t e d  

f o r  each o f  t h e  12 v e h i c l e  c o n f i g u r a t i o n s  o f  Tab le  1 .  The r e s u l t s  

appear i n  Tab le  2. Tab le  2 shows t h a t ,  o f  t h e  12  c o n f i g u r a t i o n s ,  

o n l y  number 12 i s  n e c e s s a r i l y  o u t s i d e  o f  t h e  SPS. T h i s  c o n f i g u r a t i o n  

f a i  1s t h e  requ i rements  on  two counts ,  v i z  ., ( 1  ) i t s  50-mph n a t u r a l  

f requency i s  l e s s  than  3 r a d l s e c  and ( 2 )  i t s  50-mph e f f e c t i v e  t i m e  

. 
, . cons tan t  i s  g r e a t e r  t h a n  0.3 sec. A l l  o t h e r  c o n f i g u r a t i o n s  can be 

made t o  f a l l  i n  t h e  SPS i f  a  s t e e r i n g  r a t i o  (NG)  i s  chosen wh ich  

r e s u l t s  i n  an a p p r o p r i a t e  50-mph yaw r a t e  g a i n  ( see  Eq .  ( 4 ) ) .  ( F o r  

most  o f  t h e  c o n f i g u r a t i o n s  any g a i n  f rom 0.138 sec- I  t o  0.37 sec-' 

i s  acceptab le .  C o n f i g u r a t i o n  numbers 6 and 7  r e q u i r e  more s p e c i f i c  

c o n t r o l ,  f o r  t h e i r  t i m e  cons tan ts  f a l l  i n  t h e  0.238-0.3 sec range,  

i .e . ,  near t h e  s l o p i n g  r i g h t - h a n d  boundary seen i n  F i g u r e  2.)  



Tab1 e  2. Performance Parameters f o r  t h e  V e h i c l e  
Con f igu ra t ions  o f  Tab le  1  . 

V e h i c l e  
C o n f i g u r a t i o n  K ~ 1 5 0  'n 150 Te 1 50 

1  4.4 ,647 4.86 0,191 

2  5.2 -61 6  5.64 ,167 

3  5.1 ,619 5.32 ,176 

4  5.0 .623 5.31 .I 76 

5  4.5 ,643 4.87 ,190 

6  0 .6  -91 7 3.43 ,280 

7  -0.1 1.016 4.09 ,246 

8  3.1 ,711 6.39 1 5 1  

9  1  .I ,862 5.38 ,179 

10  3.3 ,700 4.13 ,221 

11 3.4 ,695 4.19 ,218 

12 -2.1 1.719 2.41 0.943 

The da ta  of  Tables 1  and 2  demonstrate t h a t  a  r a t h e r  broad 

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

can f a l l  w i t h i n  t h e  SPS. The t a b l e s  show t h a t  as unders tee r  becomes 

l a r g e ,  damping r a t i o  i s  t h e  l i m i t i n g  c r i t e r i o n .  ( T h i s  r e l a t i o n s h i p  

was expressed p r e c i s e l y  i n  Equat ion (12 ) . )  I n  f a c t ,  f o r  t h e  v e h i c l e  

used here  (9.25 f t  wheelbase), Equat ion (12)  shows t h a t  t h e  upper 

bound on K i s  9.5 " /g.  As t h e  v e h i c l e  tends toward o v e r s t e e r ,  b o t h  

'n 150 and Te 150 become the  l i m i t i n g  f a c t o r s .  The r e l a t i o n s h i p  

between K and these 1  i m i  t s  i s  n o t  so s t r a i g h t f o r w a r d ,  however, and 

depends on t h e  t o t a l  amount o f  c o r n e r i n g  compl iance i n  t h e  v e h i c l e .  

That  i s ,  as  t h e  c o r n e r i n g  compliance a t  b o t h  ends o f  t h e  v e h i c l e  de- 

creases,  more o v e r s t e e r  i s  acceptabl  e. To demonst ra te  t h i s  p o i n t ,  

cons ide r  t h e  t h r e e  v e h i c l e  c o n f i g u r a t i o n s  o f  Tab le  3 .  These hypothe- 

t i c a l  c o n f i g u r a t i o n s  use f r o n t  and r e a r  compl iances wh ich  a r e  

g e n e r a l l y  low, b u t  n o t  unreasonably so.  Note t h a t  a l l  t h r e e  v e h i c l e  

c o n f i g u r a t i o n s  ( i n c l u d i n g  one w i t h  1  " /g o v e r s t e e r )  c o u l d  f a 1  1  w i t h i n  



Tab le  3  

Vehi c l  e  
C o n f i g u r a t i o n  13 14 15 

f 5.1 5.1 4.5 

Dr 5.1 5.6 5.5 

K 0.0 -0.5 -1 . O  

'150 1  .OO 1 .09 1.21 

'n 150 4.93 4.32 4.18 

Te / 50 ,203 ,242 .273 

t h e  SPS w i t h  t h e  p roper  c h o i c e  o f  s t e e r i n g  r a t i o s .  I t  i s  because 

t h e  compl i ances  a r e  g e n e r a l l y  l o w  t h a t  t h e  a l l o w a b l e  v a l u e  o f  K 

i s  a l s o  low.  

The preced ing d i s c u s s i o n  has h i g h l i g h t e d  t h e  r e l a t i o n s h i p  be- 

tween t h e  parameters G / Te 1 5 0 ,  un / 50, and i 1 5 0  and t h e  t r a d i t i o n a l  

v e h i c l e  parameter, K, as w e l l  as t h e  f r o n t  and r e a r  c o r n e r i n g  corn- 

p l  iances (wh ich ,  when combined, de te rm ine  t h e  v a l u e  o f  K ) .  I t  i s  o f  

i n t e r e s t  t o  observe t h e  behav io r  of  G y  Te, wn, and < a t  v e l o c i t i e s  

o t h e r  t h a n  50 mph. F i g u r e s  3  th rough  6  p r e s e n t  p l o t s  of  G, Te, un, 

and c ,  r e s p e c t i v e l y ,  as a  f u n c t i o n  o f  v e l o c i t y  f o r  s e v e r a l  s e l e c t e d  

v e h i c l e  c o n f i g u r a t i o n s .  ( A l l  t h e  v e h i c l e s  have a  wheel base o f  9.25 

f e e t .  T h e i r  u n d e r s t e e r  g r a d i e n t ,  K, v a r i e s  from 9.5 t o  -1 -0 ,  a  

range  which  t h e  p reced ing  d i s c u s s i o n  has shown t o  be accep tab le ,  

acco rd ing  t o  t h e  SPS requ i remen ts .  Where t h e  s p e c i f i c  v a l u e s  o f  Df 

and Dr a r e  s i g n i f i c a n t ,  i . e . ,  i n  p l o t s  o f  Te and wn, t h e  v e h i c l e  

c o n f i g u r a t i o n s  have been s e l e c t e d  f r o m  Tab les  1  and 3 . )  

F i g u r e  3  p resen ts  yaw r a t e  g a i n  as a  f u n c t i o n  o f  v e l o c i t y .  

P l o t s  a r e  shown f o r  v e h i c l e s  o f  v a r y i n g  l e v e l s  of K  f r o m  9 .5  " /g  t o  

- 1 . 0  " /g .  I n  each case, o v e r a l l  s t e e r i n g  r a t i o ,  NG, has been chosen 
- 1  such t h a t  G = .2  sec , a  v a l u e  wh ich  i s  c o m f o r t a b l y  w i t h i n  t h e  

150 
g a i n  range of  t h e  SPS. The f i g u r e  c l e a r l y  i n d i c a t e s  t h a t ,  a1 though 

a l l  t h e  v e h i c l e s  have i d e n t i c a l  g a i n s  a t  50 mph, a t  o t h e r  v e l o c i t i e s  

t h e i r  g a i n s  can v a r y  w i d e l y ,  and t h e  r a t e  o f  change i n  g a i n  w i t h  



V e l o c i  ty, mph 

F i g u r e  3 .  Yaw r a t e  g a i n  as  a  f u n c t i o n  o f  v e l o c i t y  f o r  v e h i c l e s  w i t h  
v a r i o u s  1 eve1 s o f  unders t e e r  . 



r e s p e c t  t o  v e l o c i t y  can be v e r y  h igh  a t  50 mph. A l so  shown i n  

dashed 1  i nes  on t h e  f i g u r e  i s  t he  envelope o f  performance of a l l  

p o s s i b l e  "optimum" v e h i c l e s  ob ta ined  by choosing s t e e r i n g  r a t i o s  

which would l e a d  t o  G = .37 sec- I  o r  = . I 3 8  sec- I  , t h e  I 50 
boundar ies o f  t h e  SPS. Th is  envelope serves t o  i l l u s t r a t e  t h a t  a  

v e h i c l e  cou ld  have a  yaw r a t e  g a i n  w i t h i n  these bounds a t  50 mph 

( t h u s  be ing  i n s i d e  t h e  "optimum space") ,  b u t  a t  a  v e l o c i t y  of o n l y  

a  few rnph d i f f e r e n c e ,  t h e  same v e h i c l e  cou ld  have a  yaw r a t e  sub- 

s t a n t i a l  l y  removed f rom these bounds. 

F i g u r e  4 shows t h e  s e n s i t i v i t y  o f  Te t o  v e l o c i t y  f o r  severa l  

v e h i c l e  c o n f i g u r a t i o n s  chosen f rom Tables 1  and 3 .  T h i s  f i g u r e  

i l l u s t r a t e s  aga in  t h a t  v e h i c l e s  which have s i m i l a r  pa ramet r i c  va lues  

a t  50 mph, i n  t h i s  case, Te150, may have wide v a r i a n c e  i n  t h e  same 

parameter a t  o t h e r  v e l o c i t i e s .  I n  t h i s  case, f o r  v e h i c l e s  w i t h  lower  

va lues  o f  K y  Te i nc reases  r a p i d l y  a t  v e l o c i t i e s  above 50 mph. 

F i g u r e s  5  and 6  p resen t  t h e  s e n s i t i v i t y  o f  wn and i t o  v e l o c i t y .  

I n  F i g u r e  5 ,  seve ra l  v e h i c l e  c o n f i g u r a t i o n s  f r o m  Tables 1  and 3 a r e  

used; i n  F igu re  6, v e h i c l e s  rang ing  i n  K f rom 9.5 t o  -1.0 a r e  d i s -  

p layed.  These two f i g u r e s  show t h a t  t h e r e  i s  some tendency f o r  wn 

o r  s t o  s t r a y  o u t  o f  t h e  SPS range a t  v e l o c i t i e s  s l  i g h t l y  removed 

from 50 mph, b u t  t h i s  tendency i s  n o t  severe.  

T h i s  d i s c u s s i o n  has served t o  i n d i c a t e  t h e  l i m i t a t i o n s  o f  t h e  

SPS i n  de te rm in ing  yaw response o f  a  v e h i c l e .  I t  has been shown t h a t ,  

w h i l e  t h e  SPS may i d e n t i f y  good yaw response qua1 i t i e s  a t  50 mph, i t  

may a l s o  encompass v e h i c l e s  w i t h  an unders tee r  ( o v e r s t e e r )  l e v e l  

c o n v e n t i o n a l l y  judged unacceptab le  f o r  highway v e h i c l e s .  These same 

v e h i c l e s ,  then,  may have w i d e l y  v a r y i n g  yaw response p r o p e r t i e s  a t  

speeds o t h e r  than 50 mph. 



I Note: Numbers shown r e f e r  t o  
v e h i c l e  c o n f i g u r a t i o n  
number. 

.r 

g Upper 
Bound 

0 2 0 40 60 80 

V e l o c i t y ,  mph 

F i g u r e  4 ,  E q u i v a l e n t  t i m e  c o n s t a n t  as  a  f u n c t i o n  o f  v e l o c i t y  f o r  
s e l e c t e d  v e h i c l e  c o n f i g u r a t i o n s  f r o m  Tab les  1  and 3 .  



Lower 
Bound 

10  d 

Note: t4umbers shown r e f e r  t o  
v e h i c l e  c o n f i g u r a t i o n  

8 -, 

6 - 

4 -I 

2 -* 

V e l o c i t y ,  mph 

F i g u r e  5. N a t u r a l  f r e q u e n c y  as a  f u n c t i o n  o f  v e l o c i t y  f o r  
s e l e c t e d  v e h i c l e  c o n f i g u r a t i o n s  from Tab les  1 and 3 .  



V e l o c i t y ,  mph 

F i g u r e  6 .  Damping r a t i o  as a  f u n c t i o n  o f  v e l o c i t y  f o r  v e h i c l e s  
w i  t h  v a r i o u s  l e v e l  s  o f  u n d e r s t e e r .  



3 . 0  ANALYSIS OF THE INFLUENCE OF VEHICLE 
PARAMETERS ON PERFORMANCE 

S t e a d y - s t a t e  g a i n  i s  d i scussed  f i r s t  i n  t h i s  s e c t i o n  because 

a lmost  a l l  v e h i c l e  parameters wh ich  i n f l u e n c e  t r a n s i e n t  response i n  

normal d r i v i n g  a f f e c t  s t e a d y - s t a t e  response.  I n  f a c t ,  t h e  yaw moment 

o f  i n e r t i a  and t h e  damping i n  t h e  suspensions a r e  t h e  o n l y  v e h i c l e  

parameters which ( 1 )  have an i n f l u e n c e  on t r a n s i e n t  response and 

( 2 )  do n o t  i n f l u e n c e  s t e a d y - s t a t e  response.  A c c o r d i n g l y ,  t h e  terms 

and d e f i n i t i o n s  used t o  d e s c r i b e  s t e a d y - s t a t e  response w i l l  be employ- 

ed l a t e r  on i n  d i s c u s s i n g  t h e  r e l a t i o n s h i p s  between v e h i c l e  charac-  

t e r i s t i c s  and t r a n s i e n t  response.  

3.1 F a c t o r s  I n f l u e n c i n g  S teady -S ta te  Yaw Rate Gain 

As p r e v i o u s l y  d iscussed i n  S e c t i o n  2.0 and as i n d i c a t e d  by  

Equa t i on  ( 4 ) ,  t h e r e  a r e  two f a c t o r s ,  NG and K, wh i ch  can  be v a r i e d  

i ndependen t l y  t o  ach ieve  a  r e q u i r e d  yaw r a t e  g a i n  f o r  a  v e h i c l e  o f  

g i v e n  wheelbase a t  a  speed o f  73.3 f t / s e c  ( 5 0  mph). C l e a r l y ,  i t  i s  

obv ious  t h a t  t h e  yaw r a t e  g a i n  can be changed d i r e c t l y  b y  a1 t e r i n g  

s t e e r i n g  r a t i o .  Fur thermore ,  smal l  percentage changes i n  gea r  r a t i o  

w i l l  produce cor respond ing percentage changes i n  yaw r a t e  g a i n ,  v i z . ,  

where bNG i s  a  smal l  change i n  o v e r a l l  s t e e r i n g  r a t i o  and A G  i s  t h e  

co r respond ing  change i n  yaw r a t e  g a i n  f rom a  nominal yaw r a t e  gain,  

G, cor respond ing t o  t h e  nominal s t e e r i n g  r a t i o ,  NG. 

Even though i t  i s  p a t e n t l y  c l e a r ,  i t  shou ld  be emphasized t h a t  

changing s t e e r i n g  r a t i o  has t h e  advantages t h a t  i t  does n o t  change 

(1 ) t h e  u n d e r s t e e r / o v e r s t e e r  g r a d i e n t ,  ( 2 )  s t e a d y - s t a t e  r o l l  response 

i n  degrees pe r  u n i t  l a t e r a l  a c c e l e r a t i o n ,  o r  ( 3 )  t h e  f o r m  o f  t h e  

t r a n s i e n t  response.  



(Depending upon t h e  t ype  o f  s t e e r i n g  system employed on a  

p a r t i c u l a r  v e h i c l e ,  t h e  changing of s t e e r i n g  r a t i o  may cause a  

s i g n i f i c a n t  change i n  t h e  to rque t h e  d r i v e r  f e e l s  a t  t h e  s t e e r i n g  

wheel .  A t  p resen t ,  boundar ies on s teer ing-whee l  t o r q u e  have n o t  

been s p e c i f i e d . )  . 

. .. 
The u n d e r s t e e r l o v e r s t e e r  g r a d i e n t ,  K, i n  Equa t i on  ( 4 )  can a l s o  . . 

be v a r i e d  t o  change yaw r a t e  g a i n .  However, K i s  dependent upon 

many v e h i c l e  parameters and changes i n  v e h i c l e  parameters wh ich  i n -  * C  

f l u e n c e  K a l s o  a f f e c t  t r a n s i e n t  response. 

A genera l  impress ion  o f  t h e  i n f l u e n c e  o f  K i n  deg rees lg  on t h e  

s t e a d y - s t a t e  yaw r a t e  response , r ~ ~ 9  
t o  a  r e f e r e n c e  f ron t -whee l  ang le  

( d e f i n e d  by  ssw/NG) may be d e r i v e d  f rom F i g u r e  7 ( i n  wh ich  Gr = 

r s s / ( s w / N G )  The dashed h o r i z o n t a l  l i n e s  on  F i g u r e  7 i n d i c a t e  t h a t ,  

f o r  subcompact, compact, and i n t e r m e d i a t e  c a r s  w i t h  an o v e r a l l  s t e e r -  

i n g  r a t i o  o f  app rox ima te l y  19, t h e  unders tee r  f a c t o r  may v a r y  f r o m  

app rox ima te l y  6 .5  degrees lg  t o  n e a r l y  n e u t r a l  s t e e r  ( 0 . 0  degrees lg  ) 

w i t h o u t  v i o l a t i n g  t h e  s p e c i f i e d  range o f  yaw r a t e  g a i n  a t  50 mph. 

The v e r t i c a l  dashed 1  i n e  rep resen ts  a  t y p i c a l  example of a  domest ic  

ca r  w i t h  an unders tee r  o f  app rox ima te l y  5 deg/g co r respond ing  t o  an  

NGG produc t  ( t h a t  i s ,  Gr) i n  t h e  neighborhood o f  3 .2 s e c - l ,  wh ich  i s  

above t h e  l ower  boundary o f  t h e  SPS f o r  NG = 19.  

As i l l u s t r a t e d  i n  F i g u r e  7, t h e  s e n s i t i v i t y  o f  Gr/50 t o  changes 

i n  K i nc reases  as K decreases. Thus t h e  yaw r a t e  g a i n  becomes more 

s e n s i t i v e  t o  changes i n  s e r v i c e  f a c t o r s  ( l o a d i n g ,  rep1 acement t i r e  

c h a r a c t e r i s t i c s ,  e t c . )  a t  l o w  va lues  o f  unde rs tee r  t h a n  i t  i s  a t  

moderate v a l  ues o f  unde rs tee r  (app rox ima te l y  5  deg lg  ) . 
Using Equa t i on  ( 4 )  t o  deve lop  an exp ress ion  f o r  e s t i m a t i n g  t h e  

i n f l u e n c e  of smal l  changes i n  K on t h e  yaw r a t e  g a i n  y i e l d s  t h e  

f o l  l o w i n g  equa t i on :  

where 





For example, f o r  a  t y p i c a l  compact c a r  w i t h  a  nominal v a l u e  o f  K 

equal t o  5 deg/g, t h e  f r a c t i o n a l  change i n  g a i n  a t  50 mph i s  g i v e n  

n u m e r i c a l l y  by: 

- A G  - - - 0.123 AK ( f o r  B = 0.3214) G 

That  i s ,  a  0.5 deg/g decrease i n  K ( i . e . ,  a  10% change a t  5 deg/g)  

w i l l  p roduce app rox ima te l y  a  6% inc rease  i n  yaw r a t e  g a i n .  The 

numbers i n  t h i s  example have some p r a c t i c a l  s i g n i f i c a n c e  i n  t h a t  

c u r r e n t  p r a c t i c e  i s  cha l l enged  t o  measure o r  e s t i m a t e  K  any more 

a c c u r a t e l y  t han  k0.5 deg/g, cor respond ing t o  a p p r o x i m a t e l y  a  +6% 

u n c e r t a i n t y  i n  yaw r a t e  g a i n  f o r  K 4 5  deg/g. 

3 .1 .1  The I n f l u e n c e  o f  V e h i c l e  Parameters on  Unders tee r .  I n  

t h e  p reced ing  d i s c u s s i o n ,  t h e  b a s i c  i n f l u e n c e s  o f  K and NG on  yaw 

r a t e  g a i n  were t r e a t e d  i n  e lementary  te rms .  The f o l l o w i n g  m a t e r i a l  

d iscusses t h e  r e l a t i o n s h i p  between v e h i c l e  parameters and under -  

, s t e e r ,  K, t he reby  p r o v i d i n g  a  c o n n e c t i o n  between v e h i c l e  d e s i g n  
I 

( m o d i f i c a t i o n )  parameters and yaw r a t e  g a i n .  

The d e r i v a t i o n  o f  t h e  exp ress ion  used h e r e i n a f t e r  f o r  eva l  u a t -  

i n g  K i n v o l v e s  a  number o f  v e h i c l e  dynamics c o n s i d e r a t i o n s ,  l e n g t h y  

a l g e b r a i c  m a n i p u l a t i o n s ,  and many parameters.  Nonethe less ,  t h i s  

s u b j e c t  has been t r e a t e d  by numerous r e s e a r c h  i n v e s t i g a t o r s  [e.g., 

see 10, 14, 15, 161 and t h e i r  work can be compared w i t h  t h e  equa t i ons  

presented h e r e i n a f t e r .  (The d e r i v a t i o n  o u t 1  i n e d  i n  Appendix C p ro -  

v i d e s  a  means f o r  r e l a t i n g  s t e a d y - s t a t e  g a i n  t o  t h e  p h y s i c a l  processes 

i n v o l v e d . )  A c c o r d i n g l y ,  t h i s  d i s c u s s i o n  w i  11 s t a r t  f r o m  a  b a s i c  

exp ress ion  f o r  u n d e r s t e e r  i n  terms o f  v e h i c l e  parameters  and proceed 

t o  address t h e  imp1 i c a t i o n s  o f  m o d i f y i n g  v e h i c l e  pa ramete rs  t o  o b t a i n  

a  r e q u i r e d  l e v e l  o f  u n d e r s t e e r .  

The t o t a l  e x p r e s s i o n  f o r  u n d e r s t e e r  has been d i v i d e d  i n t o  f o u r  

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



where 

K1 i s  the contribution to  understeer due to f ron t  corner- 

i  ng coeff ic ient  and the infl  uence of steering system 
compl iance 

K 2  i s  the contribution t o  understeer due to rear  corner- 
ing c.oefficient 

K3 i s  the contribution to understeer due to  ro l l  e f fec t s  

K4 i s  the contribution to understeer due to r ig id  body 
a1 igning torque 

The equations used fo r  each of  these fac to rs  are:  

where 

and 

where 



= d i s t a n c e  from t o t a l  v e h i c l e  c .g .  t o  f r o n t  a x l e  

K r r s  

= d i s t a n c e  f rom t o t a l  v e h i c l e  c  .g .  t o  r e a r  ax1 e  

= t o t a l  v e h i c l e  w e i g h t  

= wheel base ( a t b )  

= w e i g h t  on t h e  f r o n t  wheels (Wf = bWla) 

= we igh t  on t h e  r e a r  wheels (Wr = aW/a) 

= t w i c e  t h e  c o r n e r i n g  s t i f f n e s s  o f  one f r o n t  t i r e  

= t w i c e  t h e  c o r n e r i n g  s t i f f n e s s  o f  one r e a r  t i r e  

= f r o n t  pneumatic t r a i l ,  ATf/Cf (see Note 2 )  

= r e a r  pneumatic t r a i l ,  ATr/C, (see Note 2)  

= mechanical  t r a i l  

= t w i c e  t h e  camber s t i f f n e s s  o f  one f r o n t  t i r e  

= s t e e r i n g  system s t i f f n e s s  

= r o l l  a n g l e  pe r  g of l a t e r a l  a c c e l e r a t i o n  

= f r o n t  r o l l  s t e e r  c o e f f i c i e n t  ( p o s i t i v e  f o r  a  p o s i t i v e  

r o l l  a n g l e  ( r o ? ?  t o  t h e  r i g h t )  p roduc ing  a  p o s i t i v e  

s t e e r  ang le  ( t o  t h e  r i g h t ) )  

= r e a r  r o l l  s t e e r  c o e f f i c i e n t  ( p o s i t . i v e  f o r  a  p o s i t i v e  

ro71 a n g l e  p roduc ing  a  p o s i t i v e  s t e e r  a n g l e )  

= average f r o n t  wheel camber a n g l e  p e r  degree o f  

r o l l  a n g l e  

= numerator  t ime  c o n s t a n t  = m  a  ~ l a C ~ 5 7 . 3  

= f o r w a r d  v e l o c i t y  

= e f f e c t i v e  f r o n t  t i m e  c o n s t a n t  

= r o l l  s t e e r  e f f e c t  (Krs = Kfrs - KrrS) 

= c a m b e r  e f f e c t  ( K  = C K / C  ) 
r Y  v r + f e  



(No tes :  1 )  f o r  r o l l  e q u i l i b r i u m  

where W S  = sprung we igh t  

h  = h e i g h t  o f  sprung mass c.g.  above t h e  

r o l l  a x i s  

- 
Kr - Krf + Krr - WSh 

where Krf = r o l l  s t i f f n e s s  o f  f r o n t  suspens ion  

Krr = r o l l  s t i f f n e s s  o f  r e a r  suspens ion  

2 )  The a1 i g n i n g  s t i f f n e s s  o f  t h e  f r o n t  t i r e s  i s  g i v e n  by 

f o r  t h e  r e a r  t i r e s  

The l a r g e s t  c o n t r i b u t o r  t o  unde rs tee r  comes f r o m  K1. The 

i n f l u e n c e  o f  s t e e r i n g  system compl iance i s  t o  i n c r e a s e  K1 o r ,  e f f e c -  

t i v e l y ,  t o  i n c r e a s e  t h e  v a l u e  o f  f r o n t  c o r n e r i n g  compl iance.  T y p i c a l  

va lues  of K1 range f rom 8 t o  11 degs/g ( w i t h  A, r e p r e s e n t i n g  t h e  

i n f l  uence of s t e e r i n g  compl iance,  c a s t e r ,  and t i  r e  to rques  e s t i m a t e d  

t o  equal a p p r o x i m a t e l y  0.25 f o r  c a r s  w i t h  power s t e e r i n g  o r  rack -  

and -p in ion  manual s t e e r i n g  . ) *  

The q u a n t i t y  K2 r e p r e s e n t s  t h e  i n f l u e n c e  o f  t h e  r e a r  t i r e s  and 

t h e  l o a d  on t h e  r e a r  wheels i n  d e t e r m i n i n g  t h e  v a l u e  o f  a  v e h i c l e ' s  

u n d e r s t e e r i o v e r s t e e r  g r a d i e n t  . The q u a n t i t y  K2 and t h e  numerator  

*Est imates o f  v e h i  c l  e  performance parameters f o r  many 1977 sub- 
compact, compact, and i n t e r m e d i a t e  s i z e  v e h i c l e s  a r e  p resen ted  
i n  Appendix D. 



t ime  cons tan t ,  Tr, def ined by ST1 i n  Reference [I], are  c l o s e l y  

r e l a ted * ,  v i z . ,  

s . .- 
T y p i c a l l y ,  K2 ranges from approx imate ly  5.8 t o  8.0 degig,  co r res -  - .  
ponding t o  Tr values between 0.23 and 0.32 seconds a t  50 mph. . 

The q u a n t i t y  K g  i n d i c a t e s  the  i n f l u e n c e  on unders teer  o f  the  

most s i g n i f i c a n t  r o l l - r e l a t e d  f a c t o r s .  For t he  ca r s  surveyed i n  t h i s  

study, t h e  es t imated  r o l l  ang le  per  g  1 a t e r a l  a c c e l e r a t i o n  (K ) v a r i e d  
0 

f rom 5 t o  11 deg/g. 

The r o l l  s t e e r  q u a n t i t i e s ,  Kf rs  and Krrs, a re  n o t  u s u a l l y  g i ven  

i n  pub1 i shed  s p e c i f i c a t i o n s  and they  o f t e n  change w i t h  v e h i c l e  l oad ing .  

For many ca rs  t he  in f luences  of f r o n t  and r e a r  r o l l  s t ee r  tend  t o  

cancel one another .  Accord ing ly ,  the  i n f l  uence o f  r o l l  s t e e r  may n o t  

be known accu ra te l y ,  b u t  i t  may no t  have a  l a r g e  e f f e c t  on under- 

s t e e r  [I 01. 

Usua l l y ,  t h e  most s i g n i f i c a n t  c o n t r i b u t i o n  t o  K3 comes f r om the  

camber s t i f f nesses  of  t h e  f r o n t  t i r e s  i f  these t i r e s  a re  of b i a s  o r  

b i as -be l t ed  c o n s t r u c t i o n .  I n  t h i s  regard,  r a d i a l  t i r e s  tend t o  have 

much l e s s  camber s t i f f n e s s  than  b i a s  o r  bias-be1 t e d  t i r e s  [14] .  

The r o l l - r e l a t e d  terms i n  Equat ion ( 7 )  add approx imate ly  1 .2  t o  

2.6 deg/g t o  t h e  unders teer .  The i n f l u e n c e  of t h e  r o l l - r e l a t e d  terms 

i s  reduced by i nc reas ing  t he  r o l l  s t i f f n e s s  o f  t h e  v e h i c l e .  

The r i g i d  body a l i g n i n g  to rque  terms t h a t  make up K4 t o t a l  about 

0.5 deg/g o f  unders teer .  Th is  i s  a  smal l  e f f e c t  b u t  i t  i s  f a i r l y  

cons tan t  f rom c a r  t o  c a r  and always a c t s  t o  i nc rease  unders teer .  

*For a  s imple n o n - r o l l i n g  v e h i c l e  model, t h e  q u a n t i t y  W / C  i s  t h e  
" r ea r  co rner ing  compl iance" i n t r oduced  by Bundor f  and Ce fFe r t  [9]. 
Recognizing t h i s ,  much o f  t he  work presented i n  [I] can be r e l a t e d  
t o  t h a t  o f  [9] .  Furthermore, t h e  work presented h e r e i n  can be 
r e a d i l y  r e l a t e d  t o  t h e  o r i g i n a l  d e f i n i t i o n s  used i n  t h e  c o r n e r i n g  
compl i a  nce concept.  



3 .1  . 2  Changes i n  Unders teer  Due t o  Changes i n  V e h i c l e  o r  T i r e  

F a c t o r s .  The q u a n t i t y  K1 depends upon t h e  l o a d  on t h e  f r o n t  wheels, 

t h e  c o r n e r i n g  s t i f f n e s s  o f  t h e  f r o n t  t i r e s ,  and t h e  f a c t o r s  c o n t r i -  

b u t i n g  t o  a  to rque balance i n  t h e  s t e e r i n g  system. I n  e s t i m a t i n g  t h e  

perfov:mance o f  p a r t i c u l a r  v e h i c l e s ,  knowledge o f  t h e  s t e e r i n g  system 

s t i f f n e s s  i s  n o t  g e n e r a l l y  a v a i l a b l e .  An es t ima te  of t h e  i n f l u e n c e  

o f  s t e e r i n g  system s t i f f n e s s  on unders teer  can be o b t a i n e d  us ing  

r e p r e s e n t a t i v e  numbers. For  example, i f  

and W f / C f  = 8 deg/g 

then  A1 = 0 . 2 5 a n d  K1 = l O d e g / g  

However, if KSs were a c t u a l l y  t w i c e  as l a r g e  as o r i g i n a l l y  es t ima ted ,  

t h a t  i s ,  400 f t - 1  bs/deg (wh ich  i s  n o t  an imposs i  b l e  e r r o r  g i v e n  t h e  

da ta  a v a i l a b l e  i n  t h e  l i t e r a t u r e ) ,  then,  a l l  e l s e  b e i n g  equal ,  

Al = 0.125 and Kl = 9 deg/g.  

Roughly a  f a c t o r  o f  two i n c r e a s e  i n  K S S  cor responds t o  a  1  deg/g change 

i n  unders t e e r .  

I t  i s  b e l i e v e d  t h a t  v e h i c l e s  w i t h  r a c k - a n d - p i n i o n  manual s t e e r -  

i n g  systems have s t e e r i n g  system s t i f f n e s s e s  n e a r l y  equal  t o  t h o s e  

o f  t y p i c a l  power s t e e r i n g  systems. However, d a t a  p resen ted  i n  [17 ]  

i n d i c a t e  t h a t  conven t i ona l  manual s t e e r i n g  systems can be a t  l e a s t  t w i c e  

as comp l i an t  as power s t e e r i n g  systems. Going back t o  t h e  p r e v i o u s  

example w i t h  KSS 100 f t - 1  bs/deg ( t o  r e p r e s e n t  a  manual s t e e r i n g  

system) y i e l d s  A1 = 0 .5  and K1 = 12 deg lg ,  wh ich  i n d i c a t e s  an e s t i -  

mated 2 deg/g i n c r e a s e  i n  unde rs tee r  i n  chang ing f r o m  power s t e e r i n g  

t o  manual s t e e r i n g .  



The c o r n e r i n g  s t i f f n e s s  of t y p i c a l  passenger ca r  t i r e s  depends 

upon v e r t i c a l  l o a d .  For most passenger c a r  t i r e s  Ca i nc reases  as 

v e r t i c a l  l o a d  i nc reases  up t o  t h e  r a t e d  l o a d  o f  t h e  t i r e  a t  t h e  

s p e c i f i e d  i n f l a t i o n  pressure .  Th i s  c h a r a c t e r i s t i c  o f  passenger c a r  

t i r e s  tends  t o  moderate t h e  i n f l u e n c e  o f  changes i n  v e r t i c a l  l o a d  on 

K 2 .  Never the less ,  changes i n  v e h i c l e  l o a d i n g  can s i g n i f i c a n t l y  i n -  

f l  uence K2. C u r r e n t l y  pub1 i shed  v e h i c l e  s p e c i f i c a t i o n  da ta  [18] i nd i  - 
c a t e  t h a t  f r o n t  s e a t  l o a d  i s  n e a r l y  e q u a l l y  d i s t r i b u t e d  t o  t h e  f r o n t  

and r e a r  t i r e s  and app rox ima te l y  80 t o  85% o f  t h e  r e a r  s e a t  l o a d  i s  

r e a c t e d  a t  t h e  r e a r  t i r e s ,  o r  f o r  t h r e e  l a r g e ,  r e a r - s e a t  passengers 

t h e  v e r t i c a l  l o a d  on t h e  r e a r  t i r e s  c o u l d  be i nc reased  by about  

400 'I bs o v e r  t h e  l o a d  w i t h  a  nominal c o n d i t i o n  o f  two f r o n t - s e a t  

passengers . 
For example, t h e  l o a d  on t h e  r e a r  wheels o f  a  compact c a r  c o u l d  

change f r o m  1800 1  bs t o  2200 I bs w i t h  t h e  a d d i t i o n  o f  a  l o a d  equ i -  

v a l e n t  t o  t h r e e  passengers i n  t h e  r e a r  sea t .  Using d a t a  f o r  an E78-14 

t i r e  ( t i r e  number 063 i n  [19])  y i e l d s :  

I 
K2 - 

- - 
0.144 = 6.9 deg/g a t  1800 l b s  (900 l b s l t i r e )  

and 

These r e s u l t s  i n d i c a t e  t h a t  a  25% i n c r e a s e  i n  l o a d  on t h e  r e a r  wheels 

w i l l  cause app rox ima te l y  a  19% i n c r e a s e  i n  K2 co r respond ing  t o  a  

1.3 deg/g r e d u c t i o n  i n  unde rs tee r .  

Wi thout  t h e  i n f l u e n c e  o f  C v a r y i n g  w i t h  v e r t i c a l  l o a d ,  a  25% 
C1 

i nc rease  i n  v e r t i c a l  l o a d  on t h e  r e a r  t i r e s  i n  t h e  p r e v i o u s  example 

would have caused a  25% inc rease  i n  KEY y i e l d i n g  a  1.7 d e g l g  r e d u c t i o r ~  

i n  unders tee r .  The c u r v a t u r e  o f  t h e  r e l a t i o n s h i p  o f  c o r n e r i n g  s t i f f -  

ness t o  v e r t i c a l  l o a d  and t h e  va lues  o f  v e r t i c a l  l o a d  i n v o l v e d  f o r  

a  p a r t i c u l a r  v e h i c l e  de termine t h e  v a l u e  o f  t h e  change i n  K2.  

I t  should be emphasized t h a t  (1 ) t i r e  c o r n e r i n g  s t i f f n e s s e s  a r e  

t h e  most s i g n i f i c a n t  f a c t o r s  d e t e r m i n i n g  K, and K2 and ( 2 )  t i r e  



rep1 acement p r a c t i c e s ,  e s p e c i a l l y  i f  e i t h e r  t h e  f r o n t  o r  r e a r  s e t  

o f  t i r e s  a r e  r e p l a c e d  w i t h  a  d i f f e r e n t  t y p e  of t i r e ,  can have an  

i m p o r t a n t  i n f l u e n c e  on K [ l o ,  141. For example, i f  E78-14 b i a s -  

be1 t e d  t i r e s  ( s i m i l a r  t o  t i r e  no. 063 i n  [19])  a r e  r e p l a c e d  by 

ER78-14 r a d i a l  t i r e s  ( s i m i l a r  t o  t i r e  no. 032 i n  [19]) ,  K2 changes 

from 6.9 deg/g t o  5.4 deg/g a t  app rox ima te l y  1800 l b s  l o a d  on  t h e  

v e h i c l e ' s  r e a r  wheels. 

T i r e  i n f l a t i o n  p ressu re  a l s o  a f f e c t s  c o r n e r i n g  s t i f f n e s s  and 

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

p r e s s u r e  on c o r n e r i n g  s t i f f n e s s  [14] .  Genera l l y ,  f o r  moderate t i r e  

l oads ,  t h e  c o r n e r i n g  s t i f f n e s s  does n o t  s t a r t  t o  f a l l  o f f  d r a s t i c a l l y  

u n t i l  i n f l a t i o n  p ressu re  drops w e l l  below 20 p s i .  Example t e s t  

r e s u l t s  f o r  a  G78-14 t i r e  ( t i r e  no. 460 i n  [19]) a r e  as  f o l l o w s :  

Co ld  I n f l a t i o n  Pressure  a t  1032 I b s  

p s i  
- 

These data  can be used t o  e v a l u a t e  W/C as a  f u n c t i o n  o f  p s i  and 
C1 

l oad ,  v i z . ,  
a t  1032 l b s  

r I 4 I Co ld  I n f l a t i o n  

p s i  

18  

2  5  

32 

Pressure)  



a t  1374 l b s  

I ( c o l d  I n f l a t i o n  ~ r e s s u r e ) l  
I 
I 

W /  c 
p s i  a 

deg/g 

18 9.5 

2 5 8.3 

p s i  

18 

2 5 

I n s p e c t i o n  o f  these r e s u l t s  i n d i c a t e s  t h a t  f o r  a  nominal i n f l a t i o n  

p ressu re  o f  25 p s i  h o l d i n g  i n f l a t i o n  p ressu re  w i t h i n  26 p s i  w i l l  

m a i n t a i n  K2 w i t h i n  '0.5 deg/g a t  1032 1bs l o a d  per  wheel w h i l e  a t  

1374 1  bs l o a d  p e r  wheel t h e  i n f l a t i o n  p ressu re  would have t o  be h e l d  

w i t h i n  k 3  p s i  t o  keep K 2  w i t h i n  app rox ima te l y  k0.5 deg/g 

A t  p resen t  we do n o t  know o f  a  l a r g e  s e t  o f  t i r e  daca wh ich  can 

be used t o  e v a l u a t e  t h e  g e n e r a l i t y  o f  t h e  r e s u l t s  j u s t  p resented.  

However, i t  i s  s t r a i g h t f o r w a r d  t o  d e r i v e  t h e  f o l l o w i n g  exp ress ion  

which can be used t o  e s t i m a t e  t h e  i n f l u e n c e  o f  i n f l a t i o n  p ressu re  on  

K2 

aK2 a C  
'3 AK2 - - a C  aps i  A ~ S  i 

C1 

where aK2 - K2 - - -  
a C 

C1 
C ' 

C1 

a C 
ci 

a ps i i s  t h e  i n f l u e n c e  o f  i n f l a t i o n  p ressu re  on 

c o r n e r i n g  s t i f f n e s s ,  

C 
'3 

i s  t h e  c o r n e r i n g  compl iance f o r  a  s i n g l e  t i r e ,  

and nK2 i s  t h e  change i n  K2 due t o  a  change i n  

p ressu re  equal  t o  a p s i .  

Or, by r e a r r a n g i n g  ( 2 8 ) ,  



where i a p s i  i s  t h e  t o l e r a n c e  i n  p ressu re  determined by 

a  s e l e c t e d  t o l e r a n c e  i n  K2 ( t h a t  i s ,  I A K ~ ~ ) ,  

and C a  and K2 a r e  nominal va lues  f o r  a  

p a r t i c u l a r  v e h i c l e .  

V e h i c l  e  parameters f o r  e s t i m a t i n g  K a r e  genera l  l y  a v a i l a b l e  
4 

[18]  w i t h  t h e  e x c e p t i o n  o f  h, t h e  d i s t a n c e  between t h e  r o l l  a x i s  and 

t h e  sprung mass c .g .  The r o l l  s t e e r  q u a n t i t i e s  a r e  n o t  g e n e r a l l y  

a v a i l a b l e ,  p a r t i c u l a r l y  t h e  f r o n t  r o l l  s t e e r  parameter ,  Kfrs. Example 

va lues  f o r  t h e  r e a r  r o l l  s t e e r  a r e  g i v e n  i n  [ZO]. It i s  e s t i m a t e d  

t h a t  KrS i s  u s u a l l y  l e s s  than  0.1, meaning t h a t  f o r  K l e s s  than  
4 

10 deg/g t h e  r o l l  s t e e r  e f f e c t  i s  u s u a l l y  l e s s  than  1 . 0  deg/g. ( T h i s  

e f f e c t  can be sma l l ,  a lmost  0.0 deg/g, i f  K f r s  and KrrS t e n d  t o  cancel  

each o t h e r  [ l o ]  . )  

The q u a n t i t y  K i n  Equa t i on  (24 )  depends upon t i r e  p r o p e r t i e s  
r Y  

and K wh ich  i s  t h e  s i d e - t o - s i d e  average change i n  camber a n g l e  pe r  
~4 

u n i t  change i n  r o l l  ang le .  The q u a n t i t y  K v a r i e s  from v e h i c l e  t o  
Y$ 

v e h i c l e  from a p p r o x i m a t e l y  0.7 t o  1 .0  w i t h  an average v a l u e  around 

0.88. F o r  b i a s  and b e l t e d - b i a s  passenger c a r  t i r e s  t h e  r a t i o  o f  

camber s t i f f n e s s  t o  c o r n e r i n g  s t i f f n e s s  i s  a p p r o x i m a t e l y  1 / 6 .  Accord-  

i n g l y ,  K : 0.18 f o r  A1 = 0.25. If K = 10 deg/g, f o r  example, t h e n  
r Y 9 

t h e  camber te rm may c o n t r i b u t e  a p p r o x i m a t e l y  1 . 8  deg/g t o  a  v e h i c l e ' s  

unders t e e r .  

Examinat ion  o f  v e h i c l e  s p e c i f i c a t i o n s  i n d i c a t e s  t h a t  f o r  some 

v e h i c l e s  equipped w i t h  r a d i a l  t i r e s  l a r g e  c a s t e r  a n g l e s  on  t h e  o r d e r  

o f  3 o r  4 degrees a r e  used. T h i s  p r a c t i c e  compensates f o r  t h e  l o s s  

, , o f  unde rs tee r  due t o  t h e  r e l a t i v e l y  l o w  camber s t i f f n e s s  o f  r a d i a l  

t i r e s .  The s i g n i f i c a n c e  o f  c a s t e r  ang le ,  wh ich  de te rm ines  t h e  mechan- 

i c a l  t r a i l ,  Xm, depends upon t h e  s t e e r i n g  system s t i f f n e s s .  

The a d d i t i o n  of an a n t i - r o l l  bar  t o  a  suspens ion  adds an a d d i -  

t i o n a l  r o l l  s t i f f n e s s  a p p r o x i m a t e l y  equal  t o  t h e  r o l l  s t j f f n e s s  due 

t o  t h e  suspension s p r i n g s  [20].  Fo r  t y p i c a l  v e h i c l e s  t h e  f r o n t  r o l l  

s t i f f n e s s  ( f o r  a  v e h i c l e  w i t h o u t  an a n t i - r o l l  b a r )  may be a p p r o x i m a t e l y  

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

bar  w i l l  i n c r e a s e  t h e  t o t a l  r o l l  s t i f f n e s s  by  abou t  60%. F o r  example, 



the addit ion of a  front  an t i - ro l l  bar t o  a  vehicle with K = 10 
0 

deg/g could resu l t  in K, being reduced t o  about 6 deglg. If the 
original  vehicle had 2 hegig of understeer due t o  ro l l - re la ted  fac- 

t o r s ,  then the roll  s t i ffened vehicle ( i n  t h i s  example) would have 

1 . 2  deg/g of understeer from ro l l  . A penalty fo r  t h i s  additional 

ro l l  s t i f fen ing  accrues from the rough r ide  experienced when one 

f ron t  wheel h i t s  a bump or chuckhole and the other front  wheel i s  on 
smooth road. Nonetheless, for  typical vehicles,  the addition of an 

an t i - ro l l  bar can lead to  about a  10% increase in steady-state gain 

resul t ing from a  16% decrease in understeer. 

This section has presented numerous examples t o  i 1 l u s t r a t e  the 

influence of various vehicle parameters on understeer. Usually a  

number of design factors  contribute t o  the overall understeer of a  

par t icular  vehicle, and, accordingly, any of a  number of design 

factors  could be modified t o  change the yaw r a t e  gain of a  selected 

vehicle. Nonetheless, changing steering r a t i o  i s  conceptually the 

simplest way of changing yaw r a t e  gain.  Furthermore, NG i s  v i r t ua l l y  

the only design parameter t h a t  can be used to  a l t e r  yaw r a t e  gain 

without having any e f fec t  on vehicle t r ans ien t  response charac te r i s t i c s .  

3 . 2  Relationships Between Vehicle Characteris t i c s  and the Transient 
Response Specifications 

A theoretical  foundation fo r  the  vehicle dynamics requirements 

t o  be used in t h i s  pro,ject was developed in [ I ]  using a  two-degree- 

of-freedom model for  the non-rol 1 i  ng vehicle.  The vehicl e  model 

presented in [ I ]  can eas i ly  be re1 ated t o  the analysis  presented in 

References [ 9  a n d  211,  in which the cornering compliance concept was 

used t o  provide an understanding of the basic vehicle fac to rs  

influencing t rans ient  response. Nevertheless, experience i n  t h i s  

project a t  attempting to  match vehicle t e s t  data with a  two-degree- 

of-freedom model indicated d i f f i c u l t i e s  in matching the i n i t i a l  yaw 

acceleration and the time a t  which the  maximum yaw r a t e  response t o  
a rapid, ramp-step steering input occurs. 



The d i f f i c u l t i e s  were a s s o c i a t e d  w i t h  t h e  t r e a t m e n t  o f  t h e  r o l l  

degree o f  freedom wh ich  i s  e i t h e r  neg lec ted  o r  hand led q u a s i -  

s t a t i c a l l y  i n  t h e  two-degree-of- f reedom model . 
By u s i n g  a  s i m p l i f i e d  th ree-degree-o f - f reedom model ,  

t h e  r o l l  mode was seen t o  have a  s i g n i f i c a n t  i n f l u e n c e  on 

t h e  t i m e  and t h e  magn i tude o f  t h e  maximum yaw r a t e  response.  I n  a  

dynamic maneuver, l i k e  a  ramp-step s t e e r i n g  maneuver, t h e  t i m i n g  o f  

t h e  u n d e r s t e e r  p r o p e r t i e s  due t o  v e h i c l e  r o l l  ( t h a t  i s ,  t h e  camber 

f o r c e s  and t h e  r o l l  s t e e r  e f f e c t s )  de termine t h e  t i m e  and magn i tude 

o f  t h e  peak yaw r a t e  response.  

Neve r the less ,  a  two-degree-o f - f reedom model wh ich  i n c l u d e s  r o l l  

e f f e c t s  i n  an approx imate  manner w i l l  be p resen ted  h e r e i n a f t e r  t o  

p r o v i d e  an a n a l y t i c a l  unde rs tand ing  o f  p e r t i n e n t  f a c t o r s  i n f l u e n c i n g  

t r a n s i e n t  yaw response.  The simp1 i f  i e d  th ree-degree-o f - f reedom model 

used f o r  d a t a  match ing  exper iments  i s  d e s c r i b e d  i n  Appendix E, and 

comple te  d e s c r i p t i o n s  o f  t h ree -deg ree  o f  f reedom models can be found  

i n  t h e  fundamenta l  work o f  Segel [15, 221  and i n  Weir ,  S h o r t w e l l ,  

and Johnson [16 ] .  

S i m i l a r  t o  t h e  s i t u a t i o n  p resen ted  i n  S e c t i o n  3.1.1 ( p e r t a i n i n g  

t o  s t e a d y - s t a t e  yaw r a t e  g a i n ) ,  numerous v e h i c l e  dynamics c o n s i d e r a -  

t i o n s  and l e n g t h y  a l g e b r a i c  m a n i p u l a t i o n s  a r e  r e q u i r e d  t o  deve lop  

t h e  d i f f e r e n t i a l  equa t i ons  d e s c r i b i n g  v e h i c l e  response i n  t r a n s i e n t  

(dynamic)  maneuvers. However, o n l y  t h e  b a s i c  e q u a t i o n s  and assump- 

t i o n s  w i l l  be g i v e n  h e r e  b e f o r e  p r e s e n t i n g  t h e  f i n a l  r e s u l t s .  The 

i n t e n t  i s  t o  c o n c e n t r a t e  o n  t h e  i m p l i c a t i o n s  o f  t h e s e  r e s u l t s  w i t h  

r e s p e c t  t o  t h e  requ i remen ts  o f  t h i s  s t e e r i n g  c o n t r o l l a b i l i t y  p r o j e c t  

r a t h e r  t h a n  t o  emphasize t h e i r  d e r i v a t i o n .  

The equa t i ons  o f  m o t i o n  used i n  t h e  s i m p l i f i e d  two-degree-o f -  

freedom model employed h e r e i n  a r e :  

m ( i  + u r )  = F~ + F~ 



where rn i s  t h e  mass o f  t h e  v e h i c l e  

v i s  t h e  l a t e r a l  v e l o c i t y  

u  i s  t h e  forward v e l o c i t y  

r i s  t h e  yaw r a t e  

Ff i s  t h e  1  a t e r a l  f o r c e  f rom t h e  f r o n t  t i r e s  

Fr i s  t h e  l a t e r a l  f o r c e  f rom t h e  r e a r  t i r e s  

I i s  t h e  yaw moment o f  i n e r t i a  

a '  = a  - 
pf 

b '  = b  + Xpr 

The f o r c e s  a r e  g i v e n  by: 

where af i s  t h e  s l i p  ang le  o f  t h e  f r o n t  wheels 

a i s  t h e  s l  i p a n g l e  o f  t h e  r e a r  wheels r 

i s  t h e  r o l l  a n g l e  o f  t h e  sprung mass 

The s t e e r i n g  system i s  t r e a t e d  " q u a s i - s t a t i c a l l y "  u s i n g  t h e  f o l l o w i n g  

equa t i on  f o r  a  moment balance i n  t h e  s t e e r i n g  system: 

Or, by r e a r r a n g i n g  ( 3 2 )  

A major  assumpt ion o f  t h i s  model i s  t h a t  r o l l  m o t i o n  can be 

t r e a t e d  q u a s i - s t a t i c a l l y  us ing  t h e  f o l l o w i n g  e q u a t i o n :  



llSh 
( l e t  K+, = - , radians) 

Kr 

Equation (34) i s  the same expression as that  employed in the steady- 

s t a t e  analysis .  Comparison of t rans ient  responses calculated with 

a two-degree-of-freedom model employing (34)  with ca lula t ions  from 

a three-degree-of-freedom model indicates t h a t  the ro l l  ing vehicle 

will respond a l i t t l e  more quickly in yaw t h a n  predicted by the two- 
degree-of-freedom model . Example calculations s how t h a t  the peak 

yaw r a t e  response t o  a ramp-step input i s  obtained sooner in calcula-  

t ions including ro l l  dynamics t h a n  in calculat ions employing the  

quas i - s ta t i c  assumption. Nonetheless, the frequency response of the 

two-degree-of-freedom model i s  expected t o  match approximately the 

frequency response of the th l -ee-degree-of- f reedom model throughout 

t h e  mid-frequency range [ 2 ]  while only fa i l ing  t o  match a t  the higher 

frequencies excited by rapid steering inputs. 

(The front and rear s l i p  angles, af and o r ,  needed fo r  computing 

t i r e  forces are  defined in  the steady-state analysis  presented in  

Appendix C .  ) 

Based on the considerations and assumptions just presented and 

neglecting small terms result ing from r ig id  body a1 igning torque 

e f fec t s ,  the following expression fo r  the yaw r a t e  t r ans fe r  function 

i s  obtained. 



where i s  g i v e n  by Equat ion  ( 4 )  

r G = r NG ( t h e  s t e a d y - s t a t e  g a i n  t o  a  GI ss " r e f e r e n c e  f r o n t  wheel ang le )  

= (aA2 - bA3)/g i n  wh ich  

The numerator  t i m e  c o n s t a n t  i s  Tr, as d e f i n e d  i n  t h e  s t e a d y - s t a t e  

a n a l y s i s  (even though r o l l  e f f e c t s  have been i n c l u d e d ) .  The terms i n  

t h e  denominator  o f  ( 3 5 )  can be used t o  express t h e  n a t u r a l  f requency 

and t h e  damping r a t i o  i n  terms o f  v e h i c l e  parameters,  v i z . ,  

F o r t u n a t e l y ,  e a r l i e r  work by  Bundor f  and L e f f e r t  [9 ]  i n d i c a t e s  

u s e f u l  means f o r  i n t e r p r e t i n g  Equat ions  (36 )  and ( 3 7 ) .  F i r s t ,  con- 

s i d e r i n g  n a t u r a l  f requency,  l e t  

I = abm(1 + k ' )  

where -0.1 < k t <  0.2 f o r  t y p i c a l  c a r s  [9 ] .  Then ( 3 6 )  can be 

expressed as  



K  
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Equa t ion  (39)  a l l o w s  one t o  es t ima te  t h e  damping r a t i o ,  5 ,  

f rom s t e a d y - s t a t e  g a i n ,  s t e e r i n g  r a t i o ,  wheel base, and v e l o c i t y .  

T h i s  e s t i m a t e  f o r  c c o u l d  p o s s i b l y  be 30% low  i n  an extreme case 

i n  wh ich  t h e  r o l l - r e l a t e d  f a c t o r s  a r e  l a r g e .  However, damping r a t i o  

i s  n o t  a  c r u c i a l  f a c t o r  i n  t h i s  p r o j e c t ,  t h a t  i s ,  v e h i c l e  des ign  i s  

n o t  t i g h t l y  c o n s t r a i n e d  by t h e  requ i rement  t h a t  c 
a  v e h i c l e  v e l o c i t y  o f  50 mph) be g r e a t e r  t han  0 .5  as  s p e c i f i e d  i n  

Using Equa t i on  (39 ) ,  a  "wors t  case" e s t i m a t e  o f  damping r a t i o  

can be made f o r  passenger c a r s  w i t h  yaw r a t e  g a i n s  mee t ing  t h e  

requ i rements  o f  t h e  s p e c i f i e d  per formance space. The l o w e r  boundary 

o f  t h e  r e q u i r e d  per formance space i s  a t  r/6s,ls, - 0.14.  For a  

subcompact c a r  w i t h  a  wheel base o f  app rox ima te l y  e i g h t  f e e t  and a  

s t e e r i n g  r a t i o  o f  19, Equa t i on  (39 )  y i e l d s  a  w o r s t  case damping r a t i o  

( a t  50 mph) equal  t o  0.54.  A c c o r d i n g l y ,  i t  i s  e s t i m a t e d  t h a t  f o r  

t y p i c a l  v e h i c l e s  ( o f  subcompact, compact, o r  i n t e r m e d i a t e  s i z e )  t h e  

damping r a t i o  w i l l  be g r e a t e r  t han  0 .5  ( a t  50 mph) i f  t h e  yaw r a t e  

g a i n  f a l l s  w i t h i n  t h e  s p e c i f i e d  per formance space. 

Equat ion  (39 )  i s  i n  t h e  most conven ien t  f o r m  f o r  wo rk ing  w i t h  

measured va lues  of s t e a d y - s t a t e  g a i n .  However, i t  can be r e s t a t e d  

i n  terms of unde rs tee r  as f o l l o w s :  



(Note t h a t  damping ra t io  i s  independent of steering r a t i o  as should 

be expected.) 

For 50 mph, 6 = 0.5, and  k = 8 f t  ( a  subcompact c a r ) ,  Equa- 

t ion (40 )  i s  sa t i s f i ed  i f  K = 8.3  deg/g. For passenger cars with 

wheel bases greater  than 8 f ee t  and values of K l e s s  t h a n  8.3 deg/g, d .  

I 

the damping r a t i o  will be greater  than 0.5. For a neutral s t e e r  + .- 
vehicle K = 0 and < ! 1 ,  as indicated by Equation (40) .  Thus, i t  . . 

i s  estimated tha t  a t  50 mph over the range of damping r a t i o  between 

0.5 and 1 .0  (0 .5  < 6 < 1 . 0 ) ,  vehicles can vary from highly understeer 

( K  = 8.2  deg/g) t o  neutral s t ee r  ( K  = 0.0 deg/g) . 
The given constraint  on natural frequency i s  t ha t  w n  a t  50 mph 

be greater  than 3.0  radlsec.  For examining the re la t ionship  between 

vehicle parameters and an i t  i s  convenient to re-express (38) in  

the following form. 

By examining the resu l t s  of the survey of typical  cars  presented in 

Appendix D, i t  i s  seen tha t  the following conditions a r e  almost 

always s a t i s f i ed :  K > 3 deg/g a n d  K 1 K 2  < 80 (deg/g)2.  Using these 

numbers t o  ca lcula te  natural frequency fo r  a vehicle with a = 10 f t ,  

k' 4 0, a n d  u = 50 mph y ie lds  a very conservative lower bound of 

~ n l 5 0  mph 3 : 8 rad/sec fo r  currently-produced subcompact, compact, 

and intermediate s ize  automobiles. 

Theoretical ly,  the e f fec t ive  time constant ,  Te ,  now used t o  

define the boundary of the optimum region can be evaluated in a 
straightforward manner, b u t  t h i s  requires measuring o r  evaluating 

numerous vehicle parameters. Consequently, the  quanti ty Te i s  eas ier  

t o  determine d i rec t ly  from fu l l - sca le  vehicle experiments than from 

a n  analysis based on measured or calculated parametric data .  



N e v e r t h e l e s s ,  an unde rs tand ing  o f  t h e  f a c t o r s  i n f l u e n c i n g  Te 

can be o b t a i n e d  t h rough  c o n s i d e r a t i o n  o f  t h e  f o l l o w i n g  f o r m  o f  t h e  

yaw r a t e  t r a n s f e r  f u n c t i o n .  

where 

UJ i s  f requency 

j is the complex number^ , and 

, wn, and < a r e  as  d e f i n e d  p r e v i o u s l y .  

( I t  s h o u l d  be emphasized t h a t  a  v e h i c l e  speed o f  50 rnph (73 .33  f t / s e c )  

a p p l i e s  t h roughou t  t h i s  d i s c u s s i o n . )  The phase a n g l e ,  $ o f  t h e  
Y '  

yaw r a t e  t r a n s f e r  f u n c t i o n  (42 )  i s  g i v e n  by: 

F o r  $y = - 4 5 O ,  t h a t  i s ,  f o r  OJ = we = l / T e ,  t h e  p r o p e r t i e s  o f  t h e  

t a n g e n t  f u n c t i o n  can be used t o  deduce t h e  f o l l o w i n g  e q u a t i o n  f rom 

Equa t i on  (43) :  

Equa t i on  (43 )  can be s o l v e d  n u m e r i c a l l y  f o r  w e  i f  Tr, 5, and 

u a r e  known. Neve r the less ,  i t  p r o v i d e s  i n s i g h t  t o  c o n s i d e r  s o l v i n g  n  
f o r  Te g r a p h i c a l l y .  F i g u r e  8 shows t h e  phase l e a d  o b t a i n e d  f r o m  t h e  

numera to r  t e r m  i n  ( 4 2 )  and F i g u r e  9 shows t h e  phase l a g  de te rm ined  

by t h e  denomina tor  of  ( 4 2 ) .  F o r  g i v e n  v a l u e s  o f  Tr, 5, and wn t h e  
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Figure 8. Phase s h i f t  due to r / b s ,  numerator. 
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F i g u r e  9 .  Phase s h i f t  due to r/a,, denominator. 



f r e q u e n c y  a t  wh ich  -45" phase s h i f t  occurs  can be found us ing  

F i g u r e s  8 and 9 and a  t r i a l - a n d - e r r o r  approach. 

I n s p e c t i o n  of F i g u r e s  8  and 9 i n d i c a t e s  t h a t  if 1/T, < wn, 

then we  > wn. T h i s  r e s u l t  can be shown r e a d i l y  f rom t h e  f o l l o w i n g  

s i m p l e  a n a l y s i s .  A t  u = u t h e  denominator  o f  (42 )  y i e l d s  90" phase n  
l a g  f o r  a l l  va lues of damping r a t i o .  I f  l / T r  i s  l e s s  t h a n  u,,, t h e n  

t h e  numerator  of  (42)  y i e l d s  more than  45" phase l e a d  a t  u = wn. 

Consequent ly ,  t h e  v a l u e  o f  u a t  wh ich  45" phase l a g  occu rs  must be 

g r e a t e r  than w n .  

The f o r e g o i n g  d i s c u s s i o n  can be used t o  deve lop  an e s t i m a t 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  such t h a t  Te w i l l  be w i t h i n  t h e  boundary o f  

t h e  SPS. Examinat ion  of  t h e  SPS i n d i c a t e s  t h a t  if Te ( f o r  a  p a r t i -  

c u l a r  v e h i c l e )  i s  l e s s  than  0.238, t hen  t h e  e f f e c t i v e  t i m e  c o n s t a n t  

w i  11 be smal l  enough. (The i n e q u a l i t y  Te < 0.238 sec- I  i s  e q u i v a l e n t  

t o  t h e  i n e q u a l i t y  ue > 4.2 rad /sec  where w e  = l / T e . )  A c c o r d i n g l y ,  

i f  

and 

then  i t  f o l l o w s  t h a t  Te < 0.238. 

For  c u r r e n t  domest ic  v e h i c l e s  l / T r  i s  l e s s  t h a n  LO,. Even a t  

n e u t r a l  s t e e r  (K=O) w i t h  Kq K1 and k' = 0, E q u a t i o n  ( 4 1 )  i n d i c a t e s  

t h a t  U, l / T r .  For  va lues  of  K > 0, wn w i l l  be g r e a t e r  t h a n  l / T r  

, . i f  t h e  d i f f e r e n c e  between K2 and K1 i s  n o t  t o o  l a r g e .  To q u a n t i f y  

t h e  magni tude o f  t h e  a l l o w a b l e  d i f f e r e n c e ,  l e t  F, KZ = K1. Then f r o m  

(41 ) 



Thus, f o r  k' = 0 ,  w n  i s  greater  t h a n  1 / T r  i f  

Combining the approximate r e s u l t  for  y2. from (40) with ( 4 7 )  y ie lds  

the r e s t r i c t i on  

fo r  l/Tr < LI, ( a t  50 m p h )  f o r  < evaluated a t  50 rnph. 

Calculations based on the estimates made in the vehicle survey 

(Appendix D )  indicate t h a t  the inequa l i t i e s  w ~ / ~ ~  m p h  > 4 . 2  a n d  

'n/ 50 mph > l / T r  will nearly always be s a t i s f i ed  for  typical sub- 

compact, compact, and intermediate c a r s .  In general,  i f  K1 i s  

considerably larger  than K 2 ,  the value of understeer, K, will be 

large ,  implying t h a t  the damping r a t i o  a t  50 mph will be r e l a t i ve ly  

small ( b u t  la rger  t h a n  0 .5 ) .  For the values of cornering compliances, 

K and K p ,  applicable to typical ca r s ,  the natural frequency a t  50 1 
rnph will be g rea te r  t h a n  b o t h  4.2 rad/sec a n d  ]ITr. 

In summary, i t  appears from th i s  analyt ica l  consideration of 

vehicle dynamics t h a t  currently produced subcompact, compact, and 

intermediate cars have t rans ient  response propert ies a t  50 rnph which 

s a t i s f y  the specif ied performance requirements on s ,  w,, and T e .  



4.0  VEHICLE TESTS 

Two s e r i e s  o f  v e h i c l e  t e s t s  were conducted f o r  t h i s  resea rch  

s tudy .  The f i r s t  s e r i e s ,  r e f e r r e d  t o  as t h e  p r e l i m i n a r y  t e s t s ,  

were conducted on t h e  v e h i c l e s  t e n t a t i v e l y  chosen as s u b j e c t s  f o r  

t h e  m o d i f i c a t i o n  program. Genera l l y ,  v e h i c l e s  were chosen because 

t h e  a n a l y t i c a l  work conducted d u r i n g  t h e  v e h i c l e  su rvey  i n d i c a t e d  

t h a t  t h e y  were p robab ly  o u t s i d e  o r  near t h e  boundar ies  o f  t h e  o p t i -  

mum space.  P r e l i m i n a r y  t e s t s  were conducted t o  c o n f i r m  these  

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

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

program was conducted on t h e  t e s t  v e h i c l e s  wh ich  had been s e l e c t e d  

and t h e n  mod i f i ed  t o  conform t o  t h e  SPS. These t e s t s  were conducted 

i n  o r d e r  t o  v e r i f y  t h a t  t h e  accompl ished m o d i f i c a t i o n s  d i d  indeed 

r e s u l t  i n  v e h i c l e s  whose dynamic p r o p e r t i e s  p l a c e d  them near  t h e  

c e n t e r  o f  t h e  SPS. A lso ,  c u r s o r y  c l o s e d - l o o p  handl  i n g  t e s t s ,  

us ing  b o t h  m o d i f i e d  and unmod i f i ed  v e h i c l e s ,  were conducted t o  con- 

f i r m  t h a t  m o d i f i e d  v e h i c l e s  were accep tab le  highway v e h i c l e s  and t o  

t e n t a t i v e l y  judge t h e  handl  i n g  v a l u e  o f  t h e  m o d i f i c a t i o n s .  

The p r e l i m i n a r y  t e s t  program c o n s i s t e d  t o t a l l y  o f  open- loop 

t e s t i n g  designed t o  measure t h e  handl i n g  qua1 i t i e s  t o  t h e  

SPS. The v e r i f i c a t i o n  t e s t  s e r i e s  c o n s i s t e d  o f  t h e s e  same open- 

l o o p  t e s t s  p l u s  a  s e r i e s  o f  c l o s e d - l o o p  t e s t s .  I n  t h e  f o l l o w i n g  sub- 

s e c t i o n s ,  these t e s t  programs w i l l  be d e s c r i b e d  under  t h e  headings:  

Tes t  Equipment and I n s t r u m e n t a t i o n  

Tes t  Procedures and Resu l t s  

Open-Loop Tests 

Closed-Loop Tests  



4.1 Test Equipment and Instrumentation 

The instrumentation package used in the vehicle test ing measured 

f ive  operating variables,  v iz . :  

1 .  Steer  angle (measured a t  the input end of the steering 
column), A S C  

2 .  Steering wheel torque*, TSw 

3 .  Yaw ra te ,  r  

4 .  Roll rate*,  p 

5 .  Velocity, V 

In addit ion,  on-board analog computations were performed to 

make the following signals available:  

1 .  Yaw accelerat ion,  

2 .  Steady-state l a t e r a l  accelerat ion,  rV 

3. Steady-state turn radius,  V/r 

Data signals were recorded on magnetic tape using an on-board 

FM tape recorder. A 1 ight beam osci l  lograph was a1 so ins ta l l ed  in 

the t e s t  vehicle so tha t  recorded data could be played back, on 

l ine ,  providing a  visual check on data system in tegr i ty .  Later, 

the tapes were also played back into a hybrid computer where the 

data was ultimately reduced via an automated process. In the f i e l d ,  

a n  additional "control voltage" level was also recorded on one 
channel of tape. This signal i s  used to indicate  the mode of system 

operation ( ca l i b r a t e ,  standby, t e s t ,  e t c  . )  to  the computer reduc- 

t ion program. The control signal level could be selected by hand 

or could automatically be switched from standby to t e s t  via a  "drag 
switch" arrangement ins ta l  led on the t e s t  vehicle.  This automated 

system was used primarily to lessen dr iver  burden during closed-loop 

tes t ing .  A second advantage was to  precisely locate  the vehicle on 

"Steering wheel torque a n d  ro l l  r a t e  transducers were employed 
only in the ver i f ica t ion t e s t  program. 
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t h e  t e s t  course f o r  purposes of da ta  e v a l u a t i o n .  

B o t h  s teer ing-whee l  t o rque  and s t e e r  a n g l e  t ransduce rs  were 

i n c o r p o r a t e d  i n t o  a  " v a r i a b l e  r a t i o  s t e e r i  ng-wheel 1  i m i  t e r "  (VRSWL) 

f i t t e d  t o  t h e  v e h i c l e  s t e e r i n g  column. The dev i ce  i s  shown mounted 

i n  a  t e s t  v e h i c l e  i n  F i g u r e  10. I n  a d d i t i o n  t o  t h e  two t ransduce r  

f u n c t i o n s ,  t h i s  dev i ce  a l s o  a l l o w s  f o r  s imp le  and q u i c k  v a r i a t i o n s  i n  

t h e  o v e r a l l  s t e e r i n g  r a t i o  and p r o v i d e s  a  s teer ing-whee l  s t o p  mech- 

anism f o r  open-loop, s t e p - s t e e r  t e s t s .  By s e l e c t i n g  t h e  a p p r o p r i a t e  

s e t  o f  change gears f o r  i n s t a l l a t i o n  i n  t h e  dev ice ,  gea r  r a t i o s  

between s t e e r i n g  wheel and s t e e r i n g  column may be v a r i e d  f r o m  4 : l  

t o  1 :4 .  

A  schemat ic  d iagram o f  t h e  i n s t r u m e n t a t i o n  system appears on 

F i g u r e  11.  A  more d e t a i l e d  d e s c r i p t i o n  o f  t e s t  v e h i c l e  equipment 
* 

and i n s t r u m e n t a t i o n  appears i n  Appendix B .  

4.2 T e s t  Procedures and Resu l t s  

In t h e  f o l l o w i n g  two subsect ions ,  s p e c i f i c  p rocedures  f o r  t h e  

open- and c losed - loop  t e s t  s e r i e s  w i l l  be desc r i bed .  I n  t h e  case 

o f  b o t h  t e s t  s e r i e s  i t  was necessary t o  c a r e f u l l y  c o n t r o l  b o t h  t i r e  

c o n d i t i o n  and v e h i c l e  l o a d i n g  c o n d i t i o n  s i n c e  b o t h  o f  t hese  v a r i a b l e s  

a r e  known t o  i n f l u e n c e  t h e  v e h i c l e  hand1 i ng p r o p e r t i e s  o f  i n t e r e s t .  

F o r  a l l  v e h i c l e s  tes ted ,  l o a d i n g  c o n s i s t e d  of 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 .  The i n s t r u m e n t  package weighed a  t o t a l  o f  280 I b ,  

and t h e  m a j o r i t y  o f  t h i s  mass was l o c a t e d  i n  t h e  f r o n t  passenger 

sea t .  (See Appendix B f o r  s p e c i f i c  d e t a i l s . )  Tes ts  were conducted 

w i t h  gas tanks  i n  a  112 t o  f u l l  c o n d i t i o n .  

T i r e  c o n d i t i o n s  were a l s o  c a r e f u l l y  c o n t r o l l e d .  I n  t h e  p r e -  

1  i m i n a r y  t e s t  s e r i e s ,  t i r e s  i n s t a l l e d  on t h e  v e h i c l e  b y  t h e  r e n t a l  

agency were used if ( 1 )  t h e y  were c o n s i s t e n t  w i t h  t h e  OE t i r e  f o r  

t h a t  v e h i c l e  i n  s i z e  and c o n s t r u c t i o n  t y p e ,  ( 2 )  t h e  same t i r e  was 

i n s t a l l e d  on a l l  wheels, ( 3 )  t h e  t i r e  was judged t o  be i n  good 

c o n d i t i o n  f o r  t e s t i n g .  Otherwise,  t i r e s  were r e p l a c e d  t o  meet t hese  







c o n d i t i o n s .  For  t h e  v a l i d a t i o n  t e s t i n g  program, i n  wh ich  a  l i m i t e d  

number o f  v e h i c l e s  were t e s t e d ,  new OE t i r e s  were i n s t a l l e d .  T i r e s  

were i n f l a t e d  t o  t he  v e h i c l e  manufacturer  recommended c o l d  p ressu res .  

The r e s u l t i n g  h o t  p ressures  were determined and i n f l a t i o n  p ressu res  

m a i n t a i n e d  a t  t h i s  1  eve1 th roughou t  t e s t i n g .  . .  

4.2.1 Open-Loop Tes t  S e r i e s .  The purpose o f  t h e  open- loop w .  
6 

. . 
t e s t  s e r i e s  was t o  p r o v i d e  da ta  f o r  t h e  d e t e r m i n a t i o n  o f  hand1 i n g  

p r o p e r t i e s  o f  t h e  s u b j e c t  v e h i c l e s ,  be i t  a  m o d i f i e d  o r  unmod i f i ed  c 

v e h i c l e .  O f  most immediate i n t e r e s t  was t h e  measurement o f  t h e  two 

p r o p e r t i e s ,  yaw r a t e  g a i n ,  r/6,,, and t h e  e q u i v a l e n t  yaw r a t e  t i m e  

c o n s t a n t ,  Te,* where bo th  v a l u e s  a r e  determined f o r  50 mph v e h i c l e  

v e l o c i t y  and f o r  1 i n e a r  reg ime performance. 

Data was o b t a i n e d  f r o m  two t e s t  procedures,  v i z . :  

1  ) "S tep"  s t e e r  t e s t s  

2 )  "Pu lse"  s t e e r  t e s t s  

Procedures f o r  t h e s e  t e s t s  were as f o l l o w s :  

1 )  S tep s t e e r  t e s t s .  W i t h  t h e  v e h i c l e  i n i t i a l l y  t r a v e l i n g  

i n  a  s t r a i g h t  l i n e  a t  a  s teady speed o f  50 mph, t h e  

d r i v e r  d i s p l a c e s  t h e  s t e e r i n g  wheel as r a p i d l y  as p o s s i b l e  

up t o  t h e  l e v e l  p rede te rm ined  by t h e  s e t t i n g  o f  t h e  

s tee r i ng -whee l  s t o p  mechanism. T h i s  1  eve l  o f  s t e e r  i n p u t  

and t h e  50-mph speed l e v e l  a r e  m a i n t a i n e d  u n t i l  t h e  

v e h i c l e  has e s t a b l i s h e d  and m a i n t a i n e d  a  s t e a d y - s t a t e  

t u r n  f o r  s e v e r a l  seconds. T h i s  p rocedure  i s  r e p e a t e d  

t w i c e  each, f o r  s t e e r  i n p u t s  co r respond ing  t o  k.86 
0 ' 

i 6  ~ 1 . 2 6  and ?1 .460 where 6, i s  p rede te rm ined  as 
0 ' 0 ' 

f o l l o w s .  

*Te i s  d e f i n e d  as t h e  i n v e r s e  o f  t h e  f requency  a t  wh ich  45" phase 
s h i f t  occurs  f o r  t h e  v e h i c l e ' s  yaw r a t e  t r a n s f e r  f u n c t i o n .  E a r l y  
i n  t h e  program, t h e  numerator  t i m e  c o n s t a n t ,  Tr, was used.  How- 
ever ,  b o t h  t i m e  c o n s t a n t s  a r e  d e r i v a b l e  from s i m i l a r  v e h i c l e  d a t a .  



A  "cone course"  c o n s i s t i n g  o f  a  n a r r o w l y  c o n f i n i n g  l a n e  

o f  a  cons tan t ,  668 - foo t  r a d i u s  cu rve  o f  s u f f i c i e n t  l e n g t h  

t o  p r o v i d e  seve ra l  seconds o f  s t e a d y - s t a t e  t u r n i n g  a t  a  

speed o f  50 mph, i s  e s t a b l i s h e d .  ( T h i s  a r c ,  t r a v e r s e d  a t  

50 mph, produces .25 g  l a t e r a l  a c c e l e r a t i o n . )  A s k i l l e d  

d r i v e r  n e g o t i a t e s  t h i s  course  a t  a  s teady v e l o c i t y  o f  50 

mph, r e p e a t i n g  t h e  procedure seve ra l  t imes f o r  t u r n s  of 

b o t h  d i r e c t i o n s .  Dur ing  these  runs ,  t h e  d r i v e r  observes 

( v i a  t h e  i ndex  s t e e r i n g  wheel d e s c r i b e d  i n  Appendix B )  

t h e  l e v e l  of s t e a d y - s t a t e  s t e e r  a n g l e  r e q u i r e d  t o  n e g o t i a t e  

t h e  course .  ( S t e e r i n g  l e v e l  may a l s o  be observed v i a  

reco rded  data ,  a1 though t h e  p r e c i s i o n  o b t a i n a b l e  i n  t h e  

f i e l d  u s i n g  t h i s  method may n o t  be s a t i s f a c t o r y . )  The 

observed s t e e r  a n g l e  i s  d e f i n e d  as s ~ .  

The s t e a d y - s t a t e  response o f  t h e  v e h i c l e  t o  t h i s  t e s t  

s e r i e s  i s  used t o  o b t a i n  a  measure o f  t h e  v e h i c l e ' s  yaw 

r a t e  g a i n .  The t r a n s i e n t  response o f  t h e  v e h i c l e  t o  t h e  

s tep -1  i k e  s t e e r  i n p u t s  i s  t r ans fo rmed  t o  t h e  f requency 

domain and i s  used i n  e v a l u a t i n g  t h e  v e h i c l e  t i m e  cons tan ts .  

2 )  "Pu l se "  s t e e r  t e s t .  W i th  t h e  v e h i c l e  i n i t i a l l y  t r a v e l i n g  

i n  a  s t r a i g h t  l i n e  a t  a  s teady speed o f  50 mph a  s e r i e s  o f  

b o t h  r i g h t -  and l e f t - h a n d  s t e e r i n g  pu l ses  a r e  i n p u t  t o  t h e  

v e h i c l e .  Magni tude o f  t h e  pu l ses  a r e  i n  t h e  range o f  

s t e e r i n g  i n p u t s  used i n  t h e  s t e p  s t e e r  t e s t s  o f  t h e  same 

v e h i c l e .  Rate and spac ing  o f  t h e  pu l ses  a r e  v a r i e d  by 

t h e  d r i v e r  o v e r  a  w ide range i n  an a t t e m p t  t o  o b t a i n  

s t r o n g  f requency c o n t e n t  t h roughou t  t h e  1  t o  10  rad /sec  

range.  The procedure  i s  repea ted  f o u r  t i m e s .  

S t e e r i n g  i n p u t  and yaw r a t e  response d a t a  g a t h e r e d  f r o m  

these  t e s t s  a r e  t rans formed t o  t h e  f r e q u e n c y  domain and 

a r e  used i n  o b t a i n i n g  Te f o r  t h e  v e h i c l e .  

Data f rom t h e  open- loop s t e p  s t e e r  and p u l s e  s t e e r  t e s t  p r o -  

cedures d i scussed  above were d i g i t a l l y  p rocessed b y  F o u r i e r  t r a n s f o r m  



methods t o  o b t a i n  t a b u l a t e d  yaw r a t e  t o  s t e e r i n g  wheel a n g l e  v e h i c l e  

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

yaw r a t e  g a i n  and phase ang le  t a b u l a t i o n s  versus f requency.  The 

e f f e c t i v e  t i m e  cons tan t ,  T,, f o r  each t e s t  was o b t a i n e d  b y  n o t i n g  

t h e  f requency ,  we, a t  wh ich  45" o f  phase s h i f t  o c c u r s .  The i n v e r s e  

o f  t h i s  v a l u e  i s ,  by d e f i n i t i o n ,  Te. 

Appendix A d iscusses i n  g r e a t e r  d e t a i l  t h e  methods and programs 

used f o r  a n a l y z i n g  t h e  two t e s t  responses.  The s t e p  responses were 

processed by a  F o u r i e r  t echn ique  used by Samulon [23]  as d e r i v e d  

f r o m  e a r l i e r  work by Bedford and F redenda l l  [24] .  The p u l s e  s t e e r  

i n p u t s  were processed b y  a  s tandard  F o u r i e r  s e r i e s  t r a n s f o r m .  The 

Te v a l u e s  o b t a i n e d  f o r  a  g i v e n  v e h i c l e  from t h e  two separa te  t e s t  

p rocedures  and ana lyses were i n  c l o s e  agreement. Tab le  4 summarizes 

t h e  Te va lues  o b t a i n e d  f r o m  b o t h  s t e p  response and random s t e e r  i n p u t  

t e s t s  f o r  seve ra l  v e h i c l e s .  

Tab le  4 .  Yaw Rate  E f f e c t i v e  Time Constant  
R e s u l t s  o f  P r e l  i m i n a r y  T e s t  S e r i e s .  

E f f e c t i v e  Time Cons tan t  
Te (set) 

Vehi c l  e  Pu lse  S t e e r  S tep  S t e e r  

Ford  P i n t o :  

Manual S t e e r i n g  
Power S t e e r i  ng 

Plymouth Fu ry :  

Manual S t e e r i n g  
Power S t e e r i n g  

Chevrol e t  Nova: .16 .17 

Bu ick  S k y l a r k :  .18 .15 

I n  a d d i t i o n  t o  t h e  Te c a l c u l a t i o n s  f o r  each v e h i c l e ,  s teady -  

s t a t e  g a i n  va lues  were o b t a i n e d  f r o m  t h e  s t e p  s t e e r  t e s t s .  Changes 

i n  t h e  s t e a d y - s t a t e  yaw r a t e  were d i v i d e d  by t h e  c o r r e s p o n d i n g  changes 



in steering angle f o r  d i f ferent  levels  of s teer  a n d  then averaged. 

Table 5  shows the steady-state gains as evaluated fo r  each vehicle. 

Table 5.  Steady-State Yaw Rate Gain Results 
of Prel imi nary Test Seri es 

Yaw Rate Gain 
Vehicle (set)-' 

Ford Pinto: 

Manual Steeri ng 
Power Steering 

Plymouth Fury: 

Manual Steering 
Power Steeri  ng 

Chevrol e t  Nova: .15 

Buick Skylark: .18 

Ford LTD 11: .18 

Plymouth Aspen .18 

During the course of the t es t ing ,  a  modification of the stan- 

dard step s t e e r  maneuver he1 ped f a c i l i t a t e  the yaw r a t e  gain calcu- 

l a t i on .  The modification was t o  i n i t i a t e  the s tep  s t e e r  not from 

a  s t ra igh t  course or  zero s t e e r  l eve l ,  b u t  instead from a small 

s t e e r  angle l eve l .  The purpose of the i n i t i a l  small s t e e r  angle 

was t o  take u p  any play in  the steering system and  thus provide a  

more de f i n i t e  i n i t i a l  reference condition. A substantial  improvement 

in consistency was noted in the run-to-run yaw r a t e  gain calculat ions 

using th i s  t e s t  procedure. 

The yaw r a t e  gains and the e f fec t ive  time constants measured f o r  

the modified and unmodified Pinto, Skylark, and Fury used in the 

closed-loop t e s t  program a r e  plotted on a graph showing the boundaries 

of the optimum space in Figure 1 2 .  



A A Pinto 

Fury 

0 Skylork 

F i g u r e  1 2 .  S t e a d y - s t a t e  yaw r a t e  g a i n  and e f f e c t i v e  t i m e  c o n s t a n t  
o f  m o d i f i e d  and u n m o d i f i e d  t e s t  v e h i c l e s  a t  50 mpn. 



4.2.2 Closed-Loop T e s t  Procedures and Resu l t s  . The p l a n  

f o r  t h i s  p r o j e c t  a l l owed  f o r  a  "c 'u rsory"  c losed - loop  v e h i c l e  t e s t  

program o n l y .  Thus, r e 1  a t i v e l y  simp1 i s t i c  t e s t  methods were 

necessa ry .  A procedure i n  wh ich  t h e  d r i v e r  was reques ted  t o  g u i d e  

t h e  v e h i c l e  t h rough  a  t i g h t l y  r e s t r i c t e d  cone course  was chosen as 

t h e  p r i m a r y  c l o s e d - l o o p  t e s t  method. 

The cou rse  was des igned t o  e l i c i t  b o t h  t r a n s i e n t  and s teady-  

s t a t e  v e h i c l e  response w i t h i n  t h e  l i n e a r  (up t o  - .3 g )  per formance 

reg ime.  The a t t e m p t  was made t o  ar range t h e  cou rse  such t h a t  t h e  

d r i v e r  would i n p u t  s t e e r i n g  t i m e  h i s t o r i e s  w i t h  s t r o n g  f requency 

c o n t e n t  up t o  and beyond t h e  l / T e  range (4 -6  r a d / s e c ) .  F u r t h e r ,  t h e  

cou rse  was des igned t o  r e p r e s e n t  a  s i g n i f i c a n t ,  b u t  n o t  overwhelming,  

c h a l l e n g e  t o  t h e  d r i v e r  i n  terms o f  cone s t r i k e s  such t h a t  t h i s  

parameter  c o u l d  be used as an  o b j e c t i v e  measure i n  compar ing p e r f o r -  

mance a t t a i n e d  w i t h  t h e  m o d i f i e d  and unmod i f i ed  c a r s .  

The genera l  l a y o u t  o f  t h e  course  wh ich  was chosen i s  shown i n  

F i g u r e  13.  The cou rse  was des igned t o  be r u n  a t  a  v e h i c l e  speed o f  

50 mph. The curved p o r t i o n  o f  t h e  cou rse  i s  a  c o n s t a n t  r a d i u s  (670 

f t )  t u r n  which,  a t  s t e a d y - s t a t e ,  produces l a t e r a l  a c c e l e r a t i o n  of 

.25 g  a t  50 mph. The l a n e  changes a l s o  produce a p p r o x i m a t e l y  .25 g  

l a t e r a l  a c c e l e r a t i o n  when t a k e n  a t  50 mph. A l though  t h e y  do n o t  

r e q u i r e  h i g h  a c c e l e r a t i o n ,  t h e  l a n e  changes a r e  s u f f i c i e n t l y  s h o r t  

as t o  e l i c i t  r e l a t i v e l y  a b r u p t  s t e e r i n g  i n p u t s .  The s t e p  t r a n s i t i o n s  

from s t r a i g h t  s e c t i o n  t o  c u r v e  and then  back t o  s t r a i g h t  a l s o  r e q u i r e  

s t e p - l i k e  s t e e r i n g  changes wh ich  have r e l a t i v e l y  s t r o n g  f r e q u e n c y  

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

The w i d t h  o f  t h e  l a n e  used i n  t h e  cou rse  was de te rm ined  e m p i r i -  

c a l l y .  P r i o r  t o  a c t u a l  t e s t i n g  w i t h  each p a r t i c u l a r  v e h i c l e ,  two 

t e s t  d r i v e r s  ( n o t  t hose  used i n  a c t u a l  t e s t i n g )  d r o v e  t h e  cou rse  

r e p e a t e d l y ,  a d j u s t i n g  l a n e  w i d t h  u n t i l  t h e  d e s i r e d  degree o f  d i f f i -  

c u l t y  was a t t a i n e d .  I n  t e s t i n g ,  t h e  l a n e  w i d t h  was m a i n t a i n e d  t h e  

same f o r  b o t h  t h e  m o d i f i e d  and ummodif i e d  v e r s i o n s  o f  a  p a r t i c u l a r  

c a r ,  b u t  was v a r i e d  f o r  each o f  t h e  t h r e e  t e s t  c a r s .  





Refe renc ing  l a n e  w i d t h  t o  t h e  o v e r a l l  t r a c k  w i d t h  o f  t h e  

v e h i c l e  (see F i g u r e  14 ) ,  t h e  l a n e  c lea rance  f o r  t h e  c a r s  t e s t e d  

was: ( 1 )  Plymouth Fury, 9 112 inches;  ( 2 )  Bu ick  S k y l a r k ,  8 112 

i n c h e s ;  ( 3 )  Ford P i n t o ,  6  i nches .  

I -- 

Overall Track Width 
1 / 2  Lane 
Clearance 

Clearance 

F i g u r e  14 .  Cone course l a n e  c lea rance .  

Severa l  o b s e r v a t i o n s  w i t h  r e g a r d  t o  t h e s e  c l  earances shoul  d  be 

no ted .  F i r s t ,  i t  seems somewhat s u r p r i s i n g  t h a t  t h e  l a n e  c l e a r a n c e  

r e s u l t i n g  i n  a  c h a l l e n g i n g ,  b u t  n e g o t i a b l e ,  cou rse  i s  so s m a l l .  The 

cou rse  was c o n s t r u c t e d  u s i n g  84 cones, y e t  w i t h  t h e  sma l l  c lea rances  

i n d i c a t e d  above, t h e  average number o f  cone s t r i k e s  p e r  r u n  f o r  a l l  

d r i v e r s  and a l l  c a r s  was j u s t  6.1.  I n  a d d i t i o n ,  t h e  t e s t  d r i v e r s  who 

determined t h e  course w i d t h  found t h a t  sma l l  d e v i a t i o n s  f r o m  t h e  

va lues g i v e n  above produced s u b s t a n t i a l  changes i n  d i f f i c u l t y .  I n -  

c r e a s i n g  o r  dec reas ing  t o t a l  l a n e  w i d t h  by 1 1 / 2  i n c h e s  was found  t o  

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

by t h r e e  i nches  was found t o  r e s u l t  i n  a  c o u r s e  wh ich  was e a s i l y  

n e g o t i a t e d  w i t h  no cone s t r i k e s ,  w h i l e  d e c r e a s i n g  t h e  w i d t h  by t h r e e  

i nches  i n c r e a s e d  t h e  number of cone s t r i k e s  many t i m e s  o v e r .  



I t  was n o t  p o s s i b l e  t o  examine t h i s  s e n s i t i v i t y  i n  any dep th  

i n  t h i s  program, b u t  i t  shou ld  be no ted  t h a t  i f  t h e  i n i t i a l  i n d i c a -  

t i o n s  o f  such h i g h  s e n s i t i v i t y  h o l d  t r u e ,  t h e r e  may be i m p o r t a n t  

r a m i f i c a t i o n s  upon t h e  usefu lness  of t h i s  t e s t i n g  method. F i r s t ,  

h i g h  s e n s i t i v i t y  would r e q u i r e  v e r y  a c c u r a t e  cone placement i f  t h e  

r e s u l  t s  a r e  t o  be dependent on d r i v e r - v e h i c l e  per formance r a t h e r  t han  

cone placement accuracy .  A more s u b t l e  p o i n t  i s  t h a t  t h i s  s e n s i t i v i t y  

pu ts  i n  s e r i o u s  q u e s t i o n  t h e  a b i l i t y  t o  make mean ingfu l  comparisons 

between c a r s .  Consider  F i g u r e  15 wh ich  r e p r e s e n t s  a  v e h i c l e  pass ing  

th rough  t h e  c u r v e  p o r t i o n  of t h e  cone cou rse  a t  speed. Note  t h a t  i n  

t h e  f i g u r e ,  as i s  g e n e r a l l y  t r u e ,  t h e  v e h i c l e  has assumed some non- 

ze ro  s i d e s l i p  a n g l e  ( 6 ) .  Thus, i t  i s  c l e a r  t h a t  t h e  a c t u a l  c l e a r a n c e  

wh ich  t h e  v e h i c l e  has i n  t h e  l a n e  i s  a  f u n c t i o n  n o t  o n l y  o f  v e h i c l e  

w i d t h  and l a n e  w id th ,  b u t  a l s o  o f  v e h i c l e  l e n g t h  and s i d e s 7 i p  a n g l e .  

I n  f a c t ,  f o r  smal l  B 

LC = LW - (VW + 6 VL) (49 )  

where 

LC i s  l a n e  c lea rance  

LW i s  l a n e  w i d t h  

VW i s  v e h i c l e  w i d t h  

VL i s  v e h i c l e  l e n g t h  

Even f o r  smal l  v e h i c l e s ,  VL may be on  t h e  o r d e r  o f  100 i n c h e s  and 6 

on t h e  o r d e r  o f  lo. Thus, 6-VL may have an e f f e c t  on  l a n e  c l e a r a n c e  

o n  t h e  o r d e r  o f  two inches,  and as  n o t e d  above, two - inch  changes i n  

l a n e  c lea rance  have been found t o  be o f  s i g n i f i c a n t  magn i tude.  I t  

would seem t h a t  i f  v e h i c l e - d r i v e r  per fo rmance i s  t o  be compared ac ross  

d i f f e r e n t  v e h i c l e s ,  w i t h  number o f  cone s t r i k e s  as t h e  c r i t e r i o n ,  

t h e n  l a n e  c lea rance  shou ld  be equal  between v e h i c l e s .  F i g u r e  15 

imp1 i e s  t h a t  t h i s  r e q u i r e s  c o n s i d e r i n g  v e h i c l e  1  e n g t h  and s i d e s 1  i p 

a n g l e  as w e l l  as v e h i c l e  w i d t h  i n  choos ing  l a n e  w i d t h .  



For sma l l  8 

Lane Clearance = LW - (VW + 6 VL) 

F i g u r e  1 5 .  The e f f e c t  o f  v e h i c l e  s i d e s l i p  on  l a n e  c l e a r a n c e .  



U s i n g  t h e  v e r y  s i m p l e  " b i c y c l e "  model o f  a  v e h i c l e ,  i t  may 

be shown t h a t  f o r  s t e a d y - s t a t e  t u r n i n g ,  

f o r  sma l l  B and where CoR i s  t h e  c o r n e r i n g  s t i f f n e s s  o f  t h e  r e a r  

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

compl i ance concept ,  

where Dr i s  t h e  r e a r  c o r n e r i n g  compl iance o f  t h e  v e h i c l e .  

From these  two equa t ions  i t  i s  seen t h a t  6 i s  dependent on  

t u r n  r a d i u s ,  v e h i c l e  geometry, v e l o c i t y ,  and r e a r  c o r n e r i n g  compl i- 

ance, where, i n  t h e  r e a l  v e h i c l e ,  t h i s  l a s t  f a c t o r  i s  dependent on 

v e h i c l e  w e i g h t ,  l o n g i t u d i n a l  c.g . p o s i t i o n ,  r e a r  t i r e  and r e a r  suspen- 

s i o n  p r o p e r t i e s ,  as w e l l  as v e h i c l e  r o l l  s t i f f n e s s .  A l l  t h e s e  fac-  

t o r s  a f f e c t  s t e a d y - s t a t e  s i d e s l i p  ang le .  These, and o t h e r s ,  a f f e c t  

t r a n s i e n t  B per formance.  I t  would  seem, then,  t h a t  t h e  t e r m  BWVL 

o f  Equa t ion  ( 4 9 )  i s ,  i n  f a c t ,  most  d i f f i c u l t  t o  e v a l u a t e  w i t h  s u f f i -  

c i e n t  accu racy  f o r  comparat ive  t e s t  purposes.  

I t  i s  o f  f u r t h e r  i n t e r e s t  t o  n o t e  t h a t ,  as a  consequence o f  

Equa t ion  (51) ,  each i n d i v i d u a l  v e h i c l e  possesses one speed a t  w h i c h  

s t e a d y - s t a t e  B becomes ze ro ,  r e g a r d l e s s  o f  t u r n  r a d i u s .  T h a t  i s ,  

f rom (51 )  

F i g u r e  16 i l l u s t r a t e s  t h i s  p o i n t  t h r o u g h  a  p l o t  o f  6 ve rsus  u  f o r  



a va r i e ty  of R values. Thus, i t  would seem t h a t  a cone course t e s t  

could be "tcned" t o  favor a part icular  vehicle through the choice 

of veloci ty . 

Figure 1 6 .  Steady-state s ides l ip  angle as a function of veloci ty 
for  several turn radi i  . 

A1 1 these face ts  should be considered (and explored f u r t h e r )  

i n comparative test ing of driver-vehicl e systems. In t h i s  program, 

however, comparisons a re  made only between unmodified and modified 

versions of the same vehicl m o t  between d i f fe ren t  vehicles.  Fur- 

ther ,  the modifications were made to s teering r a t i o  only, one of 

the few vehicle handling properties which can seemingly have no 
e f fec t  on the B O V L  term of Equation ( 4 9 ) .  

Four experienced drivers  and one expert dr iver  were used a s  

drivers in the closed-loop portions of the vehicle t e s t ing  a c t i v i t y .  

The experienced drivers  were taken from the HSRI s t a f f ,  and a1 though 

they were a l l  experienced drivers  in the normal sense,  none were 

experienced as " t e s t  dr ivers ."  The expert dr iver  was an experienced 

a n d  successful road racing d r ive r .  



The f o l l o w i n g  procedure was used w i t h  each d r i v e r *  i n  e v a l u a t i n g  

each o f  t h e  t h r e e  v e h i c l e s  chosen f o r  m o d i f i c a t i o n .  

A t e s t  day began a t  app rox ima te l y  9 a.m. w i t h  t h e  s u b j e c t  

d r i v e r  and an observer  l e a v i n g  t h e  H S R I  f a c i l  i t y  i n  t h e  i ns t rumen ted  

v e h i c l e .  A t  t h i s  t ime, t h e  VRSWL i n s t a l l e d  i n  t h e  t e s t  v e h i c l e  

would be f i t t e d  e i t h e r  w i t h  a  1 : l  r a t i o ,  t hus  making t h e  v e h i c l e  

"unmodi f ied , "  o r  w i t h  t h e  r a t i o ,  chosen as a  r e s u l t  o f  p r e l i m i n a r y  

t e s t i n g ,  wh ich  r e s u l t e d  i n  t h e  d e s i r e d  yaw r a t e  g a i n  f o r  t h e  m o d i f i e d  

v e h i c l e .  The f i r s t  20 minutes were spent  i n  o r d i n a r y  i n - t o w n  d r i v -  

ing ,  g e n e r a l l y  i n  r e s i d e n t i a l  a reas .  F o l l o w i n g  t h i s  p e r i o d ,  a p p r o x i -  

m a t e l y  20 m inu tes  were spent  i n  f reeway d r i v i n g  on t h e  way t o  t h e  

t e s t  f a c i l i t y .  Immedia te ly  upon r e a c h i n g  t h e  f a c i l i t y ,  t h e  d r i v e r  

was reques ted  t o  r a t e  t h e  v e h i c l e  us ing  t h e  r a t i n g  sheet  shown i n  

F i g u r e  17. 

I EXCELLENT - minimal cmpensation ( e f f o r t ,  
ant icipat ion) required t o  maintain 
desired (a t ta inable)  performance 

1 (3IOD - mild compensation required 

i FAD? - moderate compensation required 

t POOR - s igni f icant  cmpensation required 

i NEWLY UNCONTROLLABLE - excessive cont ro l  
denands, cannot maintain adequate con t ro l  

Fipwre 17 .  R a t i n g  shee t  f o r  gene ra l  d r i v i n g .  

* A l l  f o u r  exper ienced d r i v e r s  were used i n  t e s t i n g  t h e  Fury,  w h i l e  
t h r e e  were used i n  t e s t s  on t h e  P i n t o  and S k y l a r k .  



The d r i v e r  and obse rve r  t h e n  proceeded t o  t h e  h a n d l i n g  area 

where a cone course had been l a i d  o u t  p rev ious  t o  t h e i r  a r r i v a l  . 
Two cone courses were i n v o l v e d  i n t h e  v e h i c l e  t e s t s .  One was 

t h e  " f u l l  course,"  d iscussed above and shown i n  F i g u r e  13.  A  

" s h o r t  c o u r s e "  was a t t a i n e d  by e l i m i n a t i n g  t h e  l a n e  changes.* T h i s  

was done b y  changing t h e  3 - f o o t  o f f s e t s ,  shown i n  F i g u r e  13,  t o  ze ro  

r a t h e r  t h a n  by removing cones. T h i s  course  produced s i m p l i e r  and 

more e a s i l y  i n t e r p r e t e d  tape reco rded  data  w i t h  we1 1  e s t a b l  i s h e d  

i n i t i a l  and f i n a l  c o n d i t i o n s  o f  ze ro  yaw v e l o c i t y .  

I n i t i a l l y ,  t h e  t e s t  obse rve r  d rove  t h e  v e h i c l e  t h r o u g h  t h e  

cou rse  w i t h  t h e  t e s t  d r i v e r  on board  t o  i n t r o d u c e  him ( h e r )  t o  t h e  

course  and t h e  t e s t  a rea i n  g e n e r a l .  Then, b e g i n n i n g  w i t h  t h e  s h o r t  

course,  t h e  t e s t  d r i v e r  was a l l owed  t o  p r a c t i c e  d r i v i n g  t h e  cou rse  

i n  b o t h  d i r e c t i o n s  u n t i l  he ( s h e )  s a t i s f i e d  h i m s e l f  ( h e r s e l f )  t h a t  

he ( she )  was ready.  

A t  t h i s  t ime,  s i x  runs  ( t h r e e  i n  each d i r e c t i o n ,  a l t e r n a t i n g  

d i r e c t i o n  f r o m  r u n  t o  r u n )  were made t h r o u g h  t h e  s h o r t  course .  The 

number o f  cone s t r i k e s  were reco rded  f o r  each run ,  and d a t a  was t a k e n  

on magne t i c  t ape  th roughou t .  The e n t i r e  p r a c t i c e  and t e s t  p rocedure  

was t h e n  r e p e a t e d  u s i n g  t h e  f u l l  cou rse .  T h i s  t ime ,  however, t e n  

t e s t  r u n s  of a1 t e r n a t i n g  d i r e c t i o n s  were made. 

Upon c o m p l e t i n g  t h e  course  d r i v i n g ,  t h e  d r i v e r  was a g a i n  asked 

t o  e v a l u a t e  t h e  c a r ,  t h i s  t i m e  u s i n g  t h e  r a t i n g  shee t  o f  F i g u r e  18.  

Fo l  l o w i n g  a  break f o r  1 unch, t h i s  e n t i r e  procedure ,  s t a r t i n g  

w i t h  20 m inu tes  o f  i n - t o w n  d r i v i n g ,  was t h e n  r e p e a t e d  w i t h  t h e  second 

chosen gear r a t i o  i n s t a l l e d  i n  t h e  VRSWL. 

Resul t s  o f  t h e  c l o s e d - l o o p ,  d r i v e r - v e h i c l  e  t e s t  s e r i e s  c o n s i s t  

o f  cone s t r i k e  da ta ,  an o b j e c t i v e  measure, and t h e  s u b j e c t i v e  r a t i n g s  

wh ich  t h e  d r i v e r s  made w i t h  r e s p e c t  t o  b o t h  genera l  d r i v i n g  and cone 

course d r i  v i  ng . 

*Th i s  s h o r t  cou rse  was n o t  i n t r o d u c e d  i n t o  t h e  program u n t i l  t h e  
second t e s t  v e h i c l e .  Thus, i t  was n o t  used d u r i n g  t e s t i n g  o f  
t h e  Plymouth Fu ry .  



EXCELLENT - very easy to 
accomplish 

t Impossible to accomplish at task speed 

F i g u r e  18. R a t i n g  sheet  f o r  cone course .  

Cone s t r i k e  da ta  i s  p resen ted  i n  Tab le  6, and ' u b j e c t i v e  data  

i n  Table 7 .  The s u b j e c t i v e  data  r e s u l t s  f rom c o n v e r t i n g  t h e  sub- 

j e c t i v e  r a t i n g  sca les ,  shown p r e v i o u s l y  i n  F i g u r e s  17 and 18, t o  

1  i n e a r  sca les  r a n g i n g  from 0  t o  1 0  ( z e r o  b e i n g  "good," and 10  " b a d " ) .  

I t  should be r e i t e r a t e d  t h a t  t hese  da ta ,  e s p e c i a l l y  cone s t r i k e  

data,  shou ld  o n l y  be used t o  compare m o d i f i e d  and u n m o d i f i e d  v e r s i o n s  

o f  t h e  same v e h i c l e .  F u r t h e r ,  n o t e  t h a t  t h e  s c a t t e r  i n  number o f  

cone s t r i k e s  from r u n  t o  run ,  as i n d i c a t e d  by t h e  s t a n d a r d  d e v i a t i o n  

va lues  g i v e n  i n  Tab le  6, i s  s u b s t a n t i a l ,  and d e t r a c t s  f r o m  t h e  

s i g n i f i c a n c e  o f  t h i s  da ta .  

The mean data f r o m  these  t a b l e s  have been reduced and p r e s e n t e d  

i n  a  g r a p h i c a l  f o r m  i n  F i g u r e s  19 and 20. These f i g u r e s  p r e s e n t  

t h e  data  i n  a normal i z e d  form. Fo r  each d r i  v e r - v e h i c l  e-measure 
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Tab le  7. S u b j e c t i v e  R a t i n g  Data* 

General D r i v i n g  R a t i n g  Cone Course R a t i n g  

V e h i c l e  D r i v e r * *  Unmod i f i ed  M o d i f i e d  Unmod i f i ed  M o d i f i e d  

P lymouth  A 3.1 4.0 5 .0  6.8 
F u r y  B 1 . 4  3.1 7 .7  2 .9  

C 1 . 5  6.2 2.6 2.0 

D 7 .1  5.2 7 .4  7 .4  

E 2.7 3 .6  3 .6  4.7 

Ford  A 3 .6  5 . 8  1 .1  0 .9  
P i n t o  B 0 .0  7.5 2 .7  2.9 

D 3.0 3 .8  1 . 5  0.9 

E 2.7 2 . 8  2 .0  2.4 

B u i c k  B 3 .0  5.8 4.3 1 . 8  
S k y l a r k  C 2 .5  5 . 5  5 .0  4.5 

D  4 .0  5 .8  1 . 4  1 . 7  

E 4 . 7  7 .6  2 .3  5 .9  

*Small  v a l u e s  i m p l y  a  good r a t i n g ;  l a r g e  numbers i m p l y  a  bad r a t i n g  

* * D r i v e r  E was t h e  " e x p e r t  d r i v e r . "  



Cone S t r i k e s  S u b j e c  
Gen . 

,,Dri v i  ngM 

t i v e  R a t i n g  
Pe r fo rmance  Measu re :  S h o r t  F u l l  

UCourse 
H 

Course 
V e h i c l e  Condi  t i o n :  

7 
M 

I 

Course 

1' M 
7 

1 B 

7 
I / 
I 

j /  . A C  

Fu ry  

P i n  t o  

Sky1 a r k  

D r i v e r s :  

" E x p e r i e n c e d " :  -A 
(B,C,D) 

" E x p e r t " :  ---E F i g u r e  19.  N o r m a l i z e d  C losed -Loop  T e s t  R e s u l t s :  

7 5 

(Measu re  by Measu re )  
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/' 

P i n t o  1 C 
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'\ 

'- G 

Sky1 a r k  

1  

Cone S t r i k e s  1 1 2 -  
F u l  1 Course:  ---F 
S h o r t  Course:  -S i 

S u b j .  R a t i n g s  1 1 3 - -  
Gen. D r i v i n g :  ---G F i g u r e  20. 
Course:  - - - - -  C 

Normal i z e d  C losed -Loop  T e s t  R e s u l t s :  ( D r i v e r  D r i v e r )  



combinat ion ,  t h e  measure a t t a i n e d  i n  t h e  unmod i f i ed  v e h i c l e  i s  used as 

a normal i z e r  f o r  b o t h  unmod i f i ed  and m o d i f i e d  v e h i c l e  r e s u l t s .  Thus, 

u n m o d i f i e d  v e h i c l e  measures a r e  always normal ized t o  a v a l u e  o f  1 and 

become t h e  re fe rence  f o r  comparison. When t h e  no rma l i zed  v a l u e  f o r  

m o d i f i e d  v e h i c l e s  i s  g r e a t e r  t han  one, then t h e  per formance measure o f  

t h e  m o d i f i e d  v e h i c l e  was " b e t t e r "  t han  t h e  same performance measure 

f o r  t h e  same unmodi f ied  v e h i c l e .  I f  t h e  normal ized v a l u e  i s  l e s s  t h a n  

one, then,  of course,  t h e  per formance measure was "worse."  ( T h i s  p o l a r -  

i t y  r e q u i r e s  t h a t  t h e  n o r m a l i z i n g  procedure be t h e  i n v e r s e  o f  t h e  usua l  

procedure,  as shown i n  t h e  example below.)  The r e s u l t i n g  no rma l i zed  

data i s  d i s p l a y e d  on a l o g  s c a l e .  ( T h i s  s c a l e  produces a v i s u a l  e f f e c t  

wh ich  makes a X2 o r  X 1 /2  change, f o r  example, appear as t h e  same 

magni tude.  ) As an example o f  t h e  n o r m a l i z i n g  procedure,  c o n s i d e r  cone 

s t r i k e  d a t a  f o r  d r i v e r  A i n  t h e  f u l l  course  d r i v i n g  t h e  P i n t o .  The 

average cone s t r i k e s  p e r  r u n  a r e  

Unmodi f ied  V e h i c l e :  4.1 

M o d i f i e d  V e h i c l e :  1.6 

The r e s u l  t i ng normal i zed va lues  a re :  

Unmodif ied V e h i c l e :  4.114.1 = 1 . O  

M o d i f i e d  V e h i c l e :  4.1/1 .6 = 2.6 

I n  F igu res  19  and 20, t h e  normal i z e d  d a t a  i s  . p resen ted  i n  two 

fo rms.  F i g u r e  19 groups t h e  data  by t e s t  v e h i c l e  and per fo rmance 

measure, each group hav ing  one l i n e  p l o t t e d  f o r  each d r i v e r .  T h i s  

f i g u r e  r e a d i l y  demonstrates t h e  e f f e c t  wh ich  t h e  m o d i f i c a t i o n  had on 

each performance measure f o r  each v e h i c l e .  F i g u r e  20, on  t h e  o t h e r  

hand, groups t h e  da ta  by t e s t  v e h i c l e  and d r i v e r  w i t h  a l i n e  p l o t t e d  

i n  each group f o r  each performance measure. T h i s  f i g u r e  wou ld  i n d i c a t e  

t h e  e f f e c t  wh ich  t h e  v e h i c l e  m o d i f i c a t i o n  had on  each d r i v e r - v e h i c l e  

system as i n t e r p r e t e d  by t h e  v a r i o u s  per formance measures. 

From F i g u r e  19, i t  can be seen t h a t  t h e  m o d i f i c a t i o n  made t o  t h e  

Plymouth Fury  d i d  n o t  appear t o  have c o n s i s t e n t  e f f e c t  a c r o s s  d r i v e r s .  



I n  f a c t ,  t h e  d i s t r i b u t i o n  i n  cone s t r i k e  r e s u l t s  appear remarkab ly  

even. On ly  t h e  s u b j e c t i v e  e v a l u a t i o n  o f  general  d r i v i n g  shows a  

d e f i n i t e  downward t r e n d .  I n t e r p r e t a t i o n  o f  t h e  d r i v e r s  ' ve rba l  remarks 

would i n d i c a t e  t h a t  t h e i r  d i sapp rova l  o f  t h e  m o d i f i c a t i o n ,  as i n d i -  

ca ted  by t h i s  measure, r e s u l t e d  from inc reased  s t e e r i n g  to rque  

requ i rements .  

The P i n t o  su f fe red  i n  t h e  general  d r i v i n g  r a t i n g  due t o  m o d i f i c a -  

t i o n ,  a l s o .  And, aga in ,  t h e  d r i v e r s  i n d i c a t e d  t h a t  t h i s  was a  r e s u l t  

o f  t h e  i nc rease  i n  r e q u i r e d  to rque .  However, cone s t r i k e  da ta ,  a t  

l e a s t  f o r  t h e  f u l l  course,  would i n d i c a t e  an improvement due t o  t h e  

m o d i f i c a t i o n .  Other r e s u l t s  f o r  t h e  P i n t o  a r e  mixed, a1 though t h e r e  

appears t o  be a  downward t r e n d  f o r  cone s t r i k e  data f o r  t h e  shor tened 

course.  

Once again,  t h e  d r i v e r s '  d isapproved o f  t h e  m o d i f i c a t i o n  made t o  

the  S k y l a r k .  Th is  t ime,  s t e e r i n g  e f f o r t  was cons ide red  t o o  l i g h t  and 

s t e e r i n g  ga in ,  p a r t i c u l a r l y  f o r  in - town,  l o w  speed maneuvers, was con- 

s ide red  t o  be too  s m a l l .  Other measures f o r  t h i s  v e h i c l e  a r e  q u i t e  

s c a t t e r e d .  

F i g u r e  19  serves t o  i l l u s t r a t e  an i n t e r e s t i n g  p o i n t ,  namely, t h a t  

a  g i ven  d r i  v e r - v e h i c l e  system does n o t  n e c e s s a r i l y  y i e l d  c o n s i s t e n t  

r e s u l t s  across. t h e  seve ra l  o b j e c t i v e  and s u b j e c t i v e  measures used here .  

Only t h e  e x p e r t  d r i v e r  tended t o  produce c o n s i s t e n t  r e s u l t s  ac ross  t h e  

v a r i o u s  measures. For  t h e  o t h e r  d r i v e r s ,  o p i n i o n  and cone s t r i k e  

performance d i d  n o t  general  l y  show agreement i n  t r e n d s .  



5.0 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conc lus ions 

. . T h i s  research  p r o j e c t  has endeavored t o  address p r a c t i c a l  con- 

*. 
s i d e r a t i o n s  assoc ia ted  w i t h  a p p l y i n g  t h e  r e s e a r c h  f i n d i n g s  o b t a i n e d  

- .  i n  NHTSA programs [I, 21 t o  t h e  s t e e r i n g  c o n t r o l l a b i l i t y  o f  domesti  - 
r ' 

c a l l y - p r o d u c e d  subcompact, compact, and i n t e r m e d i a t e  s i z e  au tomob i les .  

I t  was t h e  purpose h e r e i n  t o  i d e n t i f y  reasonab le  techn iques whereby 

such v e h i c l e s  c o u l d  be made t o  f a l l  w i t h i n  t h e  boundar ies  o f  t h e  Spec i -  

f i e d  Performance Space ( S P S ) ,  as def ined by  those  s t u d i e s .  

The work wh ich  was under taken has l e d  t o  a  s e r i e s  o f  c o n c l u s i o n s  

wh ich  l e n d  themselves t o  o r g a n i z a t i o n  under t h e  f o l l o w i n g  two m a j o r  

c l a s s i f i c a t i o n s :  

1  ) Conc lus ions r e g a r d i n g  i n d i v i d u a l  v e h i c l e s  and/or  t h e  

v e h i c l e  p o p u l a t i o n  ( s p e c i f i c a l l y ,  subcompact, compact, 

and i n t e r m e d i a t e  s i z e  v e h i c l e s )  and t h e i r  r e l a t i o n s h i p  

w i t h  t h e  SPS. 

2 )  Conc lus ions r e g a r d i n g  t h e  SPS s p e c i f i c a l l y  and i t s  

p l a c e  i n  t h e  deve lop ing  a r t  o f  t h e  o b j e c t i v e  charac-  

t e r i z a t i o n  of  v e h i c l e  hand1 i n g  qua1 i t y .  

Even though t h e  expressed o b j e c t i v e s  o f  t h i s  r e s e a r c h  p r o j e c t  were 

d i r e c t e d  toward o b t a i n i n g  c o n c l u s i o n s  wh ich  wou ld  f a l l  w i t h i n  t h e  

f i r s t  ca tegory ,  conc lus ions  o f  t h e  second t y p e  were a  n a t u r a l  r e s u l t  

o f  t h i s  e f f o r t .  

Concl us ions  drawn f r o m  t h i s  p r o j e c t  a r e  1  i s t e d  below a c c o r d i n g  

t o  these  two c l a s s i f i c a t i o n s .  

1 .  Conclusions r e g a r d i n g  t h e  r e l a t i o n s h i p  o f  v e h i c l e s  t o  t h e  

SPS. 

a )  Most domes t i ca l l y -p roduced  passenger c a r s  o f  t h e  sub- 

compact, compact, and i n t e r m e d i a t e  s i z e s  f a l l  w i t h i n  

t h e  SPS. 



b )  V e h i c l e s  o f  these s i z e s  show v e r y  1  i t t l e  va r i ance  i n  

Te / 50 , one from another ,  a'nd g e n e r a l l y  f a l l  comfo r tab l y  

w i t h i n  t h e  s p e c i f i e d  range f o r  Te150. 

c )  These s i z e  v e h i c l e s ,  when equipped w i t h  manual s t e e r -  

i n g ,  o f t e n  f a l l  o u t s i d e  of t h e  SPS because they  tend  

toward  unacceptab ly  l o w  va lues  o f  r/6sw/50 The l a r g e  

v a l u e  of o v e r a l l  s t e e r i n g  r a t i o  which i s  necessary because 

o f  s t e e r i n g  e f f o r t  c o n s i d e r a t i o n s ,  i s  t h e  cause of t h i s  

l o w  g a i n .  

d )  Some i n t e r m e d i a t e  v e h i c l e s  equipped w i t h  power s t e e r i n g  

f a l l  o u t s i d e  o f  t h e  SPS, a g a i n  because r /6Sw/50 i s  t o o  

low.  

e )  A reasonab le  m o d i f i c a t i o n  t o  move v e h i c l e s  wh ich  a r e  

o u t s i d e  of t h e  SPS (because o f  l o w  yaw r a t e  g a i n )  i n t o  

t h e  space i s  t o  l ower  t h e  s t e e r i n g  r a t i o .  I n  t h e  case 

o f  manual s t e e r i n g  cars ,  t h i s  r e d u c t i o n  i s  e a s i l y  accom- 

p l i s h e d  by  changing t o  a power s t e e r i n g  g e a r .  

f )  S t e e r i n g  r a t i o  i s  v i r t u a l l y  t h e  o n l y  v e h i c l e  parameter  

wh ich  can e f f e c t  a  change i n  s t e a d y - s t a t e  yaw r a t e  g a i n  

w i t h o u t  caus ing  changes i n  t r a n s i e n t  yaw response.  

g )  I n -use  f a c t o r s ,  e s p e c i a l l y  those d e r i v i n g  f rom l o a d i n g  

and t i r e s ,  have an e f f e c t  on v e h i c l e  per fo rmance i n  t h e  

d imensions o f  t h e  SPS. Changes i n  i n - u s e  f a c t o r s  can 

cause i n d i v i d u a l  v e h i c l e s  t o  c r o s s  t h e  boundar ies  o f  t h e  

space. Thus i t  would be necessary  t o  c o n s t r a i n  t h e  i n -  

use f a c t o r s  i f  a  v e h i c l e ' s  p o s i t i o n  r e l a t i v e  t o  t h e  SPS 

i s  t o  be m a i n t a i n e d  o v e r  t i m e .  

2 .  Conclusions r e g a r d i n g  t h e  SPS s p e c i f i c a l l y .  

a )  The SPS, and e s p e c i a l l y  t h e  r e s e a r c h  e f f o r t s  wh ich  l e d  

t o  i t s  development, make a s i g n i f i c a n t  c o n t r i b u t i o n  t o  

t h e  deve lop ing  a r t  o f  t h e  o b j e c t i v e  d e f i n i t i o n  o f  v e h i c l e  



handl i n g  q u a l i t i e s .  However, t h e  SPS (as we1 1  as t h i s  

a r t  i n  genera l  ) does n o t  appear t o  be s u f f i c i e n t l y  developed 

as t o  be adequate f o r  t h e  genera l  i d e n t i f i c a t i o n  o f  handl i n g  

qua1 i t y  . 
b )  I t i s  p o s s i b l e  f o r  v e h i c l e s ,  whose yaw response p r o p e r t i e s  

l i e  w i t h i n  t h e  SPS, t o  have y i d e l y  v a r y i n g ,  and p o s s i b l y  

unacceptable,  1  eve1 s  o f  unde rs tee r  ( o v e r s t e e r ) .  

c )  Veh ic les  which have s i m i l a r  yaw response p r o p e r t i e s  a t  

50 mph, as d e f i n e d  by t h e  SPS, may have w i d e l y  v a r y i n g  

yaw response p r o p e r t i e s  a t  o t h e r  v e l o c i t i e s .  

d )  Many v e h i c l e  response p r o p e r t i e s  ( o t h e r  t han  t h e  yaw r e -  

sponse p r o p e r t i e s  which c o n s t i t u t e  t h e  SPS) need cons ide ra -  

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

I n  a  separa te  area which does n o t  f i t  c o n v e n i e n t l y  i n t o  t h e  above 

c l a s s i f i c a t i o n s ,  t h i s  program has found t h a t  

The use o f  t h e  p r e c i s i o n  cone cou rse  and r e s u l t i n g  cone 

s t r i k e  da ta  f o r  t h e  e v a l u a t i o n  o f  d r i v e r - v e h i c l e  system 

hand l i ng  per formance w i t h i n  t h e  l i n e a r  range i s  o f  

ques t i onab l  e  v a l  i d i  t y .  

5.2 Recomrnenda t i  ons 

.Recornendation: 

E f f o r t s  shou ld  be made t o  e s t a b l i s h  t h e  s a f e t y  s i g n i f i c a n c e  o f  

t h e  SPS th rough  a  s tudy  o f  t h e  a c c i d e n t  r e c o r d .  

D i scuss ion :  

The preced ing "Conc lus ions"  s e c t i o n  p o i n t s  o u t  t h a t ,  i n  l a r g e  

p a r t ,  v e h i c l e s  p r e s e n t l y  be ing  manufac tured conform t o  t h e  per formance 

s p e c i f i c a t i o n s  developed i n  NHTSA r e s e a r c h  s t u d i e s  [I, 21. Given t h a t  

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

b o t h  t h e  performance space s p e c i f i e d  by  t h a t  r e s e a r c h  and t h e  c u r r e n t  

des ign  p r a c t i c e s  o f  v e h i c l e  manufacturers,  t h i s  f i n d i n g  i s  n o t  p a r t i -  

c u l a r l y  s u r p r i s i n g .  I t  i s  v a l u a b l e  t o  no te ,  however, t h a t  t h i s  s tudy  



has i d e n t i f i e d  v e h i c l e s  wh ich  f a l l  w i t h i n  t h e  SPS and o t h e r  v e h i c l e s  

t h a t  f a l l  w i t h o u t .  I t  wou ld  t h e n  appear t h a t  t h e r e  i s  a p o t e n t i a l  

mechanism f o r  e v a l u a t i n g  t h e  s a f e t y  s i g n i f i c a n c e  o f  t h e  SPS t h r o u g h  

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

o f  v e h i c l e s ,  even though problems r e l a t e d  t o  t h e  s i g n i f i c a n c e  o f  t h e  

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

be v e r y  l a r g e .  

An approach wh ich  woul d  e l  i m i n a t e  some o f  t h e  u n c o n t r o l l  ed 

d i f f e r e n c e s  i n  v e h i c l e s  would be t o  compare v e h i c l e s  o f  t h e  same b a s i c  

model b u t  d i f f e r i n g  i n  c e r t a i n  mechanical  f e a t u r e s  such as power 

ve rsus  manual s t e e r i n g ,  r a d i a l  ve rsus  b i a s  t i r e s ,  a n d / o r  a  f r o n t  a n t i -  

r o l l  ba r  Versus no a n t i - r o l l  b a r .  C l e a r l y ,  i t  would be necessary  t o  

( 1 )  t e s t  t h e  v a r i o u s  v e r s i o n s  o f  t h e  v e h i c l e  models t o  be s t u d i e d  t o  

e s t a b l i s h  t h e i r  r e l a t i o n s h i p  t o  t h e  SPS, ( 2 )  m a i n t a i n  t h e  v e h i c l e s  so 

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

use, and ( 3 )  s t u d y  a  s i z e a b l e  sample o f  t h e s e  v e h i c l e s  t o  a t t e m p t  t o  

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

d r i v e r s  i n v o l v e d .  

#Recommendation: 

As a  p r e l  i m i  n a r y  s t e p  t o  f u r t h e r  handl  i n g  r e s e a r c h ,  c l o s e d - l o o p ,  

d r i v e r - v e h i c l  e  handl  i n g  t e s t  me thodo log ies  w h i c h  ( 1  ) y i e l d  o b j e c t i v e  

measures of d r i v e r - v e h i c l e  system per fo rmance and ( 2 )  p r o v i d e  an 

assessment o f  t h e  c o n t r o l  d i f f i c u l  t i e s  a s s o c i a t e d  w i t h  p a r t i c u l a r  

v e h i c l e s  s h o u l d  be deve loped.  

D iscuss ion :  

I t  i s  of i n t e r e s t  t o  n o t e  t h a t  t h e  boundar ies  o f  t h e  SPS have 

been s e t  l a r g e l y  t h r o u g h  t h e  s u b j e c t i v e  r a t i n g s  o f  d r i v e r s .  P r e -  

sumably, then,  t h e  SPS d e f i n e s  a  s e t  o f  v e h i c l e  handl  i n g  p r o p e r t i e s  

wh ich  d r i v e r s  l i k e .  I t  i s  n o t  y e t  w e l l  e s t a b l i s h e d ,  however, t h a t  

t h i s  same s e t  o f  v e h i c l e  p r o p e r t i e s  a r e  necessa ry  f o r  s a f e  h a n d l i n g  

c h a r a c t e r i s t i c s .  Indeed,  t h e  f a c t  t h a t  d r i v e r s  a r e  a d a p t a b l e  t o  t h e  



c h a r a c t e r i s t i c s  o f  t h e  v e h i c l e  they  a re  d r i v i n g  and can compensate 

f o r  b road d i f f e r e n c e s  i n  v e h i c l e  c h a r a c t e r i s t i c s  m i g h t  suggest  t h a t  

" s a f e "  hand l i ng  c h a r a c t e r i s t i c s  may cove r  a  s i g n i f i c a n t l y  broader range 

t h a n  "1 i keabl e" c h a r a c t e r i s t i c s .  Acco rd ing l y ,  f u t u r e  resea rch  e f f o r t s  

m i g h t  search  f o r  an o u t e r  r e g i o n  i n  which c o n t r o l  p r o p e r t i e s  become 

unacceptable,  r a t h e r  t han  f o r  an i n n e r  r e g i o n  i n  wh ich  they  a r e  

"optimum." 

One manner i n  which t h e  s a f e t y  s i g n i f i c a n c e  o f  t h e  SPS m i g h t  be 

exami ned th rough a c c i d e n t  da ta  a n a l y s i s  has been suggested above. F o r  

purposes o f  s a f e t y - r e l a t e d  v e h i c l e  handl i n g  resea rch ,  t h e  development 

o f  c l o s e d - l o o p  v e h i c l e  hand l i ng  t e s t  methodo log ies  wh ich  would y i e l d  

o b j e c t i v e  measures o f  s a f e t y - r e 1  a t e d  d r i v e r - v e h i c l  e  handl i ng p e r f o r -  

mance qua l  i ty would a l s o  be d e s i r a b l e .  I t  i s  recogn ized  t h a t  t h e  

s a f e t y - r e 1  evance o f  o b j e c t i v e  measures o b t a i n e d  on  t h e  t e s t  t r a c k  i s  

ex t reme ly  d i f f i c u l t  t o  e s t a b l i s h .  Nonetheless,  t h e  s t a t e - o f - t h e - a r t  

o f  d r i v e r - v e h i c l e  performance t e s t i n g  appears s e v e r e l y  want ing  r e l a t i v e  

t o  t h e  need f o r  o b j e c t i v e  d a t a .  

Recommends t i o n  : 

I n v e s t i g a t i o n s  shou ld  be under taken t o  examine t h e  s i g n i f i c a n c e  

o f  t h e  many o t h e r  v e h i c l e  f a c t o r s  which m i g h t  c o n t r i b u t e  t o  l i n e a r -  

reg ime handl i n g  qual i ty. The SPS concept  shoul  ci be a p p r o p r i a t e l y  

expanded acco rd ing  t o  t h e  r e s u l  t s  o f  such i n v e s t i g a t i o n s .  

D iscuss ion :  

I n  connec t i on  w i t h  f u r t h e r  resea rch  i n t o  t h e  c o n t r o l  qua l  i t y  o f  

v e h i c l e s  i n  t h e  normal d r i v i n g  range,  i t  would appear t h a t  more b r o a d l y  

based i n v e s t i g a t i o n s  a r e  c a l l e d  f o r .  The s u b j e c t  under c o n s i d e r a t i o n  

appears t o  be most complex w i t h  a  l a r g e  number o f  i n t e r - r e 1  a ted  p r o -  

p e r t i e s  c o n t r i b u t i n g  t o  o v e r a l l  h a n d l i n g  q u a l i t y .  I n  t h e  f u t u r e ,  i t  

w i l l  be necessary t o  c o n s i d e r  a t  l e a s t  ( 1 )  b o t h  l a t e r a l  a c c e l e r a t i o n  

and yaw r a t e  response t imes,  ( 2 )  t h e  i n f l u e n c e  o f  t h e  amount and t i m i n g  

o f  r o l l - r e l a t e d  p r o p e r t i e s ,  and ( 3 )  t h e  impor tance  o f  t h e  l e v e l  and 



n a t u r e  o f  s t e e r i n g  to rque  o r  " f e e l "  p r i o r  t o  t h e  es tab l i shmen t  o f  

f i rmly based handl i n g  performance s p e c i f i c a t i o n s .  Even though t h e  

SPS, as c u r r e n t l y  def ined,  rep resen ts  a  u s e f u l ,  i n t e r e s t i n g  approach, 

i t s  d e f i n i t i o n  shou ld  be expanded and/or  r e v i s e d  acco rd ing  t o  t h e  

f i n d i n g s  o f  f u t u r e  resea rch  i n t o  these areas .  Fur thermore,  v e h i c l e  . . 
I .  

performance o v e r  a  range o f  v e l o c i t i e s  shou ld  be examined and s p e c i f i e d .  - , 

. . 
* Recommendation: , .  

Research on v e h i c l e  hand l i ng  as i t  i s  a f f e c t e d  by t h e  t r a n s i t i o n  

from t h e  1  i n e a r  range th rough t h e  n o n l i n e a r  range t o  t h e  1  i m i t  o f  

t u r n i n g  per formance shou ld  be undertaken.  The f i n d i n g s  d e r i v e d  t h e r e -  

f rom shou ld  be i n c o r p o r a t e d  i n  any e v o l v i n g  v e h i c l e  s p e c i f i c a t i o n  

scenar io .  

D i scuss ion :  

O v e r a l l  handl i n g  qual i t y ,  s p e c i f i c a l l y  s a f e t y - r e l a t e d  qua l  i t y ,  

would c e r t a i n l y  appear t o  i n v o l v e  more than  t h e  normal d r i v i n g  regime. 

I n  a d d i t i o n  t o  c l o s e d - l o o p  c o n t r o l  i n  normal d r i v i n g ,  NHTSA has i n  t h e  

p a s t  sponsored r e s e a r c h  s t u d i e s  add ress ing  t h e  1  i m i  t performance o f  

passenger c a r s  [13, 251. I n  t hose  s t u d i e s ,  v e h i c l e  h a n d l i n g  t e s t  p ro -  

cedures (VHTP) were developed and used t o  examine open- loop p e r f o r -  

mance w i t h  t h e  i dea  o f  see ing  i f  v e h i c l e s  possess response c h a r a c t e r -  

i s t i c s  wh ich  a r e  u n c o n t r o l l a b l e  i n  extreme maneuvers. That  i s ,  do 

v e h i c l e s  reach  a  1  i m i t  response beyond wh ich  d r i v e r  s k i 1  1  and 

exper ience i s  of 1  i ttl e  a v a i  1  ? 

Two maneuvers wh ich  o n l y  i n v o l v e  t u r n i n g ,  v i z . ,  a  r a p i d  t u r n  . . 
( c a l l  ed " t r a p e z o i d a l  s t e e r "  ) and a  r e v e r s e  s t e e r  o r  1 ane-c hange maneuver 

( c a l l e d  " s i n u s o i d a l  s t e e r " )  have been i n c l u d e d  i n  t h e  developed t e s t  

procedures.  O f  t hese  two t u r n i n g  maneuvers, t h e  l a n e  change i s  be- 

1  i e v e d  t o  be more r e a l i s t i c  s i n c e  i t  can be r e l a t e d  t o  d r i v e r - v e h i c l e  

c o n t r o l  s i t u a t i o n s  on t y p i c a l  roads .  

D i r e c t i o n a l  response i n  emer.gency t u r n i n g  maneuvers i s  p a r t i a l l y  

dependent upon t h e  v e h i c l e  c h a r a c t e r i s t i c s  ( i n c l u d i n g  t i r e  c h a r a c t e r -  

i s t i c s )  used i n  t h e  d e f i n i t i o n  o f  t h e  SPS.  The yaw r a t e  c o n d i t i o n s  



p r e v a i l i n g  d u r i n g  t h e  i n i t i a l  phase of a  d r a s t i c  s t e e r i n g  maneuver 

a r e  de te rm ined  by t h e  1  i n e a r - r a n g e  yaw-response p r o p e r t i e s  ( t h a t  i s ,  

t h e  SPS) o f  t h e  v e h i c l e .  A t  t h e  s t a r t  o f  a  s t e e r i n g  maneuver t h e  

f r o n t  whee ls  gene ra te  a  s i d e  f o r c e  caus ing  t h e  v e h i c l e  t o  yaw. As t h e  

v e h i c l e  yaws and s t a r t s  t o  s i d e s l i p ,  t h e  r e a r  t i r e s  genera te  f o r c e s  

p r o v i d i n g  a d d i t i o n a l  a c c e l e r a t i o n  i n  t h e  d i r e c t i o n  of t h e  t u r n .  F o r  

a  c o n t r o l l e d  t u r n  t o  deve lop ,  t h e  f r o n t  and r e a r  t i r e  f o r c e s  must  p r o -  

duce a  yaw moment ba lance a p p r o p r i a t e  f o r  t h e  d e s i r e d  t u r n .  How t h e  

t r a n s i t i o n  from r a p i d  yaw a c c e l e r a t i o n  i n t o  yaw moment ba lance  o c c u r s  

i s  c r u c i a l  i n  e s t a b l i s h i n g  a  good t u r n .  

F u r t h e r  r e s e a r c h  on t h e  t r a n s i t i o n  f r o m  t h e  l i n e a r  range  t h r o u g h  

t h e  n o n l i n e a r  range  t o  t h e  l i m i t  o f  t u r n i n g  per fo rmance appears 

v a l u a b l e  i n  o r d e r  t o  g a i n  an unders tand ing  o f  t h e  e v e n t s  w h i c h  can l e a d  

t o  l o s s  of c o n t r o l  i n  a t t emp ted  t u r n i n g  maneuvers. P r e v i o u s  c l o s e d -  

l o o p  s t u d i e s  [6 ]  have shown t h a t  d r i v e r s  a r e  capab le  o f  a p p l y i n g  i n p u t s  

wh ich  w i l l  l e a d  t o  l o s s  o f  c o n t r o l  a t  t h e  l i m i t  f o r  p a r t i c u l a r  v e h i c l e s .  

Bu t  means f o r  assess ing  t h e  per fo rmance c a p a b i l i t i e s  o f  t h e  d r i v e r -  

v e h i c l e  system i n  ex t reme maneuvers have n o t  been e s t a b l i s h e d  [4]. 
B o t h  open- and c l o s e d - l o o p  r e s u l t s  f o r  e v a s i v e  pe r fo rmance  t e s t s  ( 1  ane- 

'change maneuvers) a r e  needed t o  ill uminate  m e a n i n g f u l ,  o b j e c t i v e  

measures o f  v e h i c l e  dynamics c h a r a c t e r i s t i c s  w h i c h  a r e  p e r t i n e n t  t o  

v e h i c l e  c o n t r o l  i n  a c c i d e n t - a v o i  dance maneuvers. U n t i l  t h e  i n t e r a c t i o n  

between d r i v e r  c o n t r o l  and v e h i c l e  dynamics c h a r a c t e r i s t i c s  i n  e v a s i v e  

maneuvers i s  we1 1  understood,  o u r  know1 edge o f  s t e e r i n g  c o n t r o l  1  a b i  1  i t y  

w i  11 be i n c o m p l e t e  w i t h  r e s p e c t  t o  s a f e t y - r e 1  a t e d  a c c i d e n t - a v o i d a n c e  

c o n s i d e r a t i o n s .  

S p e c i f i c a l  l y ,  f u r t h e r  s t u d y  o f  d r i  v e r - v e h i c l  e  system per fo rmance 

i n  evas ive ,  lane-chang ing maneuvers i s  suggested.  Even though t h e  

lane-change maneuver has been used i n  many s t u d i e s  w i t h  o n l y  1  i m i  t e d  

success [26], i t  s t i l l  appears t o  be a  p r o m i s i n g  maneuver t o  i n v e s t i g a t e  

i n  t h e  f u t u r e .  W i t h  r e g a r d  t o  t h e  t y p e  of maneuver i n v o l v e d ,  t h e  

r e s u l t s  of t h i s  s t u d y  i n d i c a t e  t h a t  a  p r e c i s i o n ,  t i g h t l y - c o n s t r a i n e d  

lane-change cou rse  i s  n o t  a p p r o p r i a t e  f o r  compar ing  d i f f e r e n t  v e h i c l e  



t ypes  o r  models .  Acco rd ing l y ,  a  course ar ranged t o  c h a l l e n g e  t h e  

respons iveness o f  t h e  v e h i c l e  i n  a v o i d i n g  an o b s t a c l e  w h i l e  a l l o w i n g  

a f a i r l y  reasonab le  space l a t e r a l l y  (such as a  l a n e  w i d t h )  f o r  re- 

c o v e r i n g  t h e  o r i g i n a l  d i r e c t i o n  of  t r a v e l  appears t o  be a  good 

cand ida te  f o r  f u r t h e r  s tudy.  

eConcl u d i  ng Recommendation: 

Imp1 ementa t i on  o f  v e h i c l e  hand1 i n g  performance s p e c i f i c a t i o n s  - t 

i s  n o t  recommended a t  t h i s  t ime,  pending f u r t h e r  development a s  amp1 i- 

f i e d  above. 
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APPENDIX A  

DATA ANALYSIS PROGRAMS 

T h i s  appendix c o n t a i n s  d e s c r i p t i o n s  o f  t h e  data  a n a l y s i s  

methods used f o r  d e t e r m i n i n g  t h e  e f f e c t i v e  t i m e  c o n s t a n t ,  Te, f rom 

t h e  s t e p - s t e e r  and pu l  se -s tee r  yaw r a t e  responses.  

A . l  S t e p  S t e e r  

The method used f o r  o b t a i n i n g  t h e  F o u r i e r  t rans forms of t h e  

yaw r a t e  s t e p  response was based on t h a t  used by Samulon [23], and 

e a r l  i e r  by Bed fo rd  and F redenda l l  [24]. Samulon's t e c h n i q u e  a p p r o x i  

mates t h e  g i v e n  response by a  sum o f  ( s i n  x / x )  f u n c t i o n s .  The 

F o u r i e r  t rans forms o f  t h e  i n d i v i d u a l  ( s i n  x / x )  f u n c t i o n s  a r e  t h e n  

computed and summed t o  o b t a i n  t h e  t o t a l  F o u r i e r  t r a n s f o r m .  Bed fo rd  

and F r e d e n d a l l  used t h e  same approach b u t  app rox ima ted  t h e  response 

by a  sum of  s t e p  f u n c t i o n s  i n s t e a d .  

Us ing  Samulon's n o t a t i o n ,  i f  F ( t )  i s  t h e  measured yaw r a t e  

response,  a  d i s c r e t e  app rox ima t ion  i s  g i v e n  by 

m 
s i n  f c ( t - n r ) 2 n  

F ( t )  = C A 
n=O n  f c ( t - n r ) 2 n  

where 

T i s  t h e  sampl ing i n t e r v a l  

fc i s  t h e  h i g h e s t  f r equency  component i n  F ( t ) ,  ( H Z )  

An a r e  t h e  a m p l i t u d e s  o f  F i t )  a t  t h e  sampl ing  p o i n t s .  

I t  can be shown t h a t  t h e  comple te  F o u r i e r  spec t rum o f  t h e  

g i v e n  F ( t )  e x p r e s s i o n  (A.1)y  summing o v e r  a l l  te rms,  i s  g i v e n  by 



where LO i s  f requency i n  rad ians/second,  (LC = 2 1 ~ f ) .  

By exp ress ing  t h e  same t rans fo rm i n  terms o f  f i r s t  d i f f e r e n c e s  

o f  An, Bn = An - An-, , Equa t ion  ( A .  2 )  becomes 

I n  response t o  an i d e a l  s t e p  f u n c t i o n ,  ( A . 3 )  i s  d i v i d e d  by 

l/jw and becomes t h e  t r a n s f e r  f u n c t i o n ,  

T h i s  i s  t h e  same r e s u l t  o b t a i n e d  by Bed fo rd  and F r e d e n d a l l  

w i t h  t h e  e x c e p t i o n  o f  t h e  g a i n  c o r r e c t i o n  term, 

L 

- j  d 2  f / f c  
and t h e  c o n s t a n t  t i m e  d e l a y  c o r r e c t i o n  term, e  . Equa- 

t i o n  (A .4 )  r e p r e s e n t s  t h e  e x a c t  F o u r i e r  t rans fo rm o f  t h e  i d e a l  s t e p  

response p r o v i d e d  t h e  response c o n t a i n s  no f r e q u e n c y  components 

g r e a t e r  t h a n  f c .  Bedford and F r e d e n d a l l ' s  r e s u l t  ( w i t h o u t  t h e  

g a i n  and phase c o r r e c t i o n  te rms)  i s  a  good a p p r o x i m a t e l y  t o  E q u a t i o n  

(A.4)  i n  t h e  l ower  range  of t h e  f requency  band (0,  f c ) .  

H S R I  used Equa t ion  (A.4)  t o  c a l c u l a t e  t h e  F o u r i e r  t r a n s f o r m s  

o f  t h e  yaw- ra te  s t e p  response w i t h  a  c o r r e c t i o n  procedure  added t o  

account  f o r  an a c t u a l  ramp-s tep i n p u t  i n s t e a d  o f  t h e  i d e a l  s t e p  

i n p u t  assumed by Equa t ion  ( A . 4 ) .  The c o r r e c t i o n  p rocedure  p r i  n c i -  

p a l l y  a f f e c t s  t h e  phase a n g l e  c a l c u l a t i o n s  and appears  as a phase 

l e a d  te rm g i v e n  b y  



A $  = t a n  -1 1  - cos  w k  - - - wk 
s i n  u k 2 

where k i s  t h e  d e l a y  between two ramp f u n c t i o n s ,  t h e  sum o f  which 

y i e l d  a  ramp-step f u n c t i o n  (see F i g u r e  A .1 ) .  

The c o r r e c t i o n  te rm o f  Equa t i on  (A.5)  i s  d e r i v e d  f rom t h e  

F o u r i e r  t r a n s f o r m  o f  t h e  ramp-d.elayed ramp sum shown i n  F i g u r e  A. 1 .  

A more fundamental approach i s  t o  v iew  t h e  response t o  a  

ramp-s tep i n p u t  as t h e  response t o  a  pure s t e p  i n p u t  s t a r t i n g  m id -  

way t h r o u g h  t h e  ramp p o r t i o n  o f  t h e  ramp-s tep i n p u t  as shown i n  

F i g u r e  A . 2 .  I n  most  cases, t h i s  method gave n e a r l y  i d e n t i c a l  

numer i ca l  r e s u l t s  as  t h e  above procedure  and Equa t i on  ( A . 5 ) .  

I n t e r e s t i n g l y ,  t h e  r e s u l t  o f  Equa t i on  (A. 5 )  sugges ts  e x a c t l y  

t h i s  p rocedure .  Tha t  i s ,  a  pure  s t e p  i n p u t  advanced k / 2  seconds 

wou ld  produce a  phase l e a d  t e r m  o f  ~ k / 2 .  

A.2 P u l s e  S t e e r  

The p u l s e  s t e e r  responses ( f o r  example, see F i g u r e  A .3  i n  

S e c t i o n  A.4)  were processed by a  c o n v e n t i o n a l  F o u r i e r  t r a n s f o r m  

method. The f i n i t e  F o u r i e r  s e r i e s  f o r  b o t h  i n p u t  and o u t p u t  was 

c a l c u l a t e d  and t a b u l a t e d  i n  terms o f  g a i n  and phase as  a  f u n c t i o n  

o f  f r equency .  The yaw r a t e  t o  s t e e r i n g  a n g l e  t r a n s f e r  f u n c t i o n  

was t h e n  o b t a i n e d  by d i v i d i n g  t h e  o u t p u t  g a i n  by i n p u t  g a i n  and 

s u b t r a c t i n g  t h e  i n p u t  phase a n g l e  f r o m  o u t p u t  phase a n g l e .  The 

r e s u l t i n g  t r a n s f e r  f u n c t i o n  g a i n  and phase was t h e n  c u r v e  f i t  by 

a  wei gh ted  t h i  r d - o r d e r  1  e a s t  squares procedure .  

The F o u r i e r  s e r i e s  exp ress ion  f o r  a  f u n c t i o n ,  F ( t ) ,  assumed 

p e r i o d i c  o v e r  an i n t e r v a l ,  T, and r e p r e s e n t e d  by  N equal  l y - spaced  

samples ( F ( t p ) ,  p=O,l , . . . N-1 ) i s  g i v e n  by 



F i g u r e  A . 1 .  Ramp-step i n p u t .  
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Figure A . 2  



w i t h  t h e  F o u r i e r  c o e f f i c i e n t s  Ak, Bk d e f i n e d  by 

The ga in ,  G ,  and phase ang le ,  I), f o r  F ( t  ) a t  a  f requency  k 
P  

i s  p rov ided  by t h e  F o u r i e r  c o e f f i c i e n t s  Ak, Bk: 

B  -1 k q = t a n  ( K )  
k  

The power, P ,  a t  a  f requency,  k, i s  g i v e n  by 

App ly inu  t h i s  method t o  t h e  p u l s e  s t e e r  yaw r a t e  response and 

corresponding s t e e r i n g  i n p u t ,  t h e  t r a n s f e r  f u n c t i o n  f o r  yaw r a t e  

t o  s t e e r ,  Y r 6 ,  i s  g i v e n  by 



where 

G r  = yaw r a t e  gain 

G6 = steering angle gain 

+ r = yaw r a t e  phase angle 

$6 
= steering angle phase 

Equation ( A . 1 2 )  was used by HSRI to calculate the yaw r a t e l  

s t ee r  angle t ransfer  function. Depending on the nature of the 

input provided by the dr iver ,  various input power spectrums occur 

over the frequency band of i n t e r e s t .  I n  order to  improve the 

estimate of the t ransfer  function, Yrs, a third-order weighted 

l e a s t  squares curve f i t  was applied t o  Equation ( A . 1 2 ) .  The l e a s t  

square weights were selected in proportion t o  G s ,  or  the square 

root of the input power. 

A.3 Advantages /D isadvantages  of the Step and Pulse Steer Methods 

1 ) The step-steer  method yields better  steady-state ( d . c .  ) 

and low frequency information. The pulse s t ee r  i s  l e s s  r e l i ab l e  

in the low frequency range fo r  two reasons: ( a )  lash or play in  

the steering system prevents accurate calculat ion of the d .c .  and 

low frequency components of the yaw ra te ;  and ( b )  re la t ive ly  low 

level turns a re  necessary in combination with the pulse inputs t o  
guarantee a vehicle response within the l inear  range while also 

providing yaw r a t e  and steering input s ignals  large enough with 

which t o  ca lcula te  ( r a t i o )  the steady-state gain.  

2 )  The pulse-steer method provides more r e l i ab l e  mid- a n d  

high-frequency information since the input i s  designed t o  contain 

a more evenly dis t r ibuted power spectrum. This method i s  a1 so 

1 ess susceptible t o  external disturbances (wind, road) unrelated 

t o  the steering input, which a r e  ref lec ted in the output .  While 

these external disturbances a r e  often small , t h e i r  frequency content 



i s  g e n e r a l l y  spread over  a  wide f requency range, t he reby  capab le  

o f  c o n t r i b u t i n g  f a r  g r e a t e r  e r r o r  t o  t h e  t o t a l  i n p u t  spectrum o f  

a  s t e p  -t e x t e r n a l  d i s tu rbance  than o f  a  pu l se  s t e e r  + e x t e r n a l  

d i s t u r b a n c e .  

3 )  The s t e p  s t e e r  method r e q u i r e s  a  h i g h e r  d i g i t i z i n g  r a t e  

t o  m i n i m i z e  t h e  e r r o r  assoc ia ted  w i t h  n o t  knowing t h e  exac t  s t a r t -  

i n g  p o i n t  o f  t h e  i n p u t  because o f  i t s  d i s c r e t e  r e p r e s e n t a t i o n .  

Depending on whether sample i o r  sample i t 1  i s  cons ide red  t h e  

s t a r t  o f  t h e  i n p u t ,  a  maximum phase ang le  s h i f t  o f  + U T / ~  can o c c u r .  

T h i s  phase s h i f t  can be reduced by i n c r e a s i n g  t h e  sampl i n g  f requency 

d u r i n g  d i g i t i z i n g .  A sampl ing f requency o f  60 Hz was used f o r  most 

o f  t h e  s t e p  s t e e r  da ta  processed d u r i n g  t h e  course  o f  t h i s  p r o j e c t .  

I n  c o n t r a s t ,  t h e  pu l se  s t e e r  t e s t s  were d i g i t i z e d  a t  20 Hz p r i m a r i l y  

t o  a v o i d  any p o t e n t i a l  a l i a s i n g  e f f e c t s  a r i s i n g  f r o m  wheel hop f r e -  

quencies i n  t h e  7-10 Hz band. However, t h i s  sampl ing r a t e  can be 

lowered b y  e f f e c t i v e  analog f i l t e r i n g  p r i o r  t o  d i g i t i z i n g .  I f  t h e  

f r e q u e n c i e s  o f  i n t e r e s t  a r e  l e s s  than  7, t h e  ana log  f i l t e r s  can 

be s e t  a t  7 and t h e  data  d i g i t i z e d  a t  2 7  o r  more t o  a v o i d  a l i a s i n g .  

4 )  Even though t h e  s t e p  s t e e r  r e q u i r e s  a  h i g h e r  d i g i t i z i n g  

r a t e  f o r  da ta  p rocess ing ,  i t  r e q u i r e s  l e s s  t e s t  t i m e  and space t o  

conduct .  Wh i l e  2  o r  3 seconds i s  adequate f o r  t h e  s t e p  s t e e r ,  a t  

l e a s t  1 0  seconds o f  t e s t  t i m e  i s  d e s i r a b l e  f o r  t h e  p u l s e  s t e e r  i n  

o r d e r  t o  ach ieve  adequate r e s o l u t i o n  i n  t h e  f requency  domain. 

5 )  The d i g i t a l  s t o r a g e  requ i remen ts  f o r  t h e  two methods a r e  

comparable. Wh i l e  t h e  s t e p  s t e e r  r e q u i r e s  l e s s  t i m e  pe r  t e s t ,  i t  

does r e q u i r e  a  g r e a t e r  sampl ing r a t e  the reby  g e n e r a t i n g  an equ i  - 
v a l e n t  amount o f  data pe r  t e s t  as t h e  p u l s e  s t e e r  method. 

6 )  The degree o f  s c a t t e r  i n  t h e  t r a n s f o r m  r e s u l t s  f o r  t h e  p u l s e  

s t e e r  t e s t  can be t r a c e d  d i r e c t l y  t o  t h e  q u a l i t y  o f  t h e  s t e e r i n g  

i n p u t  power spectrum. A c u r v e  f i t  r o u t i n e  wh ich  accounted f o r  power 

d i f f e r e n c e s  of t h e  i n p u t  s i g n a l  g r e a t l y  enhanced t h e  appearance and 

cons i s tency  of t h e  raw t r a n s f o r m  r e s u l t s .  The main source  o f  

s c a t t e r  f o r  t h e  s t e p  s t e e r  r e s u l t s  appeared as e x t e r n a l  w ind  and 

road d i  s turbances . 



A.4 P u l s e  and Step S t e e r  Examples 

F i g u r e s  A.3 and A .4  show t h e  s t e e r i n g  a n g l e  (aSw)  and yaw r a t e  

( r )  a n a l o g  s i g n a l s  f o r  a  r e p r e s e n t a t i v e  p u l s e  s t e e r  and s t e p  s t e e r  

t e s t  w i t h  t h e  C h e v r o l e t  Nova. These s i g n a l s  were d i g i t i z e d  a t  20 

and 60 Hz, r e s p e c t i v e l y ,  and s t o r e d  on magnet ic  t ape .  A  d i g i t a l  

computer  program processed t h e  d i g i t a l  v e r s i o n s  o f  t hese  s i g n a l  s  

u s i n g  t h e  a forement ioned methods. The cor respond ing F o u r i e r  t r a n s -  

f o rm o u t p u t  of t h e  d i g i t a l  program i s  shown i n  F i g u r e s  A .5  and 

A.6.  

The t o p  p o r t i o n  o f  F i g u r e  A.5 shows t h e  raw t r a n s f o r m  ( p e r i o d o -  

gram) p r i o r  t o  a  t h i r d - o r d e r  l e a s t  squares c u r v e  f i t .  The c o r r e s -  

ponding l e a s t  square we igh ts  ( c o n s t r a i n e d  between 0 .2  and 2.0)  a r e  

shown i n  t h e  r i g h t m o s t  column. A  we igh t  v a l u e  o f  1 . 0  cor responds 

t o  a  r o o t  i n p u t  power equal  t o  t h e  average r o o t  power o v e r  t h e  

f requency  i n t e r v a l .  The l ower  p o r t i o n  o f  F i g u r e  A.5 shows t h e  

smoothed o r  cu rve  f i t  r e s u l t s .  I n  t h i s  example, 45" o f  phase s h i f t  

occu rs  a t  6 . 3  r a d l s e c  y i e l d i n g  a  Te o f  116.3 o r  0.16 seconds.  

F i g u r e  A.6 shows t h e  d i g i t a l  o u t p u t  f r o m  p rocess ing  t h e  s t e p  

s t e e r  t e s t  o f  F i g u r e  A.4. The t o p  p o r t i o n  of F i g u r e  A .6  shows a  

segment o f  t h e  d i g i t i z e d  s t e e r i n g  and yaw r a t e  t i m e  h i s t o r i e s  a t  

t h e  t i m e  o f  t h e  s t e p  s t e e r  i n p u t .  The l o w e r  p o r t i o n  o f  F i g u r e  A.6 

shows t h e  t rans fo rm o u t p u t  w i t h  45"  phase l a g  a t  6  r a d l s e c  o r  a  

The arrows marked "1 "  and " 2 "  i n  t h e  upper p o r t i o n  o f  F i g u r e  

A . 6  show two a1 t e r n a t e  s t a r t i n g  p o i n t s  f o r  t h e  t r a n s f o r m  c a l c u l a t i o n .  

Arrow " 1 "  shows t h e  s t a r t i n g  p o i n t  of t h e  s t e e r i n g  ramp-step i n p u t .  

I f  t h i s  p o i n t  was used as t h e  s t a r t i n g  p o i n t  a  k v a l u e  o f  0.16 

seconds would be used i n  t h e  t rans fo rm c a l c u l a t i o n ,  as d i scussed  

above. If i n s t e a d , t h e  m i d - p o i n t  o f  t h e  ramp was used as t h e  s t a r t i n g  

p o i n t  (a r row  "2"), a  k v a l u e  of 0.0 would be e n t e r e d  ( e q u i v a l e n t  pu re  

s t e p ) .  Both  methods y i e l d  t h e  same t r a n s f o r m  r e s u l t .  



- *; Cg.- 1 sec .  

Figure A .  3 .  P u l  se-steer  t e s t  - Chevrolet Nova. 

Figure A.4. Step-steer  t e s t  - Chevrolet tiov;. 
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APPENDIX B 

VEHICLE EQUIPMENT AND INSTRUMENTATION 

An i n s t r u m e n t a t i o n  and equipment package, des igned t o  be 

q u i c k l y  and e a s i l y  i n s t a l  l e d  i n  each t e s t  v e h i c l e ,  was deve loped 

f o r  use i n  t h i s  p r o j e c t .  A  schemat ic  d iagram o f  t h e  system i s  

p r e s e n t e d  i n  F i g u r e  B.1. As seen i n  t h e  f i g u r e ,  i n p u t  v a r i a b l e s  

measured were s t e e r  a n g l e  ( 6 S S )  and s tee r ing -whee l  t o r q u e  (Tsw) ;  

response v a r i a b l  es measured were v e h i c l e  v e l o c i t y  ( V ) ,  yaw r a t e  

( r ) ,  and r o l l  r a t e  ( p ) .  A d d i t i o n a l l y ,  on-board ana log compu ta t i on  

was used t o  gene ra te  s t e a d y - s t a t e  l a t e r a l  v e l o c i t y  (Vr), p a t h  cu rva -  

t u r e  ( r /  V) and yaw a c c e l e r a t i o n  ( F )  s i g n a l s .  These s i g n a l s  (a  

maximum of  6 a t  one t i m e )  were r e c o r d e d  i n  t h e  v e h i c l e  u s i n g  an FM 

magnet ic  t ape  r e c o r d e r .  The reco rded  da ta  was a1 so p l a y e d  back on 

1  i n e  and d i s p l a y e d  t o  t h e  d r i v e r  v i a  a  l i g h t  beam o s c i l  l o g r a p h ,  t h u s  

p r o v i d i n g  an immediate v i s u a l  check on t o t a l  d a t a  system i n t e g r i t y .  

I n  a d d i t i o n  t o  6 da ta  s i g n a l s ,  a  " c o n t r o l  s i g n a l "  c o n s i s t i n g  o f  

s e l e c t a b l e  D.C.  v o l t a g e  l e v e l s  was a1 so reco rded  on one channel  o f  

t a p e .  L a t e r ,  when taped  d a t a  was reduced u s i n g  a  h y b r i d  computer  

f a c i l i t y ,  t h i s  s i g n a l  was used t o  c o n t r o l  t h e  a u t o m a t i c  p r o c e s s i n g  

r o u t i n e .  C o n t r o l  s i g n a l  v o l t a g e  l e v e l s  g e n e r a l l y  were de te rm ined  

by d r i v e r - o p e r a t e d  s w i t c h e s .  A d d i t i o n a l l y ,  a  "d rag s w i t c h "  mounted 

t o  t h e  f i f t h  wheel assembly was used t o  s w i t c h  between "s tandby "  

and " t e s t "  modes. The " s w i t c h , "  seen i n  F i g u r e  B.2, c o n s i s t e d  o f  

two s p r i n g - s t e e l  s t r a p s  d r a g g i n g  on t h e  ground and a  p i e c e  o f  alum- 

inum sheet  f i x e d  t o  t h e  ground.  When t h e  v e h i c l e  passes o v e r  t h e  

shee t ,  t h e  s w i t c h  i s  c l o s e d  m o m e n t a r i l y  and t h e  r e s u l t i n g  p u l s e  can 

be used t o  t r i g g e r  a  s w i t c h i n g  c i r c u i t .  D u r i n g  c l o s e d - l o o p ,  d r i v e r -  

v e h i c l e  exper iments ,  aluminum sheets  were p l a c e d  a t  t h e  e n t r a n c e  and 

e x i t  o f  t h e  cone c o u r s e .  Use o f  t h e  s w i t c h  f r e e s  t h e  d r i v e r  f r o m  

hav ing  t o  per form t h i s  t a s k  and f u r t h e r  p r o v i d e d  p r e c i s e  i n f o r m a t i o n  

on t h e  data  tape  r e g a r d i n g  t h e  p o s i t i o n  o f  t h e  t e s t  v e h i c l e  on  t h e  

cou rse .  







I n  a d d i t i o n  t o  t h e  f i f t h  w h e e l l s w i t c h  element, t h e  ins t rumen-  

t a t i o n  sys tem was o rgan ized  i n t o  , f o u r  ma jo r  p h y s i c a l  u n i t s ,  v i z  .: 

1 ) Recorder U n i t  

2 )  G y r o / E l e c t r o n i c  U n i t  

3 )  Motor  Generator  

4) V a r i a b l e  R a t i o  S t e e r i n g  Wheel L i m i t e r  (VRSWL) 

I n s t a l l a t i o n  o f  each u n i t  was s u f f i c i e n t l y  s imp le  t h a t  t h e  e n t i r e  

package c o u l d  be i n s t a l l e d  i n  a  r e n t e d  v e h i c l e  i n  a  few hours  w i t h  

v i r t u a l l y  no r e s t o r a t i o n  r e q u i r e d  upon removal o f  t h e  package. 

Bo th  r e c o r d e r s  were mounted as a  u n i t  i n  t h e  f r o n t  passenger 

sea t  and anchored w i t h  s e a t b e l t i n g .  The g y r o l e l e c t r o n i c s  package 

was mounted as a  heavy s t e e l  p l a t e  w i t h  a d j u s t a b l e  l e g s  wh ich  were 

ground t o  a  sharp p o i n t .  For t h e  l i n e a r  reg ime maneuver used i n  

t h i s  program, t h e  we igh t  and sharp  f e e t  p r o v i d e d  more t h a n  s u f f i -  

c i e n t  anchorage when t h e  package was p laced  on a  c a r p e t e d  f l o o r  

area.  The motor  g e n e r a t o r  was mounted on a  s t a n d a r d  r o o f  r a c k .  

Photographs o f  t h e  v a r i o u s  elements o f  i n s t r u m e n t a t i o n  appear i n  

F i g u r e s  8.3 th rough  8.6. 

The VRSWL per forms f o u r  f u n c t i o n s ,  v i z . :  

1  ) P rov ides  an e a s i l y  a1 t e r e d  gear  r a t i o  between t h e  
s t e e r i n g  wheel and t h e  i n p u t  ( s t e e r i n g  wheel ) end o f  

t h e  s t e e r i n g  s h a f t .  

2 )  Prov ides  an a d j u s t a b l e  l i m i t  s t o p  mechanism f o r  
s tee r ing -whee l  mo t ion .  

3 )  P rov ides  f o r  t h e  measurement o f  t h e  a n g u l a r  d i s -  

placement o f  t h e  i n p u t  end of t h e  s t e e r i n g  s h a f t .  

4 )  P rov ides  f o r  t h e  measurement o f  s tee r ing -whee l  

t o r q u e  when equipped w i t h  t h e  s t e e r i n g  t o r q u e  

t ransducer  d e s c r i b e d  be1 ow. 











F i g u r e  B.6 i l l u s t r a t e s  t h e  VRSWL mounted i n  a  t e s t  v e h i c l e .  

F i g u r e  B.7 shows a  s i d e  v iew o f  t h e  d e v i c e .  To i n s t a l l  t h e  d e v i c e  

i n  a  t e s t  v e h i c l e  r e q u i r e s  t h e  f a b r i c a t i o n  o f  two s i m p l e  p a r t s .  

A s t e e r i n g  s h a f t  adaptor  f o r  mount ing t h e  VRSWL t o  t h e  s t e e r i n g  

s h a f t  i s  f a b r i c a t e d  f r o m  t h e  hub o f  an OE s t e e r i n g  whee l .  A reac -  

t i o n  f rame b r a c k e t  wh ich  anchors t h e  r e a c t i o n  f rame t o  t h e  d r i v e  

s h a f t  t u n n e l  (see F i g u r e  B.6) o r  t h e  " A - p i l l a r "  i s  a l s o  r e q u i r e d .  

The gear  r a t i o  f u n c t i o n  i s  a t t a i n e d  u s i n g  two p a i r s  o f  change 

gears . *  R e f e r r i n g  t o  F i g u r e  B.7, Gear A i s  keyed t o  t h e  s t e e r i n g  

s h a f t  and d r i v e s  Gear B wh ich  i s  keyed t o  Gear C .  Gear C t hen  

d r i v e s  Gear D wh ich  i s  keyed t o  t h e  s t e e r i n g  wheel b u t  i s  f r e e  t o  

r o t a t e  on  t h e  c e n t e r  s h a f t .  By p roper  s e l e c t i o n  of t h e  gear s i z e s ,  

hundreds o f  r a t i o s  between a t  l e a s t  4 : l  and 1 :4  a r e  a v a i l a b l e .  I n  

t h e  f i e l d ,  r a t i o s  may e a s i l y  be changed w i t h i n  a  few m i n u t e s .  

An a d j u s t a b l e  s t o p  mechanism p r o v i d e s  a  s t e e r  a n g l e  l i m i t e r .  

The s t o p  i s  e a s i l y  a d j u s t a b l e  by t h e  d r i v e r  and may p r o v i d e  a  l i m i t  

t o  s t e e r i n g  wheel t r a v e l  w i t h i n  a p p r o x i m a t e l y  a  +720 degree range.  

S t e e r i n g  a n g l e  i s  t ransduced a t  t h e  i n p u t  end of  t h e  s t e e r i n g  

s h a f t  u s i n g  a  p o t e n t i o m e t e r  geared ( u s i n g  a n t i - b a c k l a s h  i ns t rumen-  

t a t i o n  gears )  t o  r o t a t e  a t  t w i c e  t h e  s h a f t  r a t e .  Sha f t  ang le ,  r a t h e r  

t h a n  a c t u a l  s t e e r i n g  wheel a n g l e  i s  t ransduced i n  o r d e r  t h a t  gear 

r a t i o  changes made t o  t h e  VRSWL do n o t  a f f e c t  c a l i b r a t i o n  and/or  

d i sp lacemen t  range o f  t h e  t r a n s d u c e r  ( f o r  a  g i v e n  v e h i c l e  maneuver). 

S i n c e  t h e  g e a r  t r a i n  o f  t h e  VRSWL i s  v e r y  r i g i d  and s i n c e  p r o v i s i o n s  

have been made f o r  e l i m i n a t i n g  v i r t u a l l y  a l l  l a s h  f r o m  t h i s  t r a i n ,  

i n p u t  s h a f t  a n g l e  and s t e e r i n g  wheel a r e  s i m p l y  p r o p o r t i o n a l  

a c c o r d i n g  t o  t h e  VRSWL r a t i o  chosen. 

A spec i  a1 s t e e r i  ng-wheel t o r q u e  t r a n s d u c e r  ( F i g u r e  B . 6 )  was 

des igned and c o n s t r u c t e d  f o r  use under t h i s  p r o j e c t .  The t r a n s d u c e r  

was s p e c i f i c a l l y  des igned f o r  use w i t h  t h e  VRSWL. 

The t ransducer ,  i t s e l f ,  i s  c y l i n d r i c a l  i n  shape and c o n s i s t s  o f  

a r i g i d  i n n e r  c o r e  and c o n c e n t r i c  o u t e r  r i n g  connected by f o u r  r a d i a l  
- -  - 

*Boston Gear S e r i e s  GB o r  e q u i v a l e n t .  





f l e x t u r e  beams. Two o f  these beams a r e  s t r a i n  gauged t o  p r o v i d e  

a  f o u r - a c t i v e - a r m  b r i d g e  s e n s i t i v e  t o  to rques about  t h e  l o n g i t u d i n a l  

a x i s  o f  t h e  t ransduce r .  A m o d i f i e d  s t e e r i n g  wheel a t t a c h e s  t o  t h e  

o u t e r  r i n g  as does t h e  s teer ing-whee l  1  i m i t e r  mechanism. The i n -  

p u t  g e a r  o f  t h e  VRSWL i s  keyed t o  t h e  i n n e r  co re .  Thus, t h e  t r a n s -  

duced t o r q u e  c o n s i s t s  o n l y  o f  t o rque  which i s  i n p u t  t o  t h e  s t e e r i n g  

system. (Tha t  i s ,  d r i v e r - a p p l i e d  to rque  which i s  r e a c t e d  by t h e  

1  i m i  t e r  mechanism i s  n o t  i n c l u d e d  i n  t h e  measurement .) 

The t ransduce r  a1 so i n c o r p o r a t e s  a  s e l f - c o n t a i n e d  e l e c t r o n i c  

u n i t  wh ich  can be seen i n  F i g u r e  B.6. T h i s  package i n c l u d e s  amp1 i- 

f i c a t i o n  and shunt  r e s i s t o r  c a l i b r a t i o n  c i r c u i t r y .  

The fou r  element t e lephone- t ype  cable,  seen i n  F i g u r e  B.6, p r o -  

v i d e s  f o r  t h e  i n p u t  o f  p l u s  and minus 15 v o l t s ,  f o r  s i g n a l  o u t p u t ,  

and f o r  e l e c t r i c a l  common. I n  t h e  v e h i c l e  t e s t i n g  done i n  t h i s  

p r o j e c t ,  none o f  t h e  d r i v e r s  f e l t  t h a t  t h i s  c a b l e  arrangement was 

a t  a l l  bothersome. T h i s  was l a r g e l y  because none of t h e  t e s t  

maneuvers r e q u i r e d  more than  +90° s tee r ing -whee l  a n g l e  mo t ions .  

Fo r  l a r g e r  mot ions,  a  s l i p  r i n g  arrangement m i g h t  be p r e f e r a b l e .  

S i n c e  s i g n a l  o u t p u t  i s  a l r e a d y  a t  an amp1 i f i e d  l e v e l ,  s l i p  r i n g s  

shou ld  n o t  s i g n i f i c a n t l y  a f f e c t  s i g n a l  n o i s e  l e v e l .  

S p e c i f i c a t i o n s  f o r  t h e  t ransduce r ,  as v e r i f i e d  by p h y s i c a l  

c a l i b r a t i o n s  conducted i n  June o f  1977, a r e  as. shown i n  Tab le  B.1. 

The re fe rence  a x i s  system employed i n  t h e  tab1 e  i s  s h ~ w n  i n  F i g u r e  

B.8. 



Figur3e H.6. Steering torque l o a d  c e l l  re fe r7ence  
a x i s  system. 



Tab1 e  6.1 . S t e e r i  ng-Wheel Torque Transducer C a l i  b r a t i o n  Data. 

F u l l  Range I n p u t  Mx: 600 i n - 1  b  

C a l i  b r a t i o n  da ta  f o r  s t r a i n  gauge b r i d g e  o n l y :  

C o l o r  Code ( fou r  element r i b b o n  w i r e  between b r i d g e  
and e l e c t r o n i c s  ) :  

Red: + E x c i t a t i o n  

B lack :  - E x c i t a t i o n  

Whi te :  +S igna l  

Brown: -S igna l  

P r i m a r y  S e n s i t i v i t y * :  

Mx: Gain: 4.27 mv/v D f u l l  range 

L i n e a r i t y :  + .  25% 

H y s t e r e s i s :  .25% 

Cross S e n s i t i v i t i e s * :  

t o  Fx: 0.00 mv/v 0 100 l b  (0% of f u l l  s c a l e )  

t o  F . 0.01 mv/v D 100 l b  ( .25% o f  f u l l  s c a l e )  
Y' 

t o  FZ: 0.00 mv/v @ 100 1b (0% of  f u l l  s c a l e )  

t o  My: 0 .00 mv/v @ 600 i n - l b  (0% o f  f u l l  s c a l e )  

t o  M,: 0.07 mv/v @ 600 i n - 1  b  (1 .75% of f u l l  s c a l e )  

System Cal i b r a t i  on: 

E q u i v a l e n t  o u t p u t  u s i n g  t h e  i n s t a l l e d  shun t  c a l  i b r a t i o n  

r e s i s t o r  as o b t a i n e d  by dep ress ing  " C a l i  b r a t i o n "  push- 

b u t t o n :  304.5 i n - l b  

* Ins t rumen ts  used l i m i t  t h e  r e s o l u t i o n  o f  c a l i b r a t i o n  t o  0 .01  
mv/v o r  a p p r o x i m a t e l y  0.25% o f  f u l l  s c a l e .  





APPENDIX C 

DERIVATION OF NONDIMENSIONAL PATH-CURVATURE GAIN 
REFERENCED TO STEERING-WHEEL DISPLACEMENT 

There  a r e  a t  l e a s t  two approaches t o  d e r i v i n g  t h e  path-  

c u r v a t u r e  g a i n  of an au tomob i l e  i n  a  s teady t u r n .  One approach 

c o n s i s t s  o f  w r i t i n g  t h e  l i n e a r  equat ions  o f  e q u i l i b r i u m  i n  s t a b i l i t y  

d e r i v a t i v e  form and s o l v i n g  f o r  t h e  g a i n  o f  i n t e r e s t .  A  second 

approach c o n s i s t s  of exp ress ing  t h e  k i n e m a t i c  r e l a t i o n s h i p  e x i s t i n g  

between t h e  s l i p  ang les  and t h e  r a d i u s  o f  t h e  t u r n  i n  terms o f  d e s i g n  

v a r i a b l e s .  T h i s  l a t t e r  approach i s  adopted below s i n c e  i t  b e t t e r  

p e r m i t s  t h e  a n a l y s t  t o  r e l a t e  t o  t h e  p h y s i c a l  p rocess  t h a t  i s  i n v o l v e d .  

The o b j e c t i v e  o f  t h i s  a n a l y s i s  i s  t o  d e r i v e  t h e  p a t h - c u r v a t u r e  

g a i n  o f  a  v e h i c l e  t h a t  i s  f r e e  t o  r o l l  and i s  s t e e r e d  by a  s t e e r i n g  

wheel wh ich  i s  connected t o  t h e  f r o n t  wheels by a  f l e x i b l e  o r  com- 

p l i a n t  s t e e r i n g  mechanism. A1 though t h e  a1 i g n i n g  s t i f f n e s s  of t h e  

f r o n t  t i r e s  w i l l  be taken  i n t o  account  i n  e x p r e s s i n g  moment e q u i l  i- 

br ium w i t h i n  t h e  s t e e r i n g  mechanism, t h e  i n f l u e n c e  of a l i g n i n g  

moments on yawing moment e q u i l i b r i u m  w i l l  be n e g l e c t e d .  As i s  u s u a l l y  

done, t h e  r a d i u s  of t h e  cu rved  p a t h  w i l l  be assumed t o  be v e r y  l a r g e  

r e l a t i v e  t o  t h e  wheelbase and t h e  t r a c k  w i d t h  o f  t h e  mo to r  v e h i c l e .  

I n  t h i s  event ,  a l l  ang les  a re  s u f f i c i e n t l y  sma l l  t h a t  t h e  k i n e m a t i c  

c o n d i t i o n  of t u r n i n g  and t h e  equa t i ons  o f  e q u i l i b r i u m  can be w r i t t e n  

as i f  t h e  v e h i c l e  possesses ze ro  w i d t h  w i t h  t h e  r i g h t  and l e f t  t i r e s  

c o l  l apsed  i n t o  an e q u i v a l  e n t  t i r e  e x h i b i t i n g  t w i c e  t h e  s t i f f n e s s e s  

o f  t h e  s i n g l e  t i r e .  

I f  t h e  ang les  between t h e  v e l o c i t y  v e c t o r s  ( a t  t h e  c e n t e r  o f  

t i r e  c o n t a c t  of t h e  f r o n t  and r e a r  whee ls )  and t h e  l o n g i t u d i n a l  a x i s  

a r e  des ignated,  r e s p e c t i v e l y ,  as B~ and B ? ,  t h e  assumpt ions adopted 

above l e a d  t o  t h e  f o l l o w i n g  k i n e m a t i c  r e s u l t  f o r  t h e  s teady  t u r n ,  

v i z . ,  



where 

a = wheel base 

R = r a d i u s  o f  t h e  s teady  t u r n  

On a d o p t i n g  t h e  SAE s i g n  conven t ion ,  one can w r i t e  t h a t  t h e  s l i p  

ang le  o f  t h e  f r o n t  and r e a r  t i r e s  can be expressed as 

where 

a1 ' "2 = s l i p  a n g l e  o f  f r o n t  and r e a r  t i r e s ,  
r e s p e c t i v e l y  

' 62 = s t e e r  d isp lacement  o f  t h e  f r o n t  and r e a r  
wheels, r e s p e c t i v e l y  

On combining t h e  above exp ress ions ,  one o b t a i n s  

Equa t ion  (C.1)  c o n s t i t u t e s  t h e  k i n e m a t i c  geometry  (see F i g u r e  C . l )  

t h a t  must  be s a t i s f i e d  i n  a  s teady  t u r n .  

An e x p r e s s i o n  f o r  p a t h - c u r v a t u r e  g a i n  can be o b t a i n e d  by 

s u b s t i t u t i n g  i n  Equa t ion  (C.1)  f o r  ul, 6 1 ,  a2, and 62, r e s p e c t i v e l y .  

Below, t h e  s l i p  ang les  a r e  o b t a i n e d  f r o m  t h e  r e q u i r e m e n t  t h a t  e q u i -  

l i b r i u m  be s a t i s f i e d  s i m u l t a n e o u s l y  a l o n g  t h e  y a x i s  and about  t h e  

r o l l  and yaw axes.  The f ron t -whee l  s t e e r  ang le ,  61, i s  found f r o m  an 

e q u a t i o n  wh ich  expresses e q u i l i b r i u m  abou t  t h e  s t e e r i n g  p i v o t  and t h e  

rear -whee l  s t e e r  ang le ,  62, i s  f ound  f rom an e q u a t i o n  e x p r e s s i n g  rol l  

e q u i l  i b r i u m .  



Notes:  
Wheelbase -1 - ,. . .  . h naalus OT Turn - n 
P2 has a negative value for the geometry indicated here 

p, has a positive value for the geometry indicated here 

!/R+ 7~12 - ,@, + 7~/2 + P2= rr 
or P,-P2= P/R 

Path of Front Wheels 

Path of Rear Wheels 

---- 

F i q u r e  C . 1 .  K i n e m a t i c  geomet ry  f o r  a h igh -speed  s t e a d y  t u r n .  
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Side- fo rce  and yawi ng-moment e q u i l  i br ium r e q u i r e  t h a t  

where 

Fyl ' Fy2 = l a t e r a l  f o r c e  a t  f r o n t  and r e a r  t i r e s ,  
r e s p e c t i v e l y  

m mass o f  t h e  v e h i c l e  

V = fo rward  v e l o c i t y  

r = yaw v e l o c i t y  

a,b = d i s t a n c e  of t h e  t o t a l  c e n t e r  o f  mass from 
the  f r o n t  and r e a r  a x l e s ,  r e s p e c t i v e l y  

On l e t t i n g  Ca, and Ca2 r e p r e s e n t  t h e  c o r n e r i n g  s t i f f n e s s  o f  t h e  

f r o n t  and r e a r  t i r e s  and C r e p r e s e n t  t h e  i n c l i n a t i o n  s t i f f n e s s  o f  
Y 

t h e  f r o n t  t i r e s  ( t h e  r e a r  t i r e s  w i l l  be assumed t o  be c o n s t r a i n e d  

t o  a  n o n r o l l  i n g  r e a r  a x l e ) ,  t h e  above equa t ions  o f  e q u i l  i b r i u m  may 

be w r i t t e n  as 

where 

= r a t e  of f r o n t - w h e e l  i n c l i n a t i o n  p e r  u n i t  r o l l  
a +  disp lacement  o f  t h e  sprung mass 

+ = r o l l  ang le  o f  t h e  sprung mass 

I n  a  s teady t u r n ,  r o l l  e q u i l i b r i u m  can be expressed as 

such t h a t  



where 

ms 
= mass of  t h e  sprung chassis 

h  = he igh t  o f  t h e  cen te r  o f  mass o f  the  r o l l i n g  
chassis above t h e  r o l l  a x i s  

= r o l l  moment a c t i n g  on t he  sprung mass per 
L' u n i t  r o l l  d isplacement of the  chass is  

On s u b s t i t u t i n g  Equat ion ( C . 3 )  i n t o  (C.2), we can so l ve  f o r  

t he  f r o n t  and r e a r  s l i p  angles,  r espec t i ve l y ,  and o b t a i n  

(Note t h a t  C and C a re  nega t i ve  q u a n t i t i e s  and consequent ly  al 
a C1 

and a 2  a r e  neda t i ve  a i s l e s  when t h e  v e h i c l e  i s  t u r n i n g  t o  t h e  r i g h t  

such t h a t  i t  has a  p o s i t i v e  yaw r a t e . )  

On assuming a  s o l i d  r e a r  a x l e  t h a t  s t ee rs  when t h e  sprung mass 

r o l l s ,  we can w r i t e  t h a t  

Moment e q u i l i b r i u m  about t h e  s t e e r i n g  p i v o t  can be expressed 

as t he  summation o f  t h e  to rque  d e r i v i n g  from t h e  "windup" o f  t h e  

s t ee r i ng  mechanism and t he  torques d e r i v i n g  f rom t h e  t i r e - r o a d  i n t e r -  

face. If f r o n t  r o l l  s t ee r ,  due t o  k inemat i c  i n t e r a c t i o n  between t h e  

pa th  of t he  s t e e r i n g  knuck le  and t he  pa th  o f  t h e  t i e - r o d  end, i s  de- 

f i ned  as a s l / a $ ,  s t e e r  moment e q u i l i b r i u m  can be expressed as 



where 

= t o r s i o n a l  s t i f f n e s s  o f  t h e  t o t a l  s t e e r i n g  
Kss mechanism 

I = s teer ing-whee l  d isp lacement  d i v i d e d  by t h e  
6sw o v e r a l l  gear r a t i o  

= a l i g n i n g  s t i f f n e s s  o f  t h e  f r o n t  t i r e s  
aa 

Xc = mechanical  t r a i l  produced by c a s t e r  ang le  
( p o s i t i v e  when t h e  t i r e  c o n t a c t  c e n t e r  i s  
rearward  o f  t h e  s t e e r  a x i s )  

On s u b s t i t u t i n g  f o r  a,  and 4 ,  r e s p e c t i v e l y ,  and s o l v i n g  f o r  t h e  

f ron t -whee l  d isplacement,  6 , ,  Equat ion  (C .6 )  y i e l d s  

On s u b s t i t u t i n g  i n  Equa t i on  (C.1) f o r  al, k 2 ,  al, and tip, as 

expressed by Equat ions  (C . 4 ) ,  ( C  . 5 ) ,  and (C.7), r e s p e c t i v e l y ,  one o b t a i n s  

S ince  r = - , t h e  above e q u a t i o n  t r a n s f o r m s  i n t o  t h e  f o l l o w i n g  R 
exp ress ion  f o r  t h e  nondimensional  p a t h - c u r v a t u r e  g a i n ,  v i z ,  : 



Note t ha t  a l l  terms are  nondimensional , w i t h  v/& being the vehicle 
Froude number and each term within the braces having the dimensions 
of radians per g .  Start ing a t  the l e f t ,  the f i r s t  two terms, within 
the braces, define the understeer contribution deriving from rear- 
and front-wheel cornering compl iances . The th i rd  term defines the 
understeer deriving from the inclination of the f ron t  wheels and 
the fourth term defines the understeer produced by f ront  ro l l  s t e e r .  
The f i f t h  and seventh terms yield the understeer caused by the f i n i t e  
compliance of the steering mechanism and the sixth term defines the 
understeer caused by ro l l  s t ee r  of the rear  axle.  I f  the design 

variables are such tha t  they produce a n  understeer e f f ec t  ra ther  than 
oversteer e f f ec t ,  a l l  terms within the braces are  posit ive with the 
exception of the f i r s t  term. 

In order t o  demonstrate the r e l a t i ve  magnitude of the terms 

within the braces, we shall calculate the i r  numerical values corres- 
ponding to the design properties of a representative vehicle, namely, 
the Ford Pinto. (The relevant design properties of the Ford Pinto 
a r e  given in Table C . 1 . )  Equation (C.8) yields t he  following r e su l t :  



Table  C.1 

h = 1.48 f t .  

aM,/aa)l = 1585 f t - 1  b / r a d  

Xc = ,0217 ft. 

KS S 
= 4775 f t - 1  b/ rad  



APPENDIX D 

STEADY-STATE YAW RATE G A I N  AND ROLL/G OF LATERAL ACCELERATION 

D. 1  I n t r o d u c t i o n  

I n  t h i s  appendix, c a l c u l a t e d  va lues  o f  yaw r a t e  g a i n  a t  50 mph 

( ~ / ~ s w  150 ) and r o l l / G  of l a t e r a l  a c c e l e r a t i o n  (Kb)  f o r  a  wide range 

o f  U.S.  made automobi les  a r e  presented i n  t a b u l a r  fo rm.  I n  a d d i t i o n ,  

c a l c u l a t e d  es t ima tes  o f  t r a n s i e n t  response parameters (r,, wn, and Te) 

e v a l u a t e d  a t  50 mph a r e  i n c l u d e d .  

The s t e a d y - s t a t e  yaw r a t e  g a i n  i s  s e n s i t i v e  t o  a  h o s t  of 

v e h i c l e  parameters such as s t e e r i n g  system s t i f f n e s s ,  s t e e r i n g  gea r  

r a t i o ,  r o l l  s t i f f n e s s ,  and t h e  c o r n e r i n g  s t i f f n e s s e s  o f  t h e  t i r e s ,  

w h i l e  t h e  presence o f  a  r o l l  s t a b i l i z e r  bar  has an a p p r e c i a b l e  e f f e c t  

on  K+. C a l c u l a t i o n s  were hence made f o r  bo th ,  s tanda rd  models as 

w e l l  as models equipped w i t h  such o p t i o n a l  equipment as power s t e e r i n g ,  

r a d i a l  t i r e s ,  and r o l l  s t a b i l i z e r  ba rs .  

D. 2  V e h i c l e  Parameters Used i n  C a l c u l a t i o n s  

Values o f  v a r i o u s  v e h i c l e  parameters used i n  t h e  c a l c u l a t i o n  

o f  K+ and r/6,, 1 5 0  were o b t a i n e d  f rom t h e  s p e c i f i c a t i o n s  p u b l i s h e d  by  

t h e  Motor  Vehi c l  e  Manu fac tu re rs  A s s o c i a t i o n  [I 81 and d a t a  r e p o r t e d  

by Basso, G.L. [20]. T i r e  p r o p e r t i e s  were obta, ined f r o m  a  r e p o r t  

pub1 i s h e d  by Cal span C o r p o r a t i o n  [19] .  For  c e r t a i n  c a r s ,  such v e h i c l e  

parameters as s t e e r i n g  system s t i f f n e s s  and r o l l  s t e e r  f a c t o r  were 

n o t  a v a i l a b l e .  Es t ima tes  based on p a r a m e t r i c  va lues  o f  o t h e r  s i m i l a r l y  

s i z e d  ca rs  were made i n  such i n s t a n c e s .  

C l e a r l y ,  t h e  v a l i d i t y  o f  e s t i m a t e s  o f  v e h i c l e  per formance 

a r e  no b e t t e r  t han  t h e  accuracy o f  t h e  p a r a m e t r i c  d a t a  a v a i l a b l e .  

Hope fu l l y ,  f u t u r e  government resea rch  programs w i l l  p r o v i d e  more 

knowledge o f  p a r a m e t r i c  va lues ,  e s p e c i a l l y  w i t h  r e g a r d  t o  s t e e r i n g  

system s t i f f n e s s e s  and r o l l  - r e1  a t e d  f a c t o r s .  



D.3 D e s c r i p t i o n  o f  Tabu la ted  D l  

C a l c u l a t e d  va lues  o f  r/6sw150 and K) a r e  presented f o r  a  

t o t a l  o f  24 c a r s ,  o f  which 8 a r e  o f  t h e  i n t e r m e d i a t e  ca tego ry ,  11 o f  

t h e  compact ca tegory ,  and 5  of t h e  subcompact ca tego ry ,  

Column 1  c o n t a i n s  t h e  brand name of t h e  c a r  and a  d e s c r i p t i o n  

o f  t h e  o p t i o n a l  equipment used, Column 2 c o n t a i n s  t h e  s t e e r i n g  gear 

r a t i o ,  w h i l e  t h e  r o l l  s t i f f n e s s ,  K4, i s  g i v e n  i n  Column 3 ,  Columns 

4 th rough  7 c o n t a i n  q u a n t i t i e s  wh ich  c o n t r i b u t e  t o  t h e  unders tee r  

f a c t o r  a s  d e s c r i b e d  i n  S e c t i o n  3 o f  t h e  r e p o r t . "  Column 8 c o n t a i n s  

t h e  u n d e r s t e e r  f a c t o r  K w h i l e  t h e  yaw r a t e  g a i n  r/6s,/50 i s  g i v e n  i n  

Column 9. T r a n s i e n t  response parameters (i, u,, Tr, and Te) eva lua ted  
a t  50 mph a r e  g i v e n  i n  t h e  rema in ing  columns. 

*K = K1 - Kq + K3 f K4 
where K i s  t h e  c o n t r i b u t i o n  due t o  t h e  f r o n t  c o r n e r i n g  c o e f f i c i e n t  

and s t e e r i n g  system compl iance 
K2 i s  t h e  c o n t r i b u t i o n  due t o  t h e  r e a r  c o r n e r i n g  c o e f f i c i e n t ,  

K3 i s  t h e  c o n t r i b u t i o n  due t o  r o l l  e f f e c t s ,  and 

K4 i s  t h e  c o n t r i b u t i o n  due t o  r i g i d  body a l i g n i n g  t o r q u e  e f f e c t s .  
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Nova 

Front 
stabilizer 
s tandard 
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s tab i l izer  
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standard 

NG 
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Compact i p s -  2 of 2 )  
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Intermediate 

N G  K+ K I K 2 K3 K 4  K 5 
- 

C A R  4 3 s  Tr I /T, 
( d e g W )  (deg/G) (deg/G) (deg  /G) (deg IF1 (deg/G) ( s e C t 5 0  

T e  
- 

Manual s teer ing  
without rear  34.7- Chevelle 

I. Front 

standard 

2. Radial 
t i r e s  

L~~~~~ 

I - s ~ ~ ~ z e r  

2. Radial 
t i r e s  

CU? l a 5s 

Century 
I. Front 

stabil izer 
2. Radtal 

t i res 

LTD a & 
Cougar 

M~~~~~ 

8.1 stabi l izer 32.8 11.9 7.8 0.93 0.50 5.53 0.082 0.612 4.26 0.310 3.226 0.208 

Power s teer ing 
wi thout  r e a r  
s tab i l i ze r  

Manual steering with 
rear s tab i l izer  

Power steering with 
rear s t a b i l ~ z e r  

Manual s teer ing 
without rear  
stabi l izer 
p~ ~~ -- - 

Power steering 
without reor 
stabi i izer 

. 

Manual steering with 
rear stab1 l ~ z e r  

Power steering with 
rear s tab i l izer  

Power steering with 
f ront  stabilizer and 
rad ia l  t i r e s  

Power steering 
wi thout  rear  
stabilizer 
- - -- -- 

I 
l t a b i l i z e r  - --- .-- 

Power s t e e r ~ n g  

~ - 

17.6 - 
14.2 

34 7-  
32:8 
17.6 - 
14.2 

32.5 
- 

17.5- 
14.2 

32.5 

17.5 - 
14.2 

18.2 - 
16.2 

17.89 
- - 

8-1 

6.4 

6-4 

8.3 
-- 

8.3 
- .  

6.4 

6.4 

8.4 

8.4 

Power steering with 
rear s tab i l izer  

Power steering with 
front stabi l izer s td.  
and radial  t i res 

Manual s teer  ing 
without rear 

6.4 

6.6 

5.5 

17.89 

2 1.76 

28.8 

wi thout  rear 
stobi l izer 

-~ 

9.94 

11.9 

9.94 

12.04 

10.36 

12.04 

18.8 
-- .~ 

7.8 

7.8 

7.8 

7.87 

787 

7 . 7  

1.68 
. 

1.67 

1.44 

5.85 
.- 

9.62 

11.61 

9.52 

5.5 

2. Bias ?Iy Manual steering with t i res 
rear stabi l izer 

Power steering w ~ t h  
rear stabilizer 

0 .63 

1.04 

1. 95 

7.72 

6.52 

5.85 

8.36 

28.8 

18.8 

0.82 

0.74 

0.65 

0. 96 

0.86 

0.74 

0.34 
- 

0.37 
. 

0.34 

10.36 

10.45 

9.62 

-- ~- 

- 

4.7 
.- 

4.7 

0.66 

0.88 

0.821 

0.397 

0.65 

0.37 

7.87 

z69 

7.72 

0.46 

0.50 

0.46 

0.52 

0.48 

0.52 

4.53 

5.70 

4-29 

9.52 

8.36 

0.48 

0.47 

0.397 

2.93 

6.78 

5.99 

5.85 
-- 

5.85 

3.42 

5.34 

3.25 

5.65 

3.83 

5-43 

0.170 

0.096 

0.175 

3.63 

4.1 I 

3.12 

0.225 

0.114 

0.094 

0.212 

0.084 

0.217 

0.086 

0.201 

0.089 

0.652 

(2.609 
- 

0.663 

0.204 

0.180 

0.219 

0.729 

0.576 

0.599 

0.702 

0.619 

0.711 

0.608 

0.681 

0.616 

5.51 

5.54 
- 

5.43 

0.691 

0.667 

0.718 

4.006 

5.02 

5.63 

4.07 

4.22 

4.02 

4.25 

4.09 

4.20 

0.233 

0.233 

0.233 

4.03 

4.209 

4.067 

0.307 

0.259 

0.233 

0.310 

0.310 

0.310 

0.313 

0313 

0.313 

4.301 

4.301 
- 

4.301 

0-313 

0.306 

0.307 

3-259 

0-161 

0.162 I 
i 

0.164 1 

0.222 

3.8530.179 

3-226 

3.226 

3-2260-221 

3.197 

3.197 

3-197 

0.217 

0.211 

0.208 

0.216 

0.21 1 

3.197 

3.272 

3.259 

0.220 

0.209 

0.217 

4-301 0.159 







APPENDIX E 

ANALOG COMPUTER SIMULATION OF VEHICLE RESPONSE TO 
STEP-STEER1 NG INPUTS 

E .1 Mathemat ica l  Model Used 

A f ou r -deg ree -o f - f reedom model was used i n  t h i s  s i m u l a t i o n  

s t u d y .  The f o u r  degrees o f  freedom were: 

1  ) yaw r a t e ,  r 

2 )  r o l l  ang le ,  4 
3 )  l a t e r a l  v e l o c i t y ,  v  

4 )  wheel a n g l e  ( f r o n t  whee l ) ,  6 f  

Note: The assumpt ion  o f  a  c o m p l i a n t  s t e e r i n g  system i n t r o d u c e d  t h e  

f o u r t h  degree o f  freedom (wheel ang le ,  a f ) .  

The d i f f e r e n t i a l  equa t i ons  o f  m o t i o n  a r e :  

1 )  Yaw Equa t i on :  

2 )  R o l l  Equat ion :  

3 )  L a t e r a l  Vel o c i  t y -S ides1  i p Re1 a t i  ons h i  p: 

4 )  S t e e r i n g  System: 



The c o n s t r a i n t  f o r c e s  a c t i n g  on t h e  system a r e  t h e  l a t e r a l  

f o r c e s  genera ted  a t  t h e  t i r e - r o a d  i n t e r f a c e  and a r e  g i v e n  by t h e  

f o l  l o w i  ng equa t i ons ,  

E , 2  D e f i n i t i o n  o f  Symbols Used i n  t h e  Above Equat ions  

V e h i c l  e  Parameters: 

s  S t e e r i n g  system s t i f f n e s s  

I s  S t e e r i n g  system mass moment o f  i n e r t i a  

g  
S t e e r i n g  gea r  r a t i o  

'FS Coloumb f r i c t i o n  i n  s t e e r i n g  system 

Cs Viscous damping i n  s t e e r i n g  system 

pf 
Pneumatic t r a i l  o f  f r o n t  t i r e s  

'rnf Mechanical  t r a i l  of f r o n t  t i r e s  

I V e h i c l e  yaw moment o f  i n e r t i a  
Z Z ~  

I 
X S 

V e h i c l e  r o l l  moment of i n e r t i a  

R o l l  v i scous  damping o f  sprung mass 

K4 
R o l l  s t i f f n e s s  

muf F r o n t  unsprung mass 

Rear unsprung mass 

s  Sprung mass 

m  T o t a l  v e h i c l e  mass 



K f r s  

K 
r r s  

K  
Y 4 

S p r u n g  mass c.g. 

/Ro l l  ax is  

Rear  F r o n t  

D i s t a n c e  o f  t o t a l  v e h i c l e  c.g.  f r o m  f r o n t  a x l e  

D i s t a n c e  o f  t o t a l  v e h i c l e  c .g ,  from r e a r  a x l e  

D is tance  o f  sprung mass c.g.  f r o m  t o t a l  v e h i c l e  c .g .  

F r o n t  t i r e  c o r n e r i n g  s t i f f n e s s  ( o f  2 f r o n t  t i r e s )  

Rear t i r e  c o r n e r i n g  s t i f f n e s s  (o f  2 r e a r  t i r e s )  

F r o n t  camber s t i f f n e s s  

A1 i g n i n g  t o r q u e  o f  f r o n t  t i r e s  

A1 i g n i n g  t o r q u e  o f  r e a r  t i r e s  

F r o n t  r o l l  s t e e r  

Rear r o l l  s t e e r  

Camber/ u n i  t r o l l  

V a r i a b l e s :  

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

6f F r o n t  wheel a n g l e  

f F r o n t  l a t e r a l  t i r e  f o r c e  

r Rear l a t e r a l  t i r e  f o r c e  

r Yaw r a t e  



P R o l l  r a t e  ( p  = 4) 
4 R o l l  a n g l e  o f  sprung mass 

A F r o n t  unsprung mass 1 a t e r a l  acce l  e r a  t i  on '' f ( A  = i + u r  + a;) 
Y  f 

A Rear unsprung mass l a t e r a l  a c c e l e r a t i o n  
Y r ( A  = i + u r  - b;) 

r 
u  Forward v e l o c i t y  ( t h i s  i s  a c o n s t a n t  v e l o c i t y  model . 

'u" i s  a  parameter o f  t h e  s i m u l a t i o n )  

v  L a t e r a l  v e l o c i  t y  

F i g u r e  E.1 shows t h e  analog c i r c u i t  d iagram and t h e  d i f f e r e n t i a l  

e q u a t i o n s  o f  mo t ion .  

E .  3 V e h i c l e s  Chosen f o r  S i m u l a t i o n  

S i m u l a t i o n s  were c a r r i e d  o u t  f o r  two v e h i c l e s :  

1 )  Ford  P i n t o  [Su bcompact] 

2 )  Plymouth Fu ry  [ I n t e r m e d i a t e ]  

F i v e  s i m u l a t i o n s  were c a r r i e d  o u t  on  each o f  t h e  veh ic les- the f i v e  

cases be ing :  

1  ) Basel i n e  model - c a r  equ ipped w i t h  manual s t e e r i n g ,  . 
b i a s  t i r e s ,  and w i t h o u t  s t a b i l i z i n g  b a r  

2 )  Wi th  s t a b i l i z e r  - w i t h  a d d i t i o n  o f  f r o n t  s t a b i l i z e r  
f o r  P i n t o  and a d d i t i o n  of  r e a r  s t a b i l i z e r  f o r  

Fury  

3 )  W i t h  power s t e e r i n g  

4 )  W i th  r a d i a l  t i r e s  

5 )  W i t h  s t a b i l  i z e r ,  power s t e e r i n g ,  and r a d i a l  t i r e s  



Steering System 

Roll Equat~on 
F i g u r e  E . 1 .  Ana log  c i r c u i t  d i a g r a m .  

1 3 5  



v-slide s l i p  
-- - - - - - - - -- -- - - - - -- 

( a -  x D t ) O  4mg 

1 z z t  f m a x  

1.. b i ~ ~ t r m a x  / 

Yaw Equa t i on  

Slip Angle & Lateral  Force 

i ipure  E . 1  ( C o n t . )  



Tab le  1  and Tab le  3 c o n t a i n  t h e  parameters used i n  t h e  s i m u l a -  

t i o n  of t h e  Fu ry  and P i n t o ,  r e s p e c t i v e l y ,  w h i l e  Tab le  2 and T a b l e  4 

c o n t a i n  t h e  va lues  o f  c o e f f i c i e n t s  f o r  t h e  analog computer s e t u p .  

E.4 R e s u l t s  

The s t e a d y - s t a t e  yaw r a t e  g a i n s  a t  50 mph fo rward  v e l o c i t y  

were  found t o  be: 



P l y m o u t h  Fury  
--- 

2. Wi th  rear 
$!a b i l ~ z e r  

3 = Power s teer ing - ". 
4 = Radial  tires 

GR78 x15 

5 = Power s teer ing,  
rear  stabilizer, 8 
~ o d i a  i t i  re s 

$ /a ides  esf imated 
based  on Pinto 
,jc' .l ' u. 



- 
U $ Q )  
$ u \ * ci a TJ 

(5, 
,bI \ 0 - 2  a t :  ;I z 
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C .- . c - Q) o T 0 -  e r- 
L 

L.!* Q) Q La, , d o ,  0 2 a f n a  
'0 0 0  + L n  
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V, 
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I- 
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i5; a K U  o L L  F ~ o o  X *  o o  K g  o 0 o E 
1 I, I, 11 

0 
I I - E E  E E  E L E - E  2 E 
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T a b l e  E.3 

P i n t o  

N O T E S :  

I = Basel  i ne 

2 =  With f r o n t  
stabi l izer 

3 =  Power steer inc 

4: Radial t i res 

5 =  Power s teer ing  
f ront  stabilizer, 
radial t i r e s  









APPENDIX F 

CONSULTATION VISITS AND DEMONSTRATI ON 

T h i s  appendix documents ( 1 )  t h e  c o n s u l t a t i o n  v i s i t s  made t o  

v e h i c l  e  manu fac tu re rs  and ( 2 )  t h e  "hands-on" demons t ra t i on  conducted 

a t  t h e  end o f  t h e  program. 

The t h r e e  consu l  t a t i o n  v i s i t s  were conducted i n  t h e  f o l l o w i n g  

manner. F i r s t ,  HSRI e x p l a i n e d  t h e  e lements o f  t h e  p r o j e c t .  Then, 

i n d u s t r y  personnel  p resented t h e i r  genera l  v i ews .  And, f i n a l l y ,  a  

q u e s t i o n  and answer d i s c u s s i o n  t o o k  p lace .  The meet ings  were conducted 

i n f o r m a l l y  and no fo rma l  s ta tements  were s o l i c i t e d  f r o m  i n d u s t r y  

pe rsonne l .  

The f i r s t  consu l  t a t i o n  v i s i t  was made on  June 7, 1977, t o  

General Motors  C o r p o r a t i o n  P r o v i n g  Grounds i n  M i l f o r d ,  M ich igan .  

The a t tendees  from General Motors  were: 

R. Humphries 

R .  Rasmussen 

T. Bundorf 

R .  R i e f e  

S .  Anderson 

The second consu l  t a t i o n  v i s i t  was made on June 10, 1977, t o  

t h e  C h r y s l e r  Eng inee r ing  O f f i c e s  i n  H i g h l a n d  Park ,  M i c h i g a n .  The 

a t tendees  f rom C h r y s l e r  were: 

C .  Kennedy 

E .  Kramer 

M .  Agar 

The t h i r d  consu l  t a t i o n  v i s i t  was made on August  19, 1977, t o  

t h e  Ford Motor  Company Headquar ters  i n  Dearborn,  M ich igan .  Those i n  

a t tendance i n c l  uded: 



L .  Forbes 

E.  Farber  

W .  Bergman 

T. R ichardson 

P. Schuba 

R .  Freeman 

A .  Anderson 

S .  Chiang 

A demons t ra t i  on, p r o v i  d i  ng t h e  a t tendees t h e  o p p o r t u n i t y  t o  

d r i v e  m o d i f i e d  and unmodi f ied v e r s i o n s  o f  1977 models o f  t h e  P i n t o ,  

Sky la rk ,  and Fury,  was h e l d  on August 31, 1977, a t  t h e  C h r y s l e r  

P r o v i n g  Grounds i n  Chelsea, Mich igan.  Expe r t  d r i v e r s  f r o m  General 

Motors,  Ford,  and C h r y s l e r  were i n  a t tendance a t  t h e  demons t ra t i on .  

I n  a d d i t i o n  t o  H S R I  personne l ,  t h e  f o l l o w i n g  peop le  a t tended  t h e  

demonst ra t ion :  

S tan Anderson 

D ick  R ie fe  

Roy Nagel 

B r i a n  Repa 

R icha rd  Rasmussen 

David A. F inch  

George Yee 

Edward G. Kramer 

F r a n c i s  DiLorenzo 

Shang-1 i Chiang 

Saginaw S t e e r i n g  Gear, GM 

Saginaw S t e e r i n g  Gear, GM 

GM Env i ronmenta l  A c t i v i t i e s  S t a f f  

GM Research Labs 

GM P r o v i n g  Ground 

Modern Eng inee r ing  S e r v i c e  Company 

F o r d  Mo to r  Company 

Chrys l  e r  

NHTSA/CARD 

F o r d  Motor  Company 

The schedule f o r  t h e  demons t ra t i on  was as f o l l o w s :  



STEER1 NG CONTROLLABILITY CHARACTERISTICS 
( P r o j e c t  No. DOT-HS-6-01409) 

SCHEDULE FOR AUGUST 31 , 1977 

(HSRI) Welcome and I n t r o d u c t i o n  o f  C o n t r a c t  
Techn ica l  Manager 

D e s c r i p t i o n  o f  t h e  P r o j e c t  and t h e  
Format o f  t h e  Demonst ra t ion  

Leave f o r  C h r y s l e r  P r o v i n g  Grounds i n  
Vans Prov ided by U n i v e r s i t y  of M ich igan  

A r r i v e  a t  Tes t  Area f o r  E x p l a n a t i o n  and 
Demonstrat ion o f  Equipment 

P i c n i c  Lunch 

Designated D r i v e r s  T r y  t h e  Cars 

Other  D r i v e r s  T r y  t h e  Cars 

Vans Depart  Chrys l  e r  P r o v i n g  Grounds 
f o r  HSRI 

A r r i v e  Back a t  HSRI - P a r t i c i p a n t s  
Depar t  i n  T h e i r  Cars 





A P P E N D I X  G 

SAMPLE TEST DATA 

T h i s  append i x  c o n t a i n s  sample t e s t  d a t a  r e p r e s e n t a t i v e  o f  

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

on m a g n e t i c  t a p e .  



s t e e r  Angle  OO-dr-rl-+J&F 

R a t e  

Steer 
Torque 
(in.-lbs.) 

DR IVER COURSE - FORD PINTO- UNMODIFED 



Steer O0 
Ang le  

- - . - . - - . . . - - - . a . . . . . . . . - . . . . . . . .- . . a -. -. . . . - . - 
- . - . - . - - . - , . -. . - . - - . - . -. - . . .. 

R a t e  . .. . -. -. . 

DR IVER COURSE - F O R D  P I N T O -  M O D I F I E D  



.- ---- 
10 O/sec 

Yaw - -  - 

R a t e  -- . - -  

30' ---- ---  

- 
10°/sec ----- 

Yaw 
R a t e  

. - -  
---- 

UNMODI F lED 

Ang le  - -A*- 

-30' -------------- - 
steer - -- -. -- - . 

MODIF IED  

D R I V E R  COURSE - BUlCK SKYLAR K 

1 5 2  



steer Angle OAT-+ 

UNMODIFIED 

Yaw 
Ra te  

s t e e r  A n g l e  o.-.,L&-- fi{L 

MODIFIED 

Y a w  
Ra te  

- 10°/sec - - - - -  ---- 

D R I V E R  COURSE - PLYMOUTH FURY 



S t e e r  
A n g l e  O- -1- - --. - - -- 

Y a w  0 2 . .  - - . - - -  
R a t e  - - . - . . . 

S T E P - S T E E R  TEST - BUlCK SKYLARK-  MODIFIED 

A n g l e  

Y a w  
R a t e  

P U L S E - S T E E R  T E S T  - BUlCK S K Y L A R K -  UNMODIFIED 


