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R I D E  AND HANDLING ANALYSIS OF TJdE 
AM GENERAL TRANSBUS I 

1.. 0 INTRODUCTION 

The o b j e c t i v e s  and s t a t u s  of AM Genera l ' s  r i d e  and h a n d l i n g  

a n a l y s i s  a r e  o u t l i n e d  below. These i tems a r e  fo l lowed by a 

d i s c u s s i o n  of  r i d e  and handl ing  performance measures a p p l i c a b l e  

t o  t h e  motor coach. I n  p a r t i c u l a r ,  t h e  l i m i t  maneuver p e r f o r -  

mance measures c i t e d  i n  t h e  AM General  Transbus Subcon t rac t  a r e  

reviewed w i t h  r e s p e c t  t o  t h e i r  i n t e r p r e t a t i o n  and v a l i d i t y  a s  

i n d i c a t o r s  of  p r e - c r a s h  s a f e t y  q u a l i t y .  Fol lowing t h i s  d i s -  

c u s s i o n ,  an example s e t  of c a l c u l a t i o n s  a re  p r e s e n t e d  t o  i n d i c a t e  

t h e  b r a k i n g  performance and t h e  d i r e c t i o n a l  s t a t i c  margin t h a t  

can  be achieved  by a  motor coach possessi .ng t h e  running  g e a r  and 

suspens ion  l a y o u t  p r o j e c t e d  f o r  t h e  Transbus.  The c h a l l e n g e  

invo lved  i n  making q u a n t i t a t i v e  p r e d i c t i o n s  o f  r i d e  qua1it:y 

(as  a  means of a s s e s s i n g  t h e  r i d e  performance of t h e  Transbus a s  

compared w i t h  t h a t  of a  passenger  v e h i c l e )  i s  t h e n  examined. 

The b rak ing  and handl ing  computer s i m u l a t i o n  i n  e x i s t e n c e  

a t  t h e  Highway S a f e t y  Research I n s t i t u t e  (HSRI) i s  d e s c r i b e d  

w i t h  r e s p e c t  t o  i t s  a p p l i c a b i l i t y  t o  per forming t h e  a n a l y s e s  

r e q u i r e d  f o r  t h i s  program. A second purpose of  t h i s  d e s c r i p t i o n  

i s  t o  emphasize t h a t  a  l a r g e  number of  des ign  d e t a i l s  must be 

known i n  o r d e r  t o  o b t a i n ,  o r  o the rwise  e s t i m a t e ,  t h e  parameter  

d a t a  r e q u i r e d  t o  p r e d i c t  t h e  b r a k i n g ,  r i d e ,  and h a n d l i n g  p e r f o r -  

mance of  a  motor coach. This document i s  concluded by summarizing 

t h e  a n a l y t i c a l  work t h a t  w i l l  be  conducted upon f i n a l i z a t i o n  of 

t h e  des ign .  



2 . 0  OBJECTIVE 1 

The development of a  motor coach t h a t  i s  responsive  t o  t h e  

needs of p resen t -day  urban co rnun i t i e s  r e q u i r e s  t h a t  every e f f o r t  

be made t o  i n s u r e  t h a t  s a f e t y  l e v e l s  (as determined by braking 

and s t e e r i n g  performance) a r e  n o t  unduly compromised by t h e  

companion goal  of a t t r a c t i n g  r i d e r s h i p  through the  p rov i s i on  of  

r i d e  comfort l e v e l s  t h a t  a r e  exh ib i t ed  by t he  pe rsona l  automobile.  

To t h i s  end, A31 General w i l l  employ veh i c l e  dynamic a n a l y s i s  t o o l s  

as  a  means of  monitoring and modifying t he  design p roce s s .  

Given t h a t  t h e  motor coach under des ign does no t  r ep r e sen t  

= sen t s  a gradual  evo lu t ion  from previous  designs bu t  i n s t e a d  r ep rc  

an innova t ive  depar tu re  from t r a d i t i o n a l  design p r a c t i c e ,  i t  i s  

important  t h a t  analyses  be employed t o  p r e d i c t  t he  performance 

t h a t  w i l l  be achieved.  In c e r t a i n  i n s t a n c e s ,  where performance 

s t andards  have been promulgated by t h e  National  Highway T r a f f i c  

Safe ty  A d m i ~ i s  t r a t i o n  f o r  reasons  of upgrading highway s a f e t y ,  

t h e  o b j e c t i v e  of  a n a l y s i s  w i l l  be t h a t  of i n su r ing  t h a t  t h e  

completed coach w i l l  comply wi th  t h e  s t anda rds .  In  those  cases 

where performance s tandards  have y e t  t o  be developed, e . g . ,  

handl ing,  t h e  o b j e c t i v e  o f  a n a l y s i s  i s  t o  i n su re  t h a t  performance 

w i l l  be achieved which can be judged adequate i n  comparison wi th  

t h e  performance exh ib i t ed  by contemporary v e h i c l e s .  In e i t h e r  

even t ,  i t  i s  h igh ly  de s i r ab l e  t h a t  performance p r e d i c t i o n s  be 

made p r i o r  t o  t e s t i n g  t h e  p ro to type  as  a  means of determining the  

e x t e n t  t o  which design ob j ec t i ve s  have been achieved. 



3.0 STATUS 

For r easons  t h a t  a r e  c l e a r l y  e s t a b l i s h e d  i n  t h e  fo l lowing  

t e c h n i c a l  d i s c u s s i o n ,  General c a n n o t ,  a t  t h i s  t ime,  make 

q u a n t i t a t i v e  e s t i m a t e s  of t h e  r i d e  and hand l ing  performance of  

t h e  Transbus i n  terms of t h e  s p e c i f i c a t i o n s  s e t  down i n  Subcon t rac t  

9 0 7 3 - 0 5 4 .  Although we a r e  i n  a  p o s i t i o n  t o  know t h a t  ou r  des ign  

judgments and t r a d e o f f s  w i l l  produce a motor coach t h a t  w i l l  r i d e  

and maneuver i n  a  s a t i s f a c t o r y  manner, i t  w i l l  be  necessa ry  t o  

o b t a i n  (and/or  de termine)  t h e  mechanical  p r o p e r t i e s  of t h e  

s e l e c t e d  t i r e  b e f o r e  i t  s h a l l  be p o s s i b l e  t o  p r e d i c t ,  i n  q u a n t i -  

t a t i v e  t e rms ,  r i d e ,  hand l ing ,  and b rak ing  performance,  e i t h e r  i n  

t h e  nominal o r  l i m i t  performance regime.  With r e s p e c t  t o  t h e  

l a t t e r  performance regime, performance p r e d i c t i o n  i s  most l d i f f i -  

c u l t .  F u r t h e r ,  l i m i t  maneuver performance p r e d i c t i o n  methods 

have y e t  t o  be reduced t o  a  s t a t e  where i t  i s  a  r o u t i n e  o p e r a t i o n  

f o r  a motor v e h i c l e  manufac turer  t o  per form such c a l c u l a t i o n s .  

The a c t u a l  s t a t e  o f  a f f a i r s  i s  one wherein p r e s e n t - d a y  motor 

v e h i c l e  technology does n o t  i n c l u d e  t h e  means f o r  r o u t i n e l y  

p r e d i c t i n g  and measuring a  v a r i e t y  of  l i m i t  maneuver performance 

measures .  Accordingly ,  AM General  approaches t h i s  t a s k  w i t h  due 

r e c o g n i t i o n  of  i t s  advanced n a t u r e  and w i l l  u t i l i z e  t h e  e x p e r t i s e  

of  HSRI t o  p r e d i c t  a s  many nominal and l i m i t  performance measures 

a s  i s  r e a s o n a b l e  w i t h i n  t h e  p r o j e c t  budget  c o n s t r a i n t s  t h a t  

p r e v a i l .  



4.0  TECHNICAL D I S C U S S I O N  i 

4 . 1  LIMIT MANEUVER MEASURES APPLIED TO THE MOTOR COACH 

Measures have been developed,  f o r  a p p l i c a t i o n  t o  passenger  

v e h i c l e s ,  which i n t e n d  t o  a s s e s s  t h e  s o - c a l l e d  l i m i t  performance 
1 of t h e  motor c a r  . These measurement procedures  a r e  based upon 

t h e  hypo thes i s  t h a t  t h e  performance of t h e  v e h i c l e  n e a r  t h e  

l imits o f  i t s  t i r e - r o a d  s h e a r  f o r c e  p o t e n t i a l  c o n s t i t u t e s  a f i r s t -  

o r d e r  de terminant  of t h e  v e h i c l e ' s  a c c i d e n t  avoidance c a p a b i l i t y .  

The developed methodology examines t h e  v e h i c l e  a s  an open-loop 

, system, by which t h e  response  t o  s p e c i f i c  c o n t r o l  o r  d i s t u r b a n c e  

i n p u t s  i s  viewed i n  terms of t h e  performance l i m i t a t i o n  and 

c o n t r o l  c h a l l e n g e  t h a t  would l i k e l y  be imposed on a d r i v e r ,  i f  he 

were t o  a t t e m p t  t o  c l o s e  t h e  loop .  As t h e  s e v e r i t y  of t h e  c o n t r o l  

i n p u t s  o r  e x t e r n a l  d i s t u r b a n c e s  a r e  i n c r e a s e d ,  t h e  t i r e - v e h i c l e  

system approaches a  c o n d i t i o n  o f  s e r i o u s l y  degraded c o n t r o Z l a b i l i t y  

c h a r a c t e r i z e d  by t h e  s h e a r  f o r c e  s a t u r a t i o n  of t h e  pneumatic t i r e  

a t  l a r g e  v a l u e s  of b rak ing  and/or  c o r n e r i n g  s l i p .  As t h i s  

s a t u r a t i o n  regime i s  encountered ,  t h e  p o t e n t i a l  f o r  l o s s  o f  

c o n t r o l  r i s e s  markedly due t o  t h e  obvious impotence of t h e  s t e e r  

and brake  c o n t r o l  e lements .  

In  t h e  case  of  t h e  passenger  v e h i c l e ,  t h e  a r e a s  of  limit 

performance o u t l i n e d  i n  t h e  s u b j e c t  c o n t r a c t  have been developed 

and even somewhat r e f i n e d .  Although i t  i s  now p o s s i b l e  t o  perform 

a b a t t e r y  of  l i m i t  maneuvers on t h e  passenger  c a r ,  o b t a i n i n g  a  

f a i r l y  comprehensive assessment  of  i t s  performance,  t h e  a c c u r a t e  

p r e d i c t i o n  of  a given v e h i c l e ' s  r e sponses  i s  n o t  r o u t i n e l y  

achieved .  T h e  inadequacies  of l i m i t  r esponse  p r e d i c t i o n  c a p a b i l i t y  

r e s t  p r i n c i p a l l y  i n  t h e  a r e a  of t i r e  r e p r e s e n t a t i o n .  Reasonable 

' ~ u ~ o f f ,  H . ,  E rv in ,  R.D., and S e g e l ,  L . ,  "Vehicle Handling T e s t  
P rocedures , "  F i n a l  Repor t ,  Con t rac t  FH-11-7297, Xovember 1970. 



p r e d i c t i o n s  a r e  u t t e r l y  imposs ib le  wi thou t  an a c c u r a t e  cha rac -  

t e r i z a t i o n  of t h e  e n t i r e  t r a c t i o n  f i e l d  of  t h e  t i r e ,  spanning  

t h e  complete range of  v e r t i c a l  l o a d s ,  l o n g i t u d i n a l  s l i p ,  and 

c o r n e r i n g  s l i p  a s  i s  exper ienced  i n  l i m i t  t u r n i n g  and b r a k i n g .  

Expanding t h i s  d isc .uss ion ,  now, t o  t h e  motor coach,  i t  i s  

apparent  t h a t  a l l  o f  t h e  l i m i t a t i o n s  of  t h e  passenger  c a r  l i m i t  

performance technol.ogy apply  i.n a d d i t i o n  t o  c e r t a i n  o t h e r  f a c t o r s  

which d e r i v e  from s p e c i f i c  des ign  p r o p e r t i e s  of t h e  motor coach,  

a s  a  b reed .  Although t h e  AM Generai  bus w i l l  e x h i b i t  a  s u b s t a n -  

t i a l  improvement i n  r o l l  s t a b i l i t y ,  i n  cornparison t o  c u r r e n t  

buses ,  i t s  s t a t i c  c.g, h e i g h t / t r a c k  width  r e l a t i o n  w i l l  s t i l l  

' p u t  i t  i n  a  c l a s s  s i g n i f i c a n t l y  removed from t h e  passenger  

v e h i c l e  (F ig .  1 ) .  As a  r e s u l t ,  i t  i s  q u i t e  l i k e l y  t h a t  l i i n i t  

t u r n i n g  performance on a h i g h  c o e f f i c i e n t  s u r f a c e  may n o t  1 ~ e  a  

v a l i d  concep t ,  a s  t h e  v e h i c l e  l i k e l y  e x h i b i t s  a  r o l l  r e sponse  

l i m i t  r a t h e r  t h a n  a  yaw response  l i m i t .  I f  a  r o l l  r e sponse  l i m i t  

i s  produced i n  a  s t e p - s t e e r  maneuver, t h e  concept  of  a  d r a s t i c  

s t e e r  and brake  maneuveff becomes moot, s i n c e  t h i s  l a t t e r  measure 

i s  des igned t o  examine r o l l o v e r  p o t e n t i a l  i n  a  s e v e r i t y  regime 

beyond t h a t  a t t a i n a b l e  through s t e e r i n g  i n p u t s  a l o n e .  

The p r e d i c t i o n  of l i m i t  r esponse  of  t h e  motor coach,  more- 

a v e r ,  becomes more d i f f i c u l t  and more demanding of adequate  t i r e  

performance d a t a  because of t h e  same c . g .  h e i g h t / t r a c k  width  

c h a r a c t e r i s t i c .  Even .in a  s t e a d y - s t a t e  t u r n ,  t h e  AM General  

bus w i l l  have t r a n s f e r r e d  i t s  f u l l  weight  t o  t h e  o u t s i d e  t i r e s  a t  

a l a t e r a l  a c c e l e r a t i o n  n e a r  0 . 9 g .  Under dynamic c o n d i t i o n s ,  

e s p e c i a l l y  i n  t h e  p rox imi ty  o f  bump s t o p s ,  t h e  v e r t i c a l  l o a d s  a t  

t h e  o u t s i d e  t i r e s  can s u b s t a n t i a l l y  exceed t h e  v e h i c l e ' s  we igh t ,  

t h u s  imposing t h e  need f o r  t i r e  performance d a t a  ove r  a  tremendous 

v e r t i c a l  l o a d  r ange ,  and f a r  exceeding r a t e d  l o a d .  



* 
T / 2  TRACK W I D T H / 2  



The suspens ion  des ign  f a c t o r  t h a t  i s  of  f i r s t - o r d e r  impor- 

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

d i s t r i . b u t i o n ,  t h e  p r o p e r t y  t h a t  de termines  t h e  r e d i s t r i b u t i o n  

of v e r t i c a l  l o a d  among i n s i d e  and o u t s i d e  t i r e s  i n  a  t u r n .  As 

t h e  o u t s i d e  t i r e s  become over loaded d i f f e r e n t i a l l y  i n  t h e  f r o n t  

r e l a t i v e  t o  t h e  r e a r ,  a  l i m i t  yawing c o n d i t i o n  (of e i t h e r  ,the 

s p i n  o r  d r i f t  v a r i e t y )  v r i l l  p r e v a i l .  Accordingly ,  t h e  p r e d i c t i o n  

o f  l i m i t  t u r n i n g  performance r e q u i r e s  an a c c u r a t e  d e t e r m i n a t i o n  

of  r o l l  s t i f f n e s s  a s  d i s t r i b u t e d  among t h e  v a r i o u s  a x l e s .  

In  a d d i t i o n  t o  t h e  more obvious de te rminan t s  of l i m i t  

maneuver performance ( i . e . ,  c.g. p o s i t i o n ,  t i r e  p r o p e r t i e s ,  r o l l  

. s t i f f n e s s  di.st .r ibut. i .on) , a  h o s t  of  suspensi.on compliance and 

k inemat i c  f a c t o r s  a r e  s i g n i f i c a n t  and must be  a v a i l a b l e  t o  c a r r y  

o u t  a  p r e d i c t i v e  t a s k .  These pa ramete r s  a r e  summarized i n  

S e c t i o n  5 . 0  o f  t h i s  document. 

The a c t u a l  conduct of  l i m i t  maneuver experiments  on motor 

coaches i s  wi thou t  p receden t  i n  t h e  t e c h n i c a l  l i t e r a t u r e .  Thus, 

no d i r e c t  expe r i ence  can be  c i t e d  t h a t  w i l l  p rov ide  i n s i g h t  i n t o  

t h e  a p p l i c a b i l i t y  of passenger  c a r  l i m i t  measurement methodology 

t o  t h e  bus .  S ince  t h e  p r e d i c t i v e  a n a l y s i s  must precede  t h e  

expe r imen ta l  a c t i v i t y ,  however, c e r t a i n  assumptions w i l l  be  

n e c e s s a r y  a s  t o  t h e  l i k e l y  procedure  format  t h a t  can be fo l lowed 

i n  l i m i t  r esponse  t e s t i n g  of t h e  motor coach.  

The s t r a i g h t - l i n e .  b rak ing  experiment  i s  s u f f i c i e n t l y  s t r a i g h t -  

forward t h a t  no d i f f i c u l t y  i s  a n t i c i p a t e d  i n  i t s  a p p l i c a t i o n .  

I n  experiments  i n v o l v i n g  roadho ld ing  i n  a  s t e a d y  tu rn , ,  c e r t a i n  

p r a c t i c a l  m a t t e r s  may be of concern .  S ince  t h e  passenger  v e h i c l e  

t e s t  t h a t  has  been developed u t i l i z e s  a  f i x e d  g r i d  of  d i s t u r b a n c e s ,  

o f  s p e c i f i e d  o v e r a l l  l e n g t h ,  t h e  v e h i c l e  must be p l a c e d  r a . the r  

a c c u r a t e l y  t o  cause  t h e  t r a j e c t o r y  t o  p r o p e r l y  i n t e r s e c t  t h e  road  

roughness cour se .  S ince  t h e  motor coach ve ry  l i k e l y  r e q u i r e s  



I 

more t i n e  t o  e s t a b l i s h  a. s t e a d y  t u r n  than  d o e s , a  passenger  

v e h i c l e ,  i t  may prove necessa ry  t o  modify t h e  e x i s t i n g  t e s t  p r o -  

cedure  i n  o r d e r  t o  e f f e c t  an a c c u r a t e  i n t e r s e c t i o n  of  t r a j e c -  

t o r y  w i t h  t h e  roughness cour se .  (Note t h a t  t h i s  problem i s  a  

unique f e a t u r e  of open-loop exper imen ta t ion ,  i n  which only t h e  

c o n t r o l  i n p u t s  a r e  s p e c i f i e d . )  

The s t e p - s t e e r  t e s t ,  as  d i s c u s s e d  above, w i l l  l i k e l y  ach ieve  

a  r o l l o v e r  l i m i t  on a h igh  c o e f f i c i e n t  s u r f a c e .  The passei iger  

c a r  procedure  could  probably be u t i l i z e d  d i r e c t l y  f o r  t h e  motor 

coach,  however, a s  long  as  t h i s  l i k e l i h o o d  i s  recognized  and 

measures a r e  t aken  t o  mechanica l ly  a r r e s t  r o l l o v e r  r e sponses  t o  

' p r e v e n t  i n j u r y  and d e s t r u c t i o n .  

A s i n u s o i d a l  s t e e r i n g  procedure  has been e x t e n s i v e l y  a p p l i e d  

t o  t h e  passenger  v e h i c l e ,  bu t  it i n v o l v e s  a  s i n g l e  r a t h e r  than  

a  double " l ane  change" a s  i s  s p e c i f i e d  i n  Subcon t rac t  9 0 7 3 - 0 5 4 .  

This  double lane-change  procedure  v a r i a t i o n  ( i n v o l v i n g  two 

r e p e t i t i v e  c y c l e s  of s i n u s o i d a l  s t e e r )  has  been examined f o r  

a p p l i c a t i o n  t o  t h e  passenger  c a r  under  work c a r r i e d  ou t  f o r  D O T  

and i t  has been determilied t h a t  t h e  a d d i t i o n  of  a  second s i n e  

wave s o  d i s t o r t s  t h e  concept o f  t h e  open-loop s i n e  s t e e r  measure 

n e a r  t h e  l i m i t  a s  t o  r ende r  i t  u n i n t e r p r e t a b l e .  Thus, i t  is  

sugges ted  t h a t  t h e  s i n g l e  s i n e  wave v e r s i o n  be s e l e c t e d  w i t h  

a t t e n t i o n  g iven  t o  o t h e r  b a s i c  changes from passenger  c a r  

methodology, such a s  n o r m a l i z a t i o n  of  t h e  i n p u t  wave t o  account  

f o r  g r o s s  d i f f e r e n c e s  i n  wheel b a s e  pa ramete r s  and yaw t r a n s i e n t  

r e sponse .  I t  i s  c l e a r  t h a t  t h e  two-second p e r i o d  wave used i n  

passenger  v e h i c l e  t e s t i n g  w i l l  be  t o o  b r i e f  f o r  e l i c i t i n g  l a n e -  

change l i k e  responses  from t h e  motor coach. 

F i n a l l y ,  t h e  d r a s t i c  s t e e r J b r a k e  maneuver i s  viewed a s  be ing  

i n a p p r o p r i a t e  f o r  a p p l i c a t i o n  t o  t h e  motor coach i f  i t  can be 

shown t h a t  a s i g n i f i c a n t  r o l l o v e r  p o t e n t i a l  e x i s t s  i n  r e sponse  



t o  s t e e r i n g  i npu t s  a lone .  I t  appears  t h a t  "braking i n  a  low- 

l e v e l  tu rn"  c o n s t i t u t e s  a  r easonab le  s u b s t i t u t e  measure i n  t h a t  

i t  provides  a  means f o r  a s s e s s ing  t h e  i n t e r a c t i o n  between . turning 

and b rak ing  a s  w i l l  occur whenever l i m i t  b rak ing  i s  demandled 

whi le  t r a c k i n g  a  curve .  

In  summary, t h e  a n a l y s i s  of t h e  l i m i t  maneuver behavior  of  

t h e  AP4 General motor coach r e q u i r e s  t h e  fo l lowing developments: 

1, A review of l i m i t  maneuver measurements and p r e -  

d i c t i o n  a s  has been developed f o r  t h e  passenger  

v e h i c l e .  

2 .  The s p e c i f i c a t i o n  of a  s e t  of measures s a t i s f y i n g  

t h e  ( 5 )  genera l  performance c a t e g o r i e s  as  i n d i -  

c a t e d  i n  t h e  s u b c o n t r a c t ,  such t h a t  due cognizance 

i s  g iven t o  t h e  s p e c i a l  des ign  p r o p e r t i e s  of t h e  

motor coach which sugges t  a  c o n f l i c t  w i th  e x i s t i n g  

passenger  c a r  measurement methodology. 

3 .  The de te rmina t ion  of parameters  c h a r a c t e r i z i n g  t h e  

t i r e / b u s  system such t h a t  p r e d i c t i o n s  of performance 

can be c a r r i e d  ou t .  

a) This de te rmina t ion  must n e c e s s a r i l y  i nc lude  t h e  

phys i ca l  measurement of t h e  t r a c t i o n  f i e l d  of 

t h e  s e l e c t e d  t i r e .  I t  i s  planned t h a t  t h i s  be 

done, as  t i r e s  become a v a i l a b l e ,  on HSRI's 

F l a t  Bed T i r e  T e s t e r .  

b )  Suspension kinemat ic  and compliant parameters  

w i l l  be measured, c a l c u l a t e d ,  o r  e s t ima t ed ,  as  

necessa ry  t o  complete t h e  l i s t  g iven i n  

Sec t ion  5 . 0 .  



4 .  The execut ion of t h e  v e h i c l e  s imu la t i on  a c t i v i t y ,  

such t h a t  responses w i l l  be determined cover ing 

t h e  range o f  performance, as w i l l  be i n v e s t i g a t e d  

wi th  t he  s p e c i f i e d  t e s t s .  

I t  must be recognized t h a t ,  a l though t h i s  l a t t e r  e x e r c i s e  

can be performed, t h e  r e s u l t i n g  p r e d i c t i o n s  may no t  y i e l d  ,a high 

l e v e l  of agreement wi th  experiment.  Whereas e x c e l l e n t  agree -  

ment can be expected i n  t h e  l i n e a r  ope ra t i ona l  range,  give:n 

accura te  parameter  d a t a ,  t he  p r e d i c t i o n  o f  t h e  l i m i t  respo:nse 

of motor veh i c l e s  i s  f a r  more cha l l eng ing  and has  been met wi th  

only l i m i t e d  success ,  t o  d a t e ,  i n  e f f o r t s  made by HSRI and o t h e r s .  

4 . 2  BRAKING PERFORiiNNCE ANALYSIS 

In t h i s  s e c t i o n ,  a  procedure i s  desc r ibed  f o r  p r e d i c t i n g  

veh i c l e  braking performance based upon a minimal number of 

v e h i c l e ,  brake system, and t i r e - r o a d  i n t e r f a c e  parameters .  Using 

a v a i l a b l e  da t a  on t h e  AM General bus ,  an a n a l y s i s  was made o f  

t h e  braking performance of t h i s  v e h i c l e  and braking performance 

and braking e f f i c i e n c y  diagrams cons t ruc ted .  

In  t he  a n a l y s i s ,  c a l c u l a t i o n s  were made t o  determine t h e  

c a p a b i l i t y  of t h e  brake system t o  d e c e l e r a t e  t h e  v e h i c l e  f o r  a  

given pedal  f o r c e  o r  brake l i n e  p r e s su re  i n p u t ,  and t h e  l e v e l  of 

t i r e - r o a d  i n t e r f a c e  friction requ i r ed  t o  prevent  wheel lock up on 

each ax l e .  Braking e f f i c i e n c y  was a l s o  c a l c u l a t e d ,  which i s  a  

measure o f  how we l l  t h e  veh ic le -b rake  system combination, on an 

ax le -by-ax le  b a s i s ,  takes  advantage of the  b rak ing  fo r ce s  

a v a i l a b l e  i n  t he  t i r e - r o a d  i n t e r f a c e .  



For t h i s  p r e l im ina ry  a n a l y s i s ,  HSRI was fu rn i shed  brake  l i n e  

p r e s su re -b r ake  to rque  curves f o r  s t o p s  from 2 0 ,  4 0 ,  50, and 

60 mph, which de f i ne s  t h e  brake  e f f e c t i v e n e s s  c h a r a c t e r i s t i c .  The 

60 mph curves a r e  reproduced i n  t h e  b rak ing  performance diagrams 

shown i n  Figures  2 and 3. To c a l c u l a t e  i n d i v i d u a l  wheel l o a d s ,  

brake f o r c e s ,  dece le ra t i .on ,  and f r i c t i o n  u t i l i z a t i o n  f o r  a given 

brake l i n e  p r e s s u r e ,  t h e  fo l lowing  assumptions were made: 

1. BRAKES. The brakes  on each a x l e  have t h e  same l i n e -  

p r e s su re  torque c h a r a c t e r i s t i c .  

2 .  TIRES. The t i r e s  have an unloaded r a d i u s  of  16.5", 

. and t h e  v e r t i c a l  s p r i n g  cons t an t  i s  4 1 0 0  l b / i n .  

3 .  SUSPENSION. The s p r i n g  cons t an t  measured a t  t h e  

wheel c e n t e r  a t  bo th  r e a r  a x l e s  i s  i d e n t i c a l ,  

4 ,  VEHICLE LOADING A i l  C . G .  HEIGHT. These parameters  a r e  

a s  de f ined  i n  t h e  fo l lowing  t a b l e :  

STATIC LOAD, LBS. 
nnll ,., C . G .  C . G .  DISTANCE 

LOADING KCHK HE I GHT FROM FRONT 
CONDITION FRONT LEADING TRAILING INCHES AXLE, INCHES 

Loaded 10,150 10,634 10,634 46.6 191.5 

To c a l c u l a t e  t h e  dynamic l oad  on t h e  f r o n t  a x l e ,  t h e  

fo l lowing equa t ion  was used:  



where 

Fz ,TOTAL REAR AXLES, STATIC 
'4J = W 

X = CENTER OF GRAVITY HEIGHT 
WI-IEEI, BASE 

W = Tota l  v e h i c l e  wei.ght 

k' 

a  = Vehicle d e c e l e r a t i o n  i n  g - u n i t s  = 
x , TOTJ4J.A - 

W 

- 3 

Fx,  TOTAL 
- Z Fxi ,  t h e  sum of t h e  brake fo rce s  on each ax l e  

i= 1 

where Fxi = brake torque d iv ided  by t he  e f f e c t i v e  t i r e  r a d i u s .  

The dynamic load  on each r e a r  ax l e  was c a l c u l a t e d  a t  each 

value  o f  brake l i n e  p re s su re  us ing :  

where 

= h o r i z o n t a l  d i s t ance  from c e n t e r  l i n e  of  

r e a r  a x l e  t o  c . g .  l o c a t i o n  

= h a l f  d i s t ance  between r e a r  ax les  

and s u b s c r i p t s  1, 2 ,  and 3 r e f e r  t o  f r o n t ,  l ead ing  r e a r ,  and 

t r a i l i n g  r e a r  a x l e s ,  r e s p e c t i v e l y .  



The r e q u i r e d  t i r e - r o a d  c o e f f i c i e n t  t o  p reven t  wheel l o c k  

up on each a x l e  was c a l c u l a t e d  a t  each v a l u e  o f  b rake  l i n e  

p r e s s u r e  by 

The b rak ing  e f f i c i e n c y  i s  given by t h e  fo l lowing  e x p r e s s i o n :  

R e s u l t s  o f  t h e  p r e l i m i n a r y  performance a n a l y s i s  a r e  g iven  

i n  F igures  2 ,  3 ,  and 4 ,  f o r  t h e  v e h i c l e  i n  t h e  empty and loaded  

c o n d i t i o n .  To determine t h e  b r a k i n g  performance p r e d i c t e d  a t  a  

given b rake  l i n e  p r e s s u r e ,  F igures  3 and 4 a r e  used a s  an example. 

Examination of F igure  3 shows t h a t  a  p r e s s u r e  of 1500 p s i  r e s u l t s  

i n  a  brake  to rque  p e r  a x l e  of s l i g h t l y  l e s s  than  104,000 i n c h - l b s . ,  

which i n  t u r n  r e s u l t s  i n  a  v e h i c l e  d e c e l e r a t i o n  of 0 .7g.  To 

achieve  t h i s  d e c e l e r a t i o n ,  t h e  f r o n t  a x l e  r e q u i r e s  a  t i r e - r o a d  

i n t e r f a c e  c o e f f i c i e n t  of 0 . 6 ,  t h e  l e a d i n g  r e a r  a x l e  a  c o e f f i c i e n t  

of 0 .74 ,  and t h e  t r a i l i n g  r e a r  a x l e  a c o e f f i c i e n t  of 0 .8 .  From 

t h e  curves  of  F igure  4 i t  can be de termined t h a t ,  i n  t h e  empty 

c o n d i t i o n ,  t h e  wheels on t h e  f r o n t  a x l e  of t h e  v e h i c l e  w i l l  l ock  

up f i r s t  f o r  s u r f a c e s  having a  t i r e - r o a d  c o e f f i c i e n t  of  0 .35 o r  

l e s s .  For s u r f a c e s  wi th  c o e f f i c i e n t s  h i g h e r  than  0 .35 ,  t h e  

t r a i l i n g  r e a r  a x l e  w i l l  l ock  up f i r s t .  I n  t h e  loaded c o n d i t i o n ,  

t h e  t r a i l i n g  r e a r  a x l e  t ends  t o  l o c k  up f i r s t  a t  c o e f f i c i e n t s  

of  0 . 1  and h i g h e r .  
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This  p r e l i m i n a r y  a n a l y s i s  g i v e s  a  f a i r l y  good i n s i g h t  i n t o  

t h e  b rak ing  performance of t h e  v e h i c l e  a s  measured by b rak ing  

e f f e c t i v e n e s s  and b rak ing  e f f i c i e n c y .  However, s i n c e  t h e  brake  

to rque  d i s t r i b u t i o n ,  t i r e  p r o p e r t i e s ,  and suspens ion  p r o p e r t i e s  

e n t e r  i n t o  t h e  ca l . cu la t ions ,  t h e  a n a l y s i s  should  be  r e p e a t e d  when 

t h e  des ign  v a l u e s  f o r  t h e s e  p r o p e r t i e s  a r e  f i n a l i z e d .  

4 . 3  EQUILIBRIUTvI TURNING ANALYSIS 

A p r e l i m i n a r y  a n a l y s i s  of t h e  s t e a d y  t u r n i n g  performa:nce of  

t h e  p r o j e c t e d  Transbus i s  p r e s e n t e d  i n  t h i s  s e c t i o n .  Tech:niques, 

which have been used t o  examine passenger  c a r  d i r e c t i o n a l  

perforniance 1 , 2 , 3  , a r e  rrlodified and extended t o  app ly  t o  t h e  3 -  

a x l e  bus .  F i r s t ,  t h e  n o n - r o l l i n g  v e h i c l e  i s  t r e a t e d  t o  de termine  

d i r e c t i o n a l  performance measures f o r  t h e  f u l l y  loaded ,  p a r t i a l l y  

loaded,  and empty bus a t  low l a t e r a l  a c c e l e r a t i o n  c o n d i t i o n s  which 

a r e  t y p i c a l  of normal d r i v i n g .  Then, t h e  i n f l u e n c e  of  v e h i c l e  

r o l l  upon t h o s e  suspens ion  c h a r a c t e r i s t i c s  which a r e  r e l a t e d  t o  

s t e a d y  t u r n i n g  performance a r e  d i s c u s s e d .  

4 .3 .1  SUhIMARY OF PRELIMINARY ANALYSIS. F igure  5 shows a  

s i m p l i f i e d  3 - a x l e  v e h i c l e  model which i s  s u i t a b l e  f o r  ana lyz ing  

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

l a t e r a l  f o r c e s .  The two wheels on each a x l e  a r e  t r e a t e d  a s  an 

e q u i v a l e n t  s i n g l e  wheel .  

' s ege l ,  L ,  "Theore t i ca l  P r e d i c t i o n  and Experimental  S u b s t a n t i a t i o n  
of t h e  Response of t h e  Automobile t o  S t e e r i n g  C o n t r 0 1 , ~ '  Proceedings 
of  I n s t i t u t i o n  of Mechanical Engineers  (Automobile D i v i s i o n ) ,  
1956-1957. 

2 ~ a c e j  ka ,  H . ,  "S impl i f i ed  Analys is  of S t e a d y - S t a t e  Turning Behavior 
o f  Motor V e h i c l e s , "  Automotive Design Eng inee r ing ,  London, 
( t o  be p u b l i s h e d ,  Sumner 1972) .  

3~~~~ S t a f f ,  "Plotor Vehic le  Performance - Measurement and 
P r e d i c t i o n , "  Univ. of bfich. Surnmer Conference Course,  1972, 
Lecture  I V B .  



FIGURE 5. SIMPLIFIED BUS MODEL 

The v e h i c l e  motion i n  t h e  h o r i z o n t a l  ground p lane  i s  

desc r ibed  by a  forward v e l o c i t y ,  u ,  a  l a t e r a l  v e l o c i t y ,  v ,  and 

a  yaw r a t e ,  r .  For smal l  f r o n t  wheel s t e e r  ang le ,  6 F ,  t h e  s i d e  

fo r ce  component of F i s  approximately equal  t o  F ( i ,  e ,  , 
YI Y L  

F Cos 6F - Fyl). 
y l  

If  i t  i s  assumed t h a t  adequate d r i ve  t h r u s t  

i s  provided t o  keep t h e  forward v e l o c i t y  cons tan t  (o r  changing 

very s l owly ) ,  then t he  equat ions  of motion become 

where m i s  t h e  mass of '  t h e  v e h i c l e  and IZ i s  t he  yaw moment of 

i n e r t i a .  

For a  s t e ady  t u r n  a t  smal l  s t e e r i n g  ang l e ,  v=r=O, U ~ V  and 

r R = V  where V i s  t h e  ve loc i t y  of v e h i c l e  and R i s  t h e  p a t h  r a d i u s .  



For a s teady  t u r n ,  Equations (5) and ( 6 )  become 

On assuming a  t u rn  r e s t r i c t e d  t o  small  values  of c e n t r i -  

p e t a l  a c c e l e r a t i o n ,  t he  s l i p  angles  a t  each t i r e  may be expressed 

as 

where B = v/u ,  t he  s i d e s l i p  angle  of the  veh i c l e .  (The modif i -  

c a t i ons  i n  t he se  angles  caused by the  in f luence  of r o l l  on 

suspension p r o p e r t i e s  w i l l  be d iscussed l a t e r . )  For s l i p  angles  

assumed t o  he  smal l ,  t he  t i r e  s i d e  fo rce s  a r e  given by 

where C u l ,  ' and C a 3  a r e  the  corner ing s t i f f n e s s e s  of both  

t i r e s  on t h e  ax les  l abe l ed  one, two, and t h r e e ,  r e s p e c t i v e l y .  

Solving ( 7 )  through (12)  f o r  t he  front-wheel  s t e e r  angle  

r equ i r ed  t o  fol low a given r ad ius  pa th  a t  a  given v e l o c i t y  y i e l d s :  



where f ib  i s  "an e q u i v a l e n t  wheel base  f o r  a  3 - a x l e  v e h i c l e "  and 

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

s t e e r  p o i n t .  Equat ions ( 7 )  through (12) y i e l d  t h e  f o l l o w i ~ l ~ g  

e x p r e s s i o n s  f p r  s and eb:  

s > 0 impl i e s  o v e r s t e e r  

s < 0 impl i e s  u n d e r s t e e r  

' a 3  (c -b)  (a-tb) + 

n 

Note t h a t  t h e  s t a t i c  margin,  a s  commonly d e f i n e d ,  i s  equa l  t o  

-slab.  

Equat ion (13) can be used t o  r e l a t e  p a t h  c u r v a t u r e ,  1 / R ,  

and c e n t r i p e t a l  a c c e l e r a t i o n ,  v2 
Kg' ( i n  g u n i t s )  t o  f r o n t  wheel 

a n g l e ,  6 F ,  viz; 



Note t h a t  Equation (16) can be used t o  p r e d i c t  s teady turni.ng 

performance of a motor veh i c l e  i n  constant  r ad ius ,  constant: 

v e l o c i t y ,  o r  constant  s t e e r  angle  t e s t s .  

F o r  t h i s  ana lys i s  i t  i s  convenient t o  def ine  an unders tee r /  

ove r s t ee r  c o e f f i c i e n t ,  uoc, a s :  

UOC = 
- (W l b s )  

1 bs 
('al 

where W i s  the  weight of the  v e h i c l e .  In  genera l ,  uoc i s  equal 

- t o  the  r a t e  of change of s t e e r  angle  wi th  c e n t r i p e t a l  a cce l e r a -  

t i o n .  On a  constant  rad ius  path  an i nc rea se  i n  v e l o c i t y  i s  

accompanied by an increase  i n  s t e e r  angle f o r  an unders tee r  

veh i c l e  and an i nc rea se  i n  v e l o c i t y  i s  accompanied by a  decrease 

i n  s t e e r  angle  f o r  an ove r s t ee r  veh i c l e .  

The s o l u t i o n  of Equations ( 7 )  through (12) f o r  veh i c l e  

s i d e s l i p  angle fi y i e l d s  

where 



( I t  may be n o t e d  t h a t  t h e  s o - c a l l e d  "damping-in-yaw" o r  "yaw 
7 

c,9' 
s t i f f n e s s "  i s  g iven  by . )  

I n  o r d e r  t o  p r e d i c t  t h e  s t e a d y  t u r n i n g  performance of  t h e  

Transbus ,  t i r e  c o r n e r i n g  s t i f f n e s s  d a t a  and t h e i r  dependence 

on l o a d  and i n f l a t i o n  p r e s s u r e  a r e  r e q u i r e d .  S ince  t h e  t i r e s  

t o  be  used  on t h i s  bus do n o t  e x i s t  a s  y e t ,  t h e  numer ica l  r e s u l t s  

p r e s e n t e d  below a r e  based on t h e  t i r e  p r o p e r t i e s  summarized i n  

F i g u r e  6 .  ( I t  shou ld  be no ted  t h a t  t h e s e  d a t a  were o b t a i n e d  

from t e s t s  performed on t r u c k  t i r e s . )  

EXAPIIPLE CALCULATIONS FOR A NON-ROLLING VEHICLE: 

Case 1: An almost  f u l l y  loaded  bus - 10,000 l b s  p e r  a x l e .  

The c .g .  l o c a t i o n  is  such t h a t  a  = 188", b = 72" ,  and 

c = 116". F i g u r e  6  shows t h a t  

The above e q u a t i o n s  y i e l d :  

uoc = 0  

Thus, t h e  f u l l y  loaded bus i s  n e u t r a l  s t e e r  ( n e g l e c t i n g  r o l l  

i n f l u e n c e s  on suspens ion  p r o p e r t i e s  which can be des igned t o  

make t h e  v e h i c l e  u n d e r s t e e r ) .  



2 aoo f ~ i 7 c i  .42;0 /ci i i ~ 3  
/ .it 

4& 

F I G U R E  6 .  CORNERING STIFFNESS Ibs /deg  
VS . 

LOAD I b s .  

If x 2 2 . 5  Truck T i r e  Load Range F 
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Case 2 :  Empty bus 

Fron t  a x l e :  6000 l b s  l oad  

Leading r e a r  a x l e :  7600 l b s  l oad  

T r a i l i n g  r e a r  a x l e :  7600 l b s  l oad  

The c . g .  l o c a t i o n  i s  such t h a t  a  = 202", b = 58", c = 102''. 

F i g u r e  6 shows t h a t  

The above equa t ions  p r e d i c t  t h a t  

s = 0.22'' (very s l i g h t l y  o v e r s t e e r )  

uoc = - 0 , 0 0 0 9  

Thus, t h e  empty bus i s  n e a r l y  n e u t r a l  s t e e r .  Note t h a t  t h e  t i r e  

corner ing  s t i f f n e s s  ve r su s  v e r t i c a l  l oad  c h a r a c t e r i s t i c  tends  

t o  compensate f o r  changes i n  c . g .  l o c a t i o n .  

Case 3: Extremely poor d i s t r i b u t i o n  of l oad  

Fron t  a x l e :  6,000 l b s  l oad  

Both r e a r  ax l e s :  10,000 l b s  l oad  



 he c .g .  l oca t i on  i s  such t h a t  a  = 2 1 S f t ,  b = 45", c = 8Qt1. 

Figure 6 shows t h a t :  

The above equat ions  p r e d i c t  t h a t  

s = 4 . 6 "  (overs tee r )  

uoc = - 0 . 0 1 5  r ad /g  

Thus, with a  l a r g e  load i n  the  r e a r  of t he  bus, and empty load 

on t he  f r o n t  a x l e ,  t he  veh i c l e  i s  moderately ove r s t ee r .  



SUMMARY OF SAMPLE CALCULATIONS 
FOR THE N O N - R O L L I N G  BUS 

Extremely 
F u l l y  Loaded Empty Poor Loading --- 

s ( inches )  0  0.22 4 . 6  

uoc ( rad /g)  0  -0.0009 -0.015 

6 F  i n  degrees  f o r  a 
200' r a d i u s  t u r n  a t  

30 mph 

4 . 3 . 2 '  INFLUENCE OF VEHICLE ROLL. The pr imary i n f l u e n c e s  

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

(1) t o  change t h e  s t e e r  ang le  of t h e  f r o n t  wheels  due t o  i n t e r -  

a c t i o n  between t h e  s t e e r i n g  and suspens ion  sys tem l i n k a g e s ,  

( 2 )  t o  change t h e  camber ang les  of  t h e  f r o n t  wheels w i t h  r e s p e c t  
t o  t h e  r o a d ,  and (3) t o  s t e e r  t h e  r e a r  a x l e s .  On i n c l u d i n g  t h e s e  

e f f e c t s  i n t o  Equat ions  ( 9 ) ,  ( l o ) ,  and ( l l ) ,  t h e  t i r e  s l i p  a n g l e  

e x p r e s s i o n s  can be  w r i t t e n  a s  



where 4 i s  t he  r o l l  angle  

6 = s t e e r i n g  wheel angle 
S W  

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

1 
= camber s t i f f n e s s  of t h e  f r o n t  t i r e s  

y = t h e  camber angle of t h e  f r o n t  wheels 

d 2  = r o l l  s t e e r  of t h e  second ax le  

63 = r o l l  s t e e r  of t he  t h i r d  a x l e .  

In t h e  p re sen t  des ign of t h e  AM General Transbus, t h e  

t r a i l i n g  arms used i n  t he  r e a r  suspensions a r e  n e a r l y  p a r a l l e l  

t o  the  ground and t o  t he  l o n g i t u d i n a l  a x i s  of t h e  v e h i c l e .  Thus 

on a  s i n g l e  r e a r  ax l e  as one wheel moves up i n  jounce and t h e  

o the r  moves down i n  rebound they both  move forward an equal  amount 

and, t o  f i r s t  o r d e r ,  t he  r o l l  s t e e r  of t h e  r e a r  ax l e  i s  zero .  



The camber f o r c e  from a r o l l i n g  t i r e  a c t s  i n  t h e  d i r e c t i o n  

i n  which t h e  t o p  o f  t h e  t i r e  i s  cambered. For  example, i n  an 

independent  f r o n t  suspens ion  w i t h  e q u a l  l e n g t h  h o r i z o n t a l  and 

p a r a l l e l  c o n t r o l  arms, t h e  camber a n g l e  w i t h  r e s p e c t  t o  t h e  

ground i s  e q u a l  t o  t h e  r o l l  a n g l e  of  t h e  v e h i c l e .  S i n c e  t h e  r o l l  

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

camber f o r c e  i s  t o  reduce  t h e  n e t  s i d e  f o r c e  a t  t h e  f r o n t  a x l e ,  

which r e d u c t i o n  i s  an u n d e r s t e e r i n g  e f f e c t .  (Note t h a t  t h e  

camber f o r c e ,  C y ,  has  been i n c l u d e d  i n  t h e  e x p r e s s i o n  t h a t  
Y 1 

d e f i n e s  t h e  s l i p  a n g l e  o f  t h e  f r o n t  t i r e s . )  

For t h e  c u r r e n t  d e s i g n ,  we s h a l l  assume t h a t  

- - 
a +  = 0 and - - : 0. Equat ion  (16)  s t i l l  a p p l i e s  t o  t h e  r o l l i n g  

3 4  
v e h i c l e ,  w i t h  t h e  e x c e p t i o n  t h a t  

where - a 6 ~  3~ KF - (q- + - q7) 

In  a  s t e a d y  t u r n ,  r o l l  e q u i l i b r i u m  i s  expressed  by 

where v L  F  = F  + F  + F  = -  
Y YI ~2 Y J  R 

m 

h  = c . g .  h e i g h t  

= t o t a l  r o l l  s t i f f n e s s  



Thus 

and Equat ion  (1G) may be w r i t t e n  a s  

2 V 2 mgh KF 
- - 

Pb (i) - (e) a s Cal ( - 1  g = Sps gK Km 

To i l l u s t r a t e  t h e  i n f l u e n c e  o f  r o l l  on t h e  s t a t i c  margin 

o f  t h e  Transbus which has  an independent  f r o n t  s u s p e n s i o n ,  .we 

s h a l l  assume t h a t  t h e r e  i s  no r o l l  s t e e r  des igned  i n t o  t h e  f r o n t  
asF . 

suspens ion  ( i . e . ,  - - a $  - 0 )  and t h a t  

- - -  ?I ' I (a  t y p i c a l  v a l u e  f o r  t r u c k  t i r e s )  
C , x l  

a~ We s h a l l  a l s o  assume t h a t  - = 1 . 0 ,  whereon i t  fo l lows  t h a t  
8 4  

KF = 1/8. 

For t h e  f u l l y  loaded  b u s ,  h = 47" .  S i n c e  t h e  b u s ,  a s  

p r e s e n t l y  c o n f i g u r e d ,  does n o t  have any r o l l  s t a b i l i z e r  b a r s * ,  

t h e  r o l l  s t i f f n e s s  i s  de termined by t h e  s p r i n g  r a t e s  a t  t h e  

wheels ,  K s l ,  K ~ 2 2  and K s g  and t h e  t r a c k ,  T:  

* I t  appea r s  t h a t  bump s t o p  c o n t a c t  w i l l  t a k e  p l a c e  a t  about  
0.5g l a t e r a l  a c c e l e r a t i o n ,  i f  r o l l  s t a b i l i z e r s  a r e  n o t  
employed. 



= 7 x 1 0  6 i n . 1 b .  
r a d .  

For t h e  f u l l y  loaded b u s ,  

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

We f i n d  t h a t  uoc = 0.025, an u n d e r s t e e r  r e s u l t .  F u r t h e r ,  we 

compute t h a t  t h e  f r o n t  wheel a n g l e  r e q u i r e d  f o r  0.3g t u r n  on a 

200' r a d i u s  p a t h  i s  0.127 rad  (7.27') .  If t h e  f r o n t  wheel a n g l e  

i s  h e l d  f i x e d  a t  t h i s  va lue  and d r i v e  t h r u s t  i s  reduced s o  a s  t o  

dec rease  speed ,  we f i n d  t h a t ,  under s t a t i c  t u r n i n g  c o n d i t i o n s ,  

t h e  r a d i u s  of t h e  p a t h  w i l l  dec rease  l i n e a r l y  from 200 f t ,  a t  

30 mph t o  188 f t .  a s  t h e  v e l o c i t y  approaches z e r o .  

I n  t h i s  d i s c u s s i o n  of  e q u i l i b r i u m  t u r n i n g ,  two o t h e r  

phenomena shou ld  be mentioned. F i r s t ,  compliance i n  t h e  s t e e r i n g  

system can reduce  t h e  f r o n t  wheel s t e e r  a n g l e s .  The t i r e  

a l i g n i n g  t o r q u e  and t h e  moment of  t h e  t i r e  l a t e r a l  f o r c e  about  

t h e  s t e e r i n g  p i v o t  ( a s  i n f l u e n c e d  by c a s t e r )  a r e  impor tan t  i n  

t h i s  c a s e .  On i n c l u d i n g  s t e e r i n g  system compliance,  t h e  equa t ion  

f o r  al becomes 



where J F  = JFS + KF O - ((AT1 Fyl x)/KSS 

AT = t he  a l ign ing  torque f o r  both f r o n t  t i r e s  

x = the  mechanical t r a i l  due t o  c a s t e r ,  and 

KSS= t he  s t e e r i n g  system s t i f f n e s s .  

I t  should be noted t h a t  s t e e r i n g  system compliance a c t s  t o  make 

the  veh ic le  more unders t e e r .  

Second, a t  moderate l e v e l s  of l a t e r a l  a c c e l e r a t i o n  (above 

0.3g on a dry s u r f a c e ) ,  t h e  load t r a n s f e r  from t h e  i n s i d e  t o  

t h e  ou ts ide  t i r e  causes a  n e t  l o s s  i n  t he  s i d e  fo rce  produced by 

both wheels on a s i n g l e  ax le .  On passenger c a r s ,  it i s  common 

p r a c t i c e  t o  make the  f r o n t  r o l l  s t i f f n e s s  g r e a t e r  than the  r e a r  

r o l l  s t i f f n e s s  and thus obta in  a  g r e a t e r  l o s s  i n  s i d e  fo rce  a t  

the  f r o n t  wheels than a t  the  r e a r  wheels.  

F o r  the  3-axle bus as cu r r en t ly  conf igured,  t he  ex t en t  t o  

which t he  unders tee r  w i l l  b e  modified a t  h igher  l e v e l s  of tu rn ing  

acce l e r a t i on  as  a  r e s u l t  of load t r a n s f e r  e f f e c t s  a r e  no t  known. 

Many f a c t o r s  come i n t o  play a t  h igher  l a t e r a l  a cce l e r a t i ons  and 

computer techniques a r e  needed t o  ob t a in  p rec i s e  r e s u l t s .  Never- 

t h e l e s s ,  these  prel iminary ca l cu l a t i ons  show t h a t  a  3-axle  

Transbus can be designed t o  remain unders tee r  a t  a l l  loading 

condit ions by proper design of t he  suspension and s t e e r i n g  system. 

RIDE ANALYSIS 

There a r e  many l e v e l s  of completeness and r i g o r  app l icab le  

t o  the  p red i c t i on  of veh ic le  response t o  an uneven road p r o f i l e .  

From a design po in t  of view, however, t he  t a s k  of minimizing 

the  r i d e  response of the  sprung mass t o  roadway e x c i t a t i o n  i s  

reasonably s t ra igh t forward .  The s o f t e r  t h e  r i d e  r a t e  of t he  

suspension, t h e  smal ler  t he  acce l e r a t i ons  experienced by the  



suspended mass, a t  t h e  expense o f  i n c r e a s e d  p ipch  and r o l l  d i s -  

placements  be ing  caused by b rak ing  and t u r n i n g  a c c e l e r a t i o r i s .  

Because t h e r e  a r e  p r a c t i c a l  c o n s t r a i n t s  on wheel t r a v e l  and i n  

view o f  t h e  g e n e r a l  des ign  o b j e c t i v e  of  l i m i t i n g  r o l l  d i s p l a c e -  

ments s o  a s  t o  n o t  produce bump-stop c o n t a c t  du r ing  ha rd  t u r n i n g ,  

t h e  d e s i g n e r  f i n d s  t h a t ,  f o r  passenger  v e h i c l e s ,  he i s  g e n e r a l l y  

r e s t r i c t e d  t o  a  s t a t i c  d e f l e c t i o n  t h a t  produces a  " r i d e  frequency" 

i n  t h e  neighborhood of one c y c l e  p e r  second.  I n  t h e  c a s e  o f  

v e h i c l e s  t h a t  have a  l a r g e  payload r e l a t i v e  t o  t h e i r  empty we igh t ,  

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

d e f l e c t i o n  (and, consequent ly ,  a h i g h e r  r i d e  f requency)  i n  o r d e r  

- t o  p rov ide  f o r  adequate  wheel t r a v e l  i n  bo th  t h e  loaded  and 

empty c o n d i t i o n s .  This b a s i c  compromise i s  m i t i g a t e d  on t h e  

Transbus by u s i n g  a  suspens ion  des ign  t h a t  p rov ides  a  low r i d e  

r a t e  wh i l e  ma in ta in ing  a  c o n s t a n t  d e s i g n  h e i g h t  through v a r y i n g  

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

To t h e  degree  t h a t  t he  d e s i g n e r  i s  a b l e  t o  match t h e  r i d e  

frequency of a motor coach w i t h  t h a t  of a  passenger  v e h i c l e ,  he 

i s  a s s u r e d  t h a t ,  t o  f i r s t  o r d e r ,  he i s  a t t a i n i n g  e q u i v a l e n t  l e v e l s  

o f  v i b r a t i o n  i s o l a t i o n .  However, i t  does n o t  a u t o m a t i c a l l y  f o l l o w  

t h a t  t h e  r i d e  q u a l i t y  of t h e  coach w i l l  be equal  t o  t h a t  e x h i -  

b i t e d  by t h e  passenger  ca r .  This  s t a t e m e n t  i s  p a r t i c u l a r l y  t r u e  

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

i n f l u e n c e d  by t h e  v i b r a t i o n  i s o l a t i o n  p rov ided  by i t s  compl ian t  

s e a t s .  I n  a d d i t i o n ,  t h e r e  a r e  a  h o s t  of o t h e r  des ign  v a r i a b l e s  

(such as t h e  r a d i a l  s t i f f n e s s  o f  t h e  t i r e s ,  t h e  undamped n a t u r a l  

f requency of  t h e  wheel masses suppor t ed  on t h e  t i r e  s p r i n g s ,  t h e  

r a t i o  of unsprung t o  sprung mass, t h e  shock a b s o r b e r  damping 

l e v e l ,  t h e  wheelbase,  and t h e  r a t i o  of  t h e  [ r a d i u s  of g y r a t i o n  

i n  t o  t h e  product  of t h e  d i s t a n c e s  from t h e  c . g .  t o  t h e  

forward and rearward wheel c e n t e r s  t h a t  i n f l u e n c e  t h e  r e sponse  

of  a  two-axled  motor v e h i c l e  t o  road  roughness .  The Transbus i s  



n o t  only  d i f f e r e n t  from a  p a s s e n g e r  v e h i c l e  by v i r t u e  o f  ha.ving 

t h r e e  a x l e  l o c a t i o n s  a t  which d i s t u r b a n c e s  a r e  imposed on t h e  

sprung c h a s s i s ,  i t  a l s o  p o s s e s s e s  mechanical  and i n e r t i a l  

p r o p e r t i e s  i n  i t s  running  g e a r  and c h a s s i s  t h a t  a r e  n o t  nec.es- 

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

even though bo th  v e h i c l e s  may e x h i b i t  e q u a l  l e v e l s  o f  r i d e  

f requency a s  d e f i n e d  by t h e  s t a t i c  s p r i n g  d e f l e c t i o n  a t  each  

wheel l o c a t i o n .  

Consequent ly,  i n  o r d e r  t o  compare t h e  r i d e  q u a l i t y  ach ieved  

by two d i f f e r e n t  v e h i c l e s ,  a s  measured by t h e  v e r t i c a l  and f o r e  

and a f t  a c c e l e r a t i o n s  seen  by a  s e a t e d  p a s s e n g e r ,  one must 

. r e s o r t  t o  a  dynamic s i m u l a t i o n ,  o r  t o  d i r e c t  comparisons of  

expe r imen ta l  d a t a  o b t a i n e d  over  t h e  same roadway a t  comparable 

speeds .  For  a  n o n e x i s t e n t  v e h i c l e ,  s i m u l a t i o n  i s  t h e  o n l y  a l t e r -  

n a t i v e .  However, once t h e  geometry and mechanica l  p r o p e r t i e s  

of  t i r e s  and suspens ion  a r e  e s t a b l i s h e d ,  i t  i s  s t r a i g h t f o r w a r d  

t o  conduct a  r i d e  s t u d y  by assuming t h e  v e h i c l e  t o  t r a v e r s e  a  

symmetr ical  road  p r o f i l e  caus ing  t h e  sp rung  mass t o  respond on ly  

i n  p i t c h  and bounce. The t a s k  remains t o  s e l e c t  a  r e p r e s e n t a t i v e  

d i s t u r b a n c k  f o r  u s e  i n  a s i m u l a t i o n  s t u d y  and i t  appea r s  

r e a s o n a b l e  t o  assume a  random p r o f i l e  whose s p e c t r a l  d e n s i t y  i s  

t y p i c a l  of t h a t  possessed  by urban  s t r e e t s .  F u r t h e r ,  i t  a p p e a r s  

p e r t i n e n t  t o  examine t h e  r i d e  r e sponse  caused by t r a v e r s a l  o f  

a p r o f i l e  t h a t  t y p i c a l l y  e x i s t s  a t  t h e  i n t e r s e c t i o n  of two h i g h l y  

crowned urban s t r e e t s .  I n  t h i s  i n s t a n c e ,  i t  i s  p r i m a r i l y  t h e  

d i f f e r e n t  r a t i o  o f  wheelbase t o  l e n g t h  o f  road  wave t h a t  e x i s t s  

f o r  a  coach and passenger  v e h i c l e  which would be  expec ted  t o  

cause  a  d i f f e r i n g  r i d e  r e sponse .  To t h e  degree  t h a t  t h i s  l a t t e r  

p r o f i l e  may r e p r e s e n t  t h e  g r e a t e s t  l i k e l i h o o d  f o r  caus ing  t h e  

suspens ion  t o  s t r i k e  th rough ,  i t  may b e  a d v i s a b l e  t o  assume such  

a  p r o f i l e  t o  p rov ide  a meaningful  check o f  t h e  a b i l i t y  o f  t h e  

suspens ion  t o  accomplish i t s  i s o l a t i o n  t a s k .  The v e h i c l e  model 

and s i m u l a t i o n  t o  be d e s c r i b e d  below can ,  and w i l l ,  b e  mod i f i ed  

t o  accomplish this t a s k .  



5.0 HSRI BRAKING, RIDE, AND HANDLING STMLJLATIONS 

The s i m u l a t i o n  programs c u r r e n t l y  a v a i l a b l e  a t  HSRI which 

may be used  t o  p r e d i c t  t h e  b r a k i n g ,  r i d e ,  and h a n d l i n g  p e r -  

formance o f  t h e  AM General bus a r e  d e s c r i b e d  i.n t h i s  s e c t i o n .  

Also g iven  a r e  t h e  v e h i c l e  and v e h i c l e - s y s t e m  pa ramete r s  

n e c e s s a r y  t o  u t i l i z e  t h e  s imula t ion  programs. 

5 .1  AVAILABLE PROGRAMS 

Two s e p a r a t e  programs a r e  a v a i l a b l e  f o r  u s e  i n  p r e d i c t i n g  

t h e  performance of t h e  Transbus- -a  Braking (and r i d e )  Performance 

^ Program and a  Braking and Handling Performance Program. I n  

each program, t h e  u s e r  may s p e c i f y  t h e  v e h i c l e  geometry,  b r a k e s ,  

suspens ion ,  t i r e  and t i r e - r o a d  i n t e r f a c e  c h a r a c t e r i s t i c s ,  we igh t ,  

and payload  d i s t r i b u t i o n .  S ince  bo th  programs i n c l u d e  wheel 

r o t a t i o n a l  degrees  o f  freedom, and means of  s i m u l a t i n g  d e l a y s  and 

l a g s  i n  b rake  system response ,  s i m u l a t i o n  of  a n t i s k i d  d e v i c e s  

may be added by t h e  u s e r .  Dynamic models of s e v e r a l  common t y p e s  

of  tandem suspens ions  a r e  a v a i l a b l e .  

5 . 1 . 1  THE UNIT VEHICLE BRAKING PERFORMANCE PROGRAM. This  

dynamic s i m u l a t i o n  program i s  based  upon a  mathemat ica l  model 

t h a t  r e p r e s e n t s  a  3 - a x l e  u n i t  v e h i c l e .  Motions a r e  c o n s t r a i n e d  

t o  t h e  p l a n e  of  symmetry ( v e r t i c a l  p l a n e ) .  S p e c i f i c a l l y ,  t h e  

wheels  can  bounce and s p i n ,  t h e  c h a s s i s  can heave and p i t c h ,  and 

t h e  v e h i c l e  can a c c e l e r a t e  ( d e c e l e r a t e )  i n  s t r a i g h t - l i n e  motion.  

The b rak ing  system i s  modeled i n  a  manner such t h a t  t h e  b rake  

t o r q u e - l i n e  p r e s s u r e  c h a r a c t e r i s t i c  can be  s p e c i f i e d  f o r  each 

b rake  and v a r i a b l e  t ime l a g s  and de lays  i n  to rque  r e sponse  can  

be i n t r o d u c e d .  Thus, any d e s i r e d  b rake  f o r c e  d i s t r i b u t i o n  can be  

s p e c i f i e d .  



The model has nine degrees of freedom, which are listed 

in Table 1. 

TABLE 1 

DEGREES OF FREEDOM-BRAKING 
PERFORFWNCE MODEL 

Variable Description 

vehicle forward displacement 

vertical displacement of c.g. 

vertical displacement of 
front axle 

vertical displacement of 
leading rear axle 

vertical displacement of 
trailing rear axle 

angular velocity of front 
wheels 

angular velocity of wheels on 
. leading rear axle 

angular velocity of wheels on 
trailing rear axle 

To determine the value of these variables as functions of time, 
nine differential equations of motion are solved simultaneously, 

along with ancillary equations defining intermediate variables 

such as suspension deflections, tire-road interface forces, normal 

forces on the tires, and horizontal forces acting on the sprung 

masses. The subroutine used to accomplish the major portio:n of 

the integration of the equations of motion is based upon Hammingts 

predictor-corrector method. Some optional features are listed 

below: 



1. The u s e r  may choose brake  t y p e  and l in ing-d rum 

d e s c r i p t i v e  parameters  r a t h e r  t h a n  i n p u t  dyna- 

mometer p r e s s u r e - t o r q u e  cu rves .  

2 ,  Shock absorbe r  c h a r a c t e r i s t i c s  a r e  g e n e r a l l y  

c h a r a c t e r i z e d  by C ,  t h e  s l o p e  o f  t h e  f o r c e - v e l o c i t y  

c u r v e .  To make t h e  model more a c c u r a t e ,  a two- 

s l o p e  shock absorbe r  can be s p e c i f i e d ,  c h a r a c t e r i z e d  

by jounce s l o p e ,  CJ, and rebound s l o p e ,  CR. 

3 .  The s p r i n g  f o r c e - d e f l e c t i o n  r e l a t i o n . m a y  be chara.c-  

t e r i z e d  by t h e  s l o p e  K o f  t h e  f o r c e - d e f l e c t i o n  

c u r v e ,  o r  by t a b l e  lookup o f  d e f l e c t i o n - f o r c e  

p o i n t s .  

4.  Rough road  c o o r d i n a t e  p o i n t s  o r  a  u s e r - s u p p l i e d  

r o a d  a l g o r i t h m  may be c o n v e n i e n t l y  e n t e r e d  as  i n p u t ,  

5 . 1 . 2  THE BRAKING AND HANDLING PERFORMANCE MODEL. This  

dynamic s i m u l a t i o n  c o n t a i n s  e i g h t e e n  degrees  of  freedom, which 

a r e  l i s t e d  i n  Table  2 .  (Note X ,  Y and Z a r e  f i x e d  a x e s ;  x ,  

y and z a r e  body axes .) 



TABLE 2 

V a r i a b l e  

DEGREES OF FREEDOM, UNIT VEHICLE 
BRAKING AND HANDLING MODEL 

D e s c r i p t i o n  

l o n g i t u d i n a l  p o s i t i o n  of  sprung 
mass c e n t e r  

l a t e r a l  p o s i t i o n  o f  sprung: 
mass c e n t e r  

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

sprung mass r o t a t i o n  r a t e  about  
x a x i s  

sprung mass r o t a t i o n  r a t e  about  
y a x i s  

sprung mass r o t a t i o n  r a t e  about  
z a x i s  

ZSi ( i = 1 , 3 ; j = 1 , 2 )  v e r t i c a l  p o s i t i o n  o f  wheel i , j o n a x l e j  . 

r o t a t i o n  r a t e  o f  wheel i on 
a x l e  j 

This model has a l l  t h e  f e a t u r e s  of  t h e  p i t c h  p l a n e  u n i t  v e h i c l e  

model i n c l u d i n g :  

I .  Tandem a x l e s  may be s p e c i f i e d  

2 .  Optional  t a b l e  lookup f o r  f o r c e - d e f l e c t i o n  a t  eac'h 

suspens ion  

3 .  Two-slope shock absorbe r  

4 .  Brake c h a r a c t e r i s t i c s  may be s p e c i f i e d  by dyna- 

mometer curves  o r  by s p e c i f i c a t i o n  of  b rake  

parameters  

5. Optional  rough road  i n p u t .  



5.2 REQUIRED PARAMETER DATA 

A copy of t h e  p r i n t o u t  of  t h e  i n p u t  parameters  f o r  a t y p i c a l  

run  on t h e  Uni t  Veh ic l e  Braking and Handling program i s  given 

i n  the  fo l lowing  pages .  S t e e r i n g  i n p u t s  may be s p e c i f i e d  by a  

t a b l e  of  up t o  25 s t e e r i n g  ang le - t ime  p a i r s .  Braking i n p u t s  a r e  

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

t r e a d l e  v a l v e  a s  a  f u n c t i o n  of  t ime.  The t o r q u e - l i n e  p r e s s u r e  

c h a r a c t e r i s t i c  may be s p e c i f i e d  f o r  t h e  b rakes  on each wheel.  
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6.0 FUTURE WORK 

Ride,  b r ak ing ,  and hand l ing  performance p r e d i c t i o n s  w i l l  

be made f o r  t h e  AM General Transbus a s  soon a s  t h e  des ign  has  

reached t h e  s t a g e  wherein it is  p o s s i b l e  t o  e s t i m a t e  t h e  needed 

parameter  da t a  and t i r e s  have been procured f o r  measurement of  

t h e  r equ i r ed  mechanical p r o p e r t i e s .  I t  i s  a n t i c i p a t e d  t h a t  

f u r t h e r  d i s cus s ions  of l i m i t  maneuver measures a s  they apply t o  

a motor coach w i l l  l e a d  t o  dec i s i ons  on maneuver d e f i n i t i o n s  

t h a t  a r e  a p p r o p r i a t e  t o  the  t a s k  a t  hand. Ca l cu l a t i ons  w i l l  

t hen  be made of  t h e  performance t h a t  can be expected when t h e  

, p r o t o t y p e  i s  completed and t e s t e d ,  These c a l c u l a t i o n s  w i l l  a l s o  

s e rve  a s  a  guide  f o r  p lanning t h e  t e s t  a c t i v i t y  c a l l e d  f o r  i n  

t h e  AM General Transbus subcon t r ac t .  


