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1 . 0  INTRODUCTION 

As p a r t  of  i t s  Transbus development program, t h e  AM General  

Corpora t ion  has  sought  t h e  a s s i s t a n c e  of  t h e  Highway S a f e t y  

Research I n s t i t u t e  (HSRI) i n  p r e d i c t i n g  t h e  s t e e r i n g  and b r a k i n g  

response  of  a  t r a n s i t  bus c h a r a c t e r i z e d  by a  number of  new d e s i g n  

f e a t u r e s .  One of  t h e  most i n n o v a t i v e  a s p e c t s  of t h e  Transbus ,  a s  

des igned  t o  meet t h e  s p e c i f i c a t i o n s  s e t  f o r t h  by t h e  Urban Mass 

T r a n s p o r t a t i o n  A d m i n i s t r a t i o n ,  a r e  i t s  t i r e s  which were s p e c i a l l y  

des igned  f o r  t h i s  p r o j e c t  and u t i l i z e  a  c o n s t r u c t i o n  t h a t  d e p a r t s  

r a d i c a l l y  from s t a n d a r d  d e s i g n  p r a c t i c e .  S ince  t h e  t i r e  i s  t h e  

major de te rminan t  of t h e  s t e e r i n g  and b r a k i n g  performance of  any 

motor v e h i c l e ,  HSRI was asked t o  measure t h e  mechanical  c h a r a c -  

t e r i s t i c s  of  t h e  Transbus t i r e s  and t o  u t i l i z e  t h i s  i n f o r m a t i o n  i n  

performance s i m u l a t i o n s  t o  judge t h e  c o n t r o l l a b i l i t y  and s a f e t y  

o f  t h e  Transbus des ign .  

I n  per forming t h i s  s t u d y  f o r  AM Genera l ,  HSRI has  produced 

t h r e e  p r e l i m i n a r y  r e p o r t s .  They a r e  e n t i t l e d :  

1. Ride and Handling A n a l y s i s  of  t h e  AM Genera l  

Transbus ,  

2 .  Computer P r e d i c t i o n  of  t h e  Braking and S t e e r i n g  

Performance of  t h e  AM Genera l  Transbus (an I n t e r i m  

R e p o r t ) ,  and 

3. Computer P r e d i c t i o n  of t h e  Braking and S t e e r i n g  

Performance of t h e  AM Genera l  Transbus ( a  Summary 

R e p o r t ) .  

The f i r s t  r e p o r t  c o n t a i n e d  d i s c u s s i o n s  o f  (1)  t h e  a p p l i c a b i l i t y  

o f  l i m i t  maneuver measures t o  t h e  motor coach ,  ( 2 )  a  s i m p l i f i e d  

p rocedure  f o r  p r e d i c t i n g  v e h i c l e  b rak ing  per formance ,  (3 )  an 

i n i t i a l  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  behav io r  of  t h e  p r o j e c t e d  

Transbus ,  ( 4 )  t h e  f a c t o r s  invo lved  i n  an a n a l y s i s  o f  r i d e  q u a l i t y ,  

and ( 5 )  t h e  s i m u l a t i o n  programs 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  performance of  t h e  Transbus.  P r e l i m i n a r y  



computer p r e d i c t i o n s  of t h e  b r a k i n g  and s t e e r i n g  performance o f  

t h e  Transbus i n  s e v e r e  maneuvers were p r e s e n t e d  i n  t h e  second 

and t h i r d  r e p o r t s .  I t  was p o i n t e d  o u t  i n  t h e s e  l a t t e r  r e p o r t s  

t h a t  t h e  r e s u l t s  shou ld  be expec ted  t o  be only  q u a l i t a t i v e l y  

c o r r e c t ,  as  e s t i m a t e d  t i r e  p r o p e r t i e s  were used i n  t h e  computa t ions .  

Accord ing ly ,  i t  was ag reed  t h a t ,  a s  soon as  t i r e  development 

problems were s o l v e d ,  t h e  Transbus t i r e s  shou ld  be  t e s t e d  on t h e  

HSRI f l a t - b e d  t i r e  t e s t  machine t o  o b t a i n  d a t a  t h a t  would e n a b l e  

a  more a c c u r a t e  p r e d i c t i o n  of  t h e  b r a k i n g  and s t e e r i n g  performance 

o f  t h e  Transbus .  

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

f o r  t h e  Goodyear 550 x 19 .5  and t h e  F i r e s t o n e  J50C x 1 9 . 5  t i r e s  

a r e  p r e s e n t e d  i n  summary form. I n  t h e  s e c t i o n  f o l l o w i n g ,  t h e  

changes t h a t  have t aken  p l a c e  i n  t h e  d e s i g n  of t h e  Transbus s i n c e  

t h e  l a s t  s i m u l a t i o n  e f f o r t  a r e  i d e n t i f i e d  and q u a n t i f i e d .  The 

r e s u l t s  summarized i n  t h e s e  two s e c t i o n s  were used t o  compute t h e  

performance o f  t h e  Transbus i n  v a r i o u s  s t e e r i n g  and /o r  b rak ing  

maneuvers and t h e s e  f i n d i n g s  a r e  summarized i n  S e c t i o n  4 . 0 .  (A 

complete s e t  of  t h e  r e s u l t s  o b t a i n e d  i n  t h e  d i g i t a l - c o m p u t e r  

s i m u l a t i o n s  a r e  be ing  d e l i v e r e d  t o  AM General  under s e p a r a t e  

c o v e r . )  This  r e p o r t  concludes w i t h  some comments on t h e  i m p l i -  

c a t i o n s  of t h e  s i m u l a t i o n  f i n d i n g s .  



2 . 0  TESTIXG AND SIMULATION OF THE AM GENERAL TRANSBUS TIRES 

2 . 1  THE TIRE TEST DATA 

L a t e r a l  f o r c e s  a r e  c r e a t e d  a t  t h e  t i r e - r o a d  i n t e r f a c e  when 

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

p l a n e  of  t h e  t i r e ,  as  i s  i n d i c a t e d  i n  F i g u r e  1. I n  t h i s  f i g u r e ,  

t h e  l o n g i t u d i n a l  a x i s  of  t h e  Transbus i s  i n d i c a t e d  by t h e  ui 

v e c t o r  and t h e  c e n t e r  p l a n e  of t h e  t i r e  i s  i n d i c a t e d  by t h e  arrow 

l a b e l l e d  "wheel head ing . "  The wheel i s  shown s t e e r e d  w i t h  r e s p e c t  

t o  t h e  heading  o f  t h e  bus by t h e  a n g l e ,  6 .  However, i t  i s  t h e  

s l i p  a n g l e ,  a ,  which causes  a  l a t e r a l  deformat ion  of t h e  t i r e - r o a d  

" c o n t a c t  pa tch"  and the reby  g i v e s  t h e  motor v e h i c l e  i t s  p a r t i c u l a r  

b e h a v i o r .  

The HSRI f l a t - b e d  t i r e  t e s t  machine i s  shown i n  F i g u r e  2 .  I t  

s h o u l d  be no ted  from t h e  f i g u r e  t h a t  t h e  t i r e  may be s e t  a t  an 

a n g l e  a w i t h  t h e  f l a t  p l a n k  which moves under t h e  t i r e  the reby  

producing  t h e  l a t e r a l  f o r c e s  t o  be  measured. (The p l a n k  may be 

seen  a t  t h e  upper r i g h t  of F i g u r e  2 . )  

The 5 5 0  x  19 .5  t i r e  (Goodyear) was t e s t e d  on t h e  f l a t - b e d  

t e s t  machine a t  s e v e r a l  a n g l e s *  and l o a d s .  The measured l a t e r a l  

f o r c e  and a l i g n i n g  moment caused by l a t e r a l  s l i p  a r e  t a b u l a t e d  i n  

Tables  1 and 2 and t h e  l a t e r a l  f o r c e  caused by i n c l i n a t i o n  (camber) 

i s  t a b u l a t e d  i n  Table  3. I n  a d d i t i o n ,  t h e  d a t a  p r e s e n t e d  i n  

Table  1 a r e  shown i n  F i g u r e  3 i n  c a r p e t  p l o t  form. 

*We had p r e v i o u s l y  p lanned t o  t a k e  t e s t  d a t a  up t o  a = 30". 
However, t h e  h i g h  f o r c e  l e v e l s  g e n e r a t e d  t h r e a t e n e d  t h e  i n t e g r i t y  
o f  t h e  components of  t h e  f l a t - b e d ,  t hus  a was l i m i t e d  t o  16" f o r  
t h e  Goodyear t i r e  and 8" f o r  t h e  F i r e s t o n e  t i r e .  



+ Wheel Heading 

Wneel Center Velocity 

F i g u r e  1. Tire-road in te r face  kinernat ies 





TABLE 1 

LATERAL FORCE VS. STEER ANGLE AND VERTICAL LOAD 

TIRE: Goodyear 5 5 0 - 1 9 . 5  

1 1 9 . 5  

INFLATION PRESSURE: 85 PSI 

1 

VERTI CAL 
LOAD (LB) 

LATERAL FORCE (LB.) AT INDICATED STEER ANGLE (DEG) 

1 1 1 6  

1 6 4 6 . 3  

3 3 8 0 . 5  

4 8 8 5 . 9  

5 9 9 4 . 7  

6 9 7 0 . 3  

2  

5 4 2 . 2  

9 9 9 . 3  

1 3 4 0 . 1  

1 5 7 7 . 5  

1 7 2 6 . 4  

8  

1 3 5 6 . 9  

2 5 8 8 . 9  

3 5 9 3 . 4  

4 4 9 5 . 7  

4 6 2 8 . 1  

1 8 0 0  

4  

9 1 9 . 6  

1 7 1 3 . 8  

2 3 7 4 . 3  

2 8 6 7 , 4  

3 1 1 8 . 6  

1 2  

1 5 7 7 . 9  

3 0 5 9 . 9  

4 3 3 6 . 0  

5 3 5 2 . 4  

6 1 6 9 . 9  

2 9 9 . 3  

3600 5 3 2 . 5  
I 

5430  1 7 1 3 . 4  

7200 7 5 1 . 1  

9000  8 4 4 . 4  



TABLE 2  

ALIGNING TORQUE VS. STEER ANGLE AND VERTICAL LOAD 

TIRE: Goodyear 5 5 0 - 1 9 . 5  

RIM: 1 9 . 5  

INFLATION PRESSURE: 8 5  PSI 

VERTI CAL 
LOAD (LB ALIGNING TORQUE (LB-FT) AT INDICATED STEER ANGLE (DEG) 

1 8 0  0  

3600 

5 4  30 

7200 

9000  
d 

1 

1 9 . 8  

5 4 . 4  

1 0 0 . 2  

1 3 6 . 1  

2 0 3 . 9  
L 

2  

2 7 . 8  

8 6 . 9  

1 6 3 . 8  

2 5 7 . 8  

, 3 8 0 . 9  

4  

3 4 . 9  

1 1 1 . 5  

1 7 6 . 7  

3 7 3 . 0  

5 5 8 . 5  

8  

2 4 . 7  

7 9 . 7  

1 2  

1 0 . 9  

5 5 . 4  

I 

1 6  

9 . 3  

4 7 . 0  

1 0 6 . 8  

1 9 2 . 8  

2 4 9 . 3  

1 8 7 . 6  1 1 3 3 . 6  

3 3 1 . 1  

5 3 2 . 7  

2 5 1 . 8  

4 1 0 . 0  



TABLE 3 

CAMBER THRUST VS. CAMBER ANGLE AND VERTICAL LOAD 

TIRE: Goodyear 550-19.5 

RIM: 19.5 

INFLATION PRESSURE: 85  PSI 

I 1 I ,  1 CAMBER THRUST (LB) AT INDICATED CAMBER ANGLE (DLG) 1 





I t  s h o u l d  be no ted  t h a t  Goodyear had p r e v i o u s l y  e s t i m a t e d  

t h e  l a t e r a l  f o r c e  t h a t  would e x i s t  a t  a  = lo f o r  use  i n  t h e  p r e -  

l i m i n a r y  s i m u l a t i o n s .  Goodyear had p r e d i c t e d  t h a t  t h e i r  t i r e  

would produce 824 l b s .  a t  one degree  when loaded a t  5430 l b s .  

Examinat ion o f  Table  3  a l s o  shows t h a t  Goodyear t s  p r e d i c t i o n  

t h a t  t h e  camber t h r u s t  a t  one degree  of  i n c l i n a t i o n  would be 

about  1 0 %  of  t h e  l a t e r a l  f o r c e  a t  a  = lo  was a  r easonab ly  

a c c u r a t e  e s t i m a t e .  

The F i r e s t o n e  J50C x  1 9 . 5  t i r e  was s i m i l a r l y  t e s t e d ,  p r o -  

ducing  t h e  d a t a  t a b u l a t e d  i n  Tables  4 ,  5 and 6 .  The f o r c e  

l e v e l s  measured f o r  t h e  F i r e s t o n e  t i r e  a r e  seen  t o  be q u i t e  

s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  t h e  Goodyear t i r e .  

2 . 2  USE OF THE DATA INTHE SIMULATION 

For d i r e c t i o n a l  maneuvers conducted i n  t h e  normal d r i v i n g  

r a n g e ,  i t  i s  t h e  c o r n e r i n g  s t i f f n e s s ,  Ca ( d e f i n e d  a s  t h e  r a t e  of  

change of  l a t e r a l  f o r c e  w i t h  s i d e s l i p  ang le  a t  a = 0) which has  

a  f i r s t - o r d e r  e f f e c t  on t h e  h a n d l i n g  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 .  S i n c e  Ca i s  a  f u n c t i o n  on ly  o f  t h e  s t i f f n e s s  o f  t h e  c a r c a s s  

and t r e a d  o f  t h e  t i r e ,  t h i s  f l a t - b e d  r e s u l t  may be used  i n  t h e  

s i m u l a t i o n  w i t h  no c o n s i d e r a t i o n  b e i n g  g iven  t o  t h e  n a t u r e  of  t h e  

s u r f a c e  on which t h e  measurement was made o r  t o  t h e  s u r f a c e  on 

which a  maneuver i s  assumed t o  occur .  S i m i l a r  arguments apply  

t o  t h e  i n c l i n a t i o n  (camber) s t i f f n e s s  and a l i g n i n g  s t i f f n e s s  o f  

t h e  t i r e .  However, t h e  f o r c e s  and moments produced a t  t h e  t i r e -  

road  i n t e r f a c e  i n  t h e  p r e s e n c e  of  l a r g e  s l i p  a n g l e s  a r e  s u r f a c e  

dependent .  S i n c e  no " o v e r - t h e - r o a d t '  t i r e  measurements were made 

o r  were a v a i l a b l e ,  HSRI employed t h e  p rocedure  o u t l i n e d  below 

f o r  pu rposes  of  p r e d i c t i n g  r e a l i s t i c  s h e a r  f o r c e s  a s  would occur  

on r e a l  road  s u r f a c e s .  The r a t i o s  of  t h e  b r a k i n g  f o r c e  (both 

peak and s l i d e )  t o  normal l o a d  a s  would occur  on a  dry  s u r f a c e  

w i t h  an ASTM s k i d  number of  85 were e s t i m a t e d  by Goodyear. These 

e s t i m a t e s  a r e  p r e s e n t e d  i n  Table  7 .  Goodyear a l s o  p rov ided  d a t a  



T A I  4 

LATERAL FORCE V S .  S T E E R  ANGLE AND V E R T I C A L  LOAD 

T I R E :  F i r e s tone  J 5 0 C - 1 9 . 5  

R I M :  1 9 . 5  

I N F L A T I O N  P R E S S U R E :  8 5  P S I  

V E R T I C A L  
LOAD ( L B )  

1 8 0  0  

36  0  0  

5 4 8 0  

7200  
- 

9 0 0 0  

LATERAL FORCE ( L B )  AT INDICATED S T E E R  ANGLE (DEG) 

1 2  3  4  6  8  

3 2 2 . 7  

5 6 0 . 3  

1 1 3 9 . 8  

2 0 9 0 . 7  

9 0 6 . 1  

1 6 7 6 . 4  

I 

1 2 8 1 . 1  1 

2 3 2 3 . 7  

5 5 3 . 7  

1 8 6 7 . 9  

2 1 9 3 . 5  

2 3 7 2 . 2  

7 3 7 . 6  

8 4 9 . 9  

2 3 4 8 . 5  

7 5 0 . 9  

1 3 4 4 . 5  

1 5 9 3 . 8  

' 2 9 6 6 . 9  3 2 5 1 . 6  
I 

I 

9 8 4 . 0  1 3 6 2 . 6  

2 8 7 5 . 5  

3 2 2 8 . 4  9 1 5 . 2  1 7 3 1 . 2  

3 6 3 2 . 2  1 3 9 8 8 . 5  

4 1 6 7 . 5  - - 
i 



TABLE 5  

ALIGNING TORQUE VS. STEER ANGLE AND VIfRTICAL LOAD 

TIRE: F i r e s t o n e  J 5 0 C  x 1 9 . 5  

RIM: 1 9 . 5  

INFLATION PRESSURE: 8 5  PSI 

VERTICAL 
LOAD (LB) ALIGNING TORQUE (LB-FT) AT INDICATED STEER ANGLE (DEG) 

I 1 2  3 4  6  8  
1 
I 

1 8 0 0  i 1 5 . 4  
I 

2 2 . 9  

7 7 . 3  

1 5 4 . 8  

2 4 0 . 7  

3 2 9 . 6  

3 6 0 0  5 2 . 2  

2 8 . 0  

9 5 . 8  

1 9 2 . 3  

2 9 8 . 9  

4 1 2 . 1  
I 

I 
5 4 8 0  

7 2 0 0  

9 0 0 0  

t 

2 9 . 9  

8 3 . 8  

1 7 0 . 8  

2 9 0 . 1  

- - 

i 

9 8 . 9  

1 4 4 . 2  

1 9 2 . 1  

2 7 . 5  2 6 . 4  

8 8 . 3  9 0 . 2  

1 8 2 . 3  1 9 0 . 2  

3 2 5 . 5  3 2 7 . 0  

1 
4 2 4 . 4  i 4 7 7 . 7  



TABLE 6 

CAMBER THRUST VS. STEER ANGLE AND VERTICAL LOAD 

TIRE: F i r e s t o n e  J50C x 1 9 . 5  

RIM: 1 9 . 5  

INFLATION PRESSURE: 85 PSI 

VERTICAL 
LOAD (LB) 

1 8 0 0  

* 

CAMBER THRUST (LB) AT INDICATED STEER ANGLE 

1 2  3  4  5 

1 2 6 . 9  

3600 1 6 9 . 9  

3 7 7 . 6  

6 0 3 . 1  

4 4 0 . 9  

7 2 0 . 6  

2 2 9 . 8  

3 2 6 . 6  

3 1 3 . 0  

4 6 5 . 9  

5480  

72 00 

9000 

3 5 8 . 7  

3 8 4 . 9  

4 0 5 . 1  

1 8 6 . 1  

1 9 7 . 6  

2 1 3 . 7  

5 1 8 . 7  
6 8 9 * 1  I 8 5 7 . 6  

9 1 8 . 8  

9 7 7 . 6  

5 6 2 . 5  

5 9 4 . 8  

7 4 3 . 8  

7 8 6 . 7  



TABLE 7 

ESTIMATED PEAK AND SLIDING COEFFICIENT OF FRICTION, u ,  
FOR THE GOODYEAR 550 x 1 9 . 5  TRANSBUS T I R E  

Speed = 60 mph 

Load ' s l i d e  

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

w i t h  s p e e d  a t  a f i x e d  v e r t i c a l  l o a d  f o r  t h e i r  t i r e  on t h i s  same 

s u r f a c e  ( s e e  T a b l e  8 ) .  

TABLE 8 

ESTIMATED VARIATION OF SLIDE COEFFICIENT WITH SPEED 
FOR THE GOODYEAR 550 x 1 9 . 5  TRANSBUS TIRE 

Load = 5430 l b s  

Speed  (mph) ' I s l i d e  

1 0  . 9  

2 0 , 7 7 5  

30 , 6 5 3  

40 . 5 4 8  

50 . 4 8 1  

6 0  , 4 5 0  

7 0 .415  



With t h e  above i n f o r m a t i o n ,  namely, t h e  c o r n e r i n g  s t i f f n e s s  

a s  measured by HSRI ( a s  a  f u n c t i o n  of v e r t i c a l  l oad)  and t h e  

s p e c i f i c  t r a c t i o n  p r o p e r t i e s  (Tables  7 and 8 )  e s t i m a t e d  by 

Goodyear, HSRI was a b l e  t o  u t i l i z e  a  model of t h e  t i r e  t r a c t i o n  

p r o c e s s  [ I ]  t o  g e n e r a t e  l a t e r a l  f o r c e s  f o r  any combinat ion o f  

l a t e r a l  and l o n g i t u d i n a l  s l i p  and f o r  any combinat ion o f  speed  and 

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

f o r c e  t h a t  w i l l  be  produced by t h e  g iven  t i r e  a t  any combinat ion 

of  l o n g i t u d i n a l  and l a t e r a l  s l i p  and any combinat ion of speed  and 

v e r t i c a l  l o a d .  For example,  t h e  t i r e  a l g o r i t h m  used i n  HSRI1s 

t i r e - v e h i c l e  sys tem s i m u l a t i o n  g e n e r a t e s  t h e  ] Fx / /FZ v e r s u s  

l o n g i t u d i n a l  s l i p  ( i . e . ,  Y - s l i p  c u r v e s )  shown i n  F i g u r e  4  when 

t h e  Goodyear t i r e  i s  o p e r a t i n g  a t  2 0 ,  40,  and 60 mph w i t h  a  v e r t i c a l  

l o a d  of  5430 l b s .  



S l i p  

F i g u r e  4 .  Y - S l i p  C u r v e ,  Load = 5 4 3 0  l b s .  



3 . 0  UPDATED PAMMETER DATA FOR THE TRANSBUS 

I n  a d d i t i o n  t o  upda t ing  t h e  i n p u t  d a t a  r e q u i r e d  t o  d e s c r i b e  

t h e  s h e a r  f o r c e  c h a r a c t e r i s t i c s  of t h e  t i r e s  developed f o r  t h e  

Transbus ,  HSRI modif ied  p r e v i o u s l y  s u p p l i e d  i n p u t  d a t a  t o  r e f l e c t  

t h e  l a t e s t  des ign  changes made by AM Genera l .  These des ign  

changes invo lved  r e v i s e d  l a y o u t s  of t h e  s t e e r i n g  l i n k a g e  and of  

t h e  r e a r  suspens ion .  

Examination of t h e  l a y o u t  of t h e  f r o n t  suspens ion  geometry 

and t h e  geometry of  t h e  s t e e r i n g  l i n k a g e  showed t h a t  r o l l  under-  

s t e e r  was p r e s e n t .  For purposes  of  t h e s e  c a l c u l a t i o n s ,  a  Tay lo r  

s e r i e s  approximat ion  of  t h e  p r e v a i l i n g  k inemat i c s  was u t i l i z e d  t o  

d e r i v e  t h e  s t e e r  ang le  p e r  u n i t  r o l l  a n g l e  of  t h e  c h a s s i s  t h a t  

a p p l i e s  f o r  s m a l l  d i sp lacemen t s  about  t h e  trim c o n d i t i o n .  This  

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

p o s s e s s e s  a  f r o n t  r o l l  u n d e r s t e e r  of  0 . 0 9  deg/deg.  S ince  t h e  

maneuvers t o  be  s i m u l a t e d ,  i n  n e a r l y  a l l  i n s t a n c e s ,  i nvo lved  l a r g e  

s l i p  a n g l e s ,  t h e  Ackerman s t e e r  des igned  i n t o  t h e  s t e e r i n g  l a y o u t  

was ignored  and a l l  computat ions were performed w i t h  t h e  r i g h t -  

and l e f t - w h e e l  s t e e r i n g  d i sp lacemen t s  assumed e q u a l .  

Examination of  t h e  r e a r  suspens ion  drawings p rov ided  by AM 

General  showed t h a t  r o l l  u n d e r s t e e r  was p r e s e n t .  No a t t empt  was 

made t o  account  f o r  t h e  a c t u a l  s t e e r  of t h e  a x l e  t h a t  would occur  

ove r  t h e  f u l l  range of  r o l l  d i s p l a c e m e n t ,  b u t ,  r a t h e r  ( a s  was done 

f o r  t h e  f r o n t  suspens ion)  t h e  l i n e a r i z e d  r o l l  s t e e r  was e v a l u a t e d  

and found t o  be 0 . 0 5  deg/deg of  r o l l  u n d e r s t e e r .  

Brake dynamometer i n f o r m a t i o n  s u p p l i e d  t o  AM General  by 

Bendix C o r p o r a t i o n  was used i n  t h e  s i m u l a t i o n .  The l i n e  p r e s s u r e -  

t o r q u e  d a t a  was t aken  d i r e c t l y  from t h e  f i n a l  e f f e c t i v e n e s s  t e s t  

g iven  on page 2 4  of  Reference 2 .  These d a t a  a r e  t a b u l a t e d  i n  

Table  9 .  I t  should  be emphasized t h a t  t h e  r e s u l t s  o b t a i n e d  i n  t h e  

b r a k i n g  s i m u l a t i o n s  have a  f i r s t - o r d e r  dependence on t h i s  d a t a .  



TABLE 9 

L I N E  PRESSURE VS. BRAKE TORQUE FOR THE 
AM GENERAL TRANSBUS BRAKE 

P r e s s u r e  ( p s i )  Torque ( i n  l b s )  

0  0  

2 0 0  6 6 6 6  

4 0 0  1 5 0 0 0  



4 . 0  PREDICTIONS OF TRANSBUS PERFORMANCE 

Four maneuvers have been s i m u l a t e d  t o  examine t h e  s t e e r i n g  

and b rak ing  performance of t h e  Transbus.  These maneuvers a r e  

d e s c r i b e d  below under t h e  t i t l e s  " s t r a i g h t - l i n e  b rak ing , "  

" t r a p e z o i d a l  s t e e r "  ( J - t u r n ) ,  " s i n u s o i d a l  s t e e r "  ( l a n e  change) ,  

and " b r a k i n g - i n - a - t u r n . "  The l e v e l s  of  s t e e r i n g  and b rak ing  i n p u t s  

used i n  t h e s e  s i m u l a t i o n s  were s e l e c t e d  t o  r e p r e s e n t  c o n t r o l  

a c t i o n s  which might be taken  by a  d r i v e r  i n  a  s e v e r e ,  emergency 

maneuver. 

Although t h e  s i m u l a t e d  maneuvers a r e  d e r i v e d  from a  l i m i t -  

maneuver methodology developed i n  p rev ious  r e s e a r c h  p r o j e c t s  

[ 3 ,  4 ,  51 concerned w i t h  passenger  v e h i c l e s ,  i t  has n o t  been our  

i n t e n t i o n  t o  f i n d  t h e  l i m i t  performance of t h e  Transbus.  Ra the r ,  

maneuvers have been de f ined  and s i m u l a t e d  t o  examine whether o r  

n o t  t h e  emergency response  of  t h e  v e h i c l e  w i l l  be a c c e p t a b l e .  

As p o i n t e d  ou t  i n  t h e  f i r s t  r e p o r t  from HSRI t o  A?.! Genera l ,  l i m i t  

performance methods,  as  a p p l i e d  t o  passenger  c a r s ,  may no t  be 

e n t i r e l y  s a t i s f a c t o r y  f o r  t h e  s t u d y  of motor coach performance.  

Accordingly ,  we have s e l e c t e d  maneuvers t h a t  should  p rov ide  

meaningful in fo rma t ion  on emergency maneuvering performance 

wi thou t  imposing o v e r l y  demanding requi rements  f o r  t h e  i n i t i a l  

t e s t i n g .  

4 . 1  STRAIGHT-LINE BRAKING STOPS 

S imula t ion  runs  were made a t  v a r i o u s  b rake  l i n e  p r e s s u r e  

l e v e l s .  A l l  l a g s  and d e l a y s  i n  t h e  b rake  a c t u a t i o n  system were 

assumed t o  be n e g l i g i b l e .  However, t h e  d r i v e r  i s  assumed t o  

d i s p l a c e  t h e  f o o t  va lve  i n  a  manner such t h a t  0 . 5  seconds i s  

r e q u i r e d  t o  develop t h e  d e s i r e d  p r e s s u r e  l e v e l  ( see  F igure  5 ) .  

S t r a i g h t - l i n e  s t o p s  from 6 0  mph were s i m u l a t e d  f o r  t h r e e  payload  

c o n d i t i o n s .  The computed r e s u l t s ,  which a r e  summarized i n  Table  1 0 ,  

i n d i c a t e  t h a t  more than  adequate  b rake  t o r q u e  i s  a v a i l a b l e  t o  



Pressure 
(psi 1 t /r Final Amplitude 

Y I 
b 

. 5  Time (sec)  

F i g u r e  5 .  P r e s s u r e  V s .  Time a t  t h e  Foot  Va lve  
f o r  t h e  S t r a i g h t  S t o p  S i m u l a t i o n s .  

TABLE 1 0  

Dry (60 mph) 

V e h i c l e  Weight 
C o n d i t i o n  

Under loaded  
(25 ,550  l b s )  

Normal 
(32 ,000  l b s )  

Ove r loaded  
(35 ,300  l b s )  

Brake L i n e  
P r e s s u r e  ( p s i )  

1400 (no l o c k )  

1450 ( a x l e  3 l o c k e d )  

1650 (no l o c k )  

1700 ( a x l e  3 l o c k e d )  

1650 (no l o c k )  ' 

1700 ( a x l e  3 l o c k e d )  

S t o p p i n g  
D i s t a n c e  f f t )  



produce d e c e l e r a t i o n  l e v e l s  i n  compliance wi th  FMVSS 1 2 1 .  F u r t h e r ,  

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

t i r e - r o a d  i n t e r f a c e  w i l l  e a s i l y  a l low enough b rake  f o r c e  t o  meet 

t h e  s t a n d a r d .  I t  shou ld  be emphasized t h a t  t h e s e  computa t ions  

have f i r s t - o r d e r  dependence on two f a c t o r s ,  namely (1)  t h e  b r a k e  

dynamometer d a t a  produced by Bendix, and ( 2 )  Goodyear 's  e s t i m a t e  

o f  t h e  maximum s h e a r  f o r c e  t h a t  i s  c r e a t e d  on a  dry  road  s u r f a c e .  

N e v e r t h e l e s s ,  we f e e l  q u i t e  c o n f i d e n t  t h a t  t h e s e  e s t i m a t i o n s  

a r e  r e a s o n a b l e  enough t o  e n s u r e  t h a t  t h e  Transbus w i l l  be a b l e  

t o  meet s t o p p i n g  d i s t a n c e  r equ i remen t s  on a  d ry  s u r f a c e  a s  

s p e c i f i e d  by FMVSS 1 2 1 .  

I t  i s  ou r  under s t and ing  t h a t  t h e  Transbus w i l l  be o u t f i t t e d  

w i t h  an a n t i s k i d  sys tem on each a x l e .  S i n c e  HSRI had no 

d e t a i l e d  i n f o r m a t i o n  on t h i s  a n t i s k i d  sys tem,  and s i n c e  no t e s t  

d a t a  were a v a i l a b l e  t o  i n d i c a t e  t h e  performance of  t h e  Transbus 

t i r e s  on a  wet s u r f a c e ,  we were unab le  t o  s i m u l a t e  s t r a i g h t - l i n e  

b r a k i n g  performance on a  s p e c i f i e d  wet s u r f a c e  w i t h  t h e  a n t i -  

l ock  sys tem o p e r a t i n g .  However, assuming a  r e a s o n a b l e  performance 

of  t h e  i n s t a l l e d  a n t i s k i d  sys t em,  we expec t  t h e  Transbus t o  meet 

t h e  s t o p p i n g  d i s t a n c e  r equ i remen t s  imposed by FMVSS 1 2 1  f o r  

d e c e l e r a t i o n s  performed on a  wet ( i . e . ,  reduced  f r i c t i o n  c o e f f i c i e n t )  

s u r f a c e .  

4.2 TRAPEZOIDAL STEER SIMULATIONS - 6 0  MPH 

The purpose  of t h e s e  computer runs  i s  t o  a s s e s s  t h e  p e r f o r -  

mance of  t h e  Transbus i n  r a p i d  t u r n s .  F ive  s i m u l a t i o n  runs  were 

performed a t  an i n i t i a l  speed  of  6 0  mph. I n  e a c h ,  t h e  f r o n t  

wheel s t e e r  a n g l e  was p r e s c r i b e d  t o  have t h e  t ime  h i s t o r y  shown 

i n  F i g u r e  6 .  



Steer --- Angle Final Amplitude 

1 

0.5 Time (sec) 4 .O 

Figure  6.  S t e e r  Angle Vs. Time f o r  t h e  
Trapezo ida l  S t e e r  S i m u l a t i o n s .  

The t r a p e z o i d a l  s t e e r  r e s u l t s  ( s e e  Table  11)  show t h a t  t h e  

v e h i c l e  can make a  " d r a s t i c "  t u r n  wi thou t  exceeding t h e  jounce/  

rebound t r a v e l  l i m i t s  i n  t h e  f r o n t  and r e a r  suspens ion .  (Bump 

s t o p  c o n t a c t  occur s  a t  approximate ly  5' r o l l  a n g l e . )  An 

examinat ion of t h e  r e s u l t i n g  t ime h i s t o r i e s  i n d i c a t e  t h a t  t h e  

v e h i c l e  w i l l  be  a b l e  t o  perform s h a r p  t u r n s  wi thou t  e x h i b i t i n g  

a  p r o p e n s i t y  t o  s p i n o u t  o r  r o l l  ove r .  

TABLE 11 

TRANSBUS TURNING RESPONSE 

(4 .0  Seconds A f t e r  t h e  I n i t i a t i o n  of  S t e e r i n g )  

( ' i n i t i a l  = 88 f p s )  

L a t e r a l  Longi- Max. 
Amplitude of Accel-  Turn t u d i n a l  Ro l l  
F ron t  Wheel e r a t i o n  Radius Yaw Rate V e l o c i t y  Angle 

Angle ( f t / s e c 2 )  ( f t )  (deg l sec )  ( f t l s e c )  (deg) 

2 1 0 . 2  7 32 6 . 7  86.4 2 . 7  

Max. 
S i d e s l i p  
Angle 
(deg) 
- 2 . 3  



4 . 3  SINUSOIDAL STEER 

A s t e e r i n g  i n p u t  having t h e  wave form shown i n  F igure  7 

was used t o  produce an approximate lane-change  maneuver s t a r t i n g  

wi th  an i n i t i a l  speed  of 30, 4 0 ,  and 50 mph. The peak v a l u e  of 

s t e e r  ang le  ( 6  ) was s e l e c t e d  such t h a t  t h e  l a t e r a l  d isp lacement  
P 

produced dur ing  t h e  l a n e  change would be  about t h e  same f o r  

each speed ( v i z ,  between 10 and 15  f e e t ) .  

S t e e r  
Angle 
(deg) 

I Time ( s e c )  

F igure  7 .  S t e e r i n g  Waveform f o r  t h e  Lane-Change Maneuver. 



Figure  8 p r e s e n t s  t h e  v e h i c l e  p a t h  ( i . e . ,  t h e  t r a j e c t o r y  

of t h e  c e n t e r  of  g r a v i t y )  produced by t h e  s i m u l a t i o n .  Note 

t h a t  a t  t he  t ime of t h e  i n i t i a t i o n  of  t h e  s i m u l a t e d  l ane -change  

maneuver, t h e  bus i s  heading  i n  t h e  "x" d i r e c t i o n  a t  y  = 0.  

These r e s u l t s  i n d i c a t e  t h a t  t h e  Transbus shou ld  be a b l e  t o  perform 

r a p i d  l a n e  changes ,  wherein a symmetric s t e e r i n g  i n p u t  causes  t h e  

v e h i c l e  t o  a t t a i n  a  f i n a l  heading  t h a t  i s  e s s e n t i a l l y  e q u i v a l e n t  

t o  t h e  i n i t i a l  heading  of t h e  v e h i c l e .  

4 . 4  BRAKING-IN-A-TURN 

For t h e  b r a k i n g - i n - a - t u r n  maneuver, t h e  f r o n t - w h e e l  s t e e r  

ang le  was a p p l i e d  as  b e f o r e ,  i . e . ,  an 0 .5-second ramp i n p u t  

s t a r t i n g  a t  t h e  beg inn ing  of t h e  run .  A f t e r  t h r e e  seconds e l a p s e ,  

t h e  b rakes  a r e  a p p l i e d ,  assuming an 0 .05-second ramp i n p u t .  These 

i n p u t s  a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  9 .  C a l c u l a t i o n s  were 

made f o r  maneuvers i n  which t h e  f i n a l  o r  f i x e d  v a l u e s  of  

s t e e r  ang le  and b rake  l i n e  p r e s s u r e  were a s  fo l lows  ( i n i t i a l  

v e l o c i t y  = 30 mph): 

F i n a l  S t e e r  F i n a l  Line 
Angle (deg) P r e s s u r e  ( p s i )  

I n  t h e  f i r s t  two of  t h e  above r u n s ,  b r a k e  l i n e  p r e s s u r e  was 

s e l e c t e d  t o  cause  t h e  most s e v e r e  b r a k i n g  p o s s i b l e  wi thou t  

l o c k i n g  any wheel .  (At h i g h e r  l i n e  p r e s s u r e s ,  t h e  a n t i s k i d  system 

would be expec ted  t o  come i n t o  p l a y . )  The t r a j e c t o r i e s  produced 

i n  t h e s e  s i m u l a t i o n s  a r e  p r e s e n t e d  i n  F i g u r e  1 0 .  I n  each c a s e ,  

t h e  d e v i a t i o n  from t h e  p a t h  o f  t h e  s t e a d y - s t a t e  t u r n  w i t h o u t  

b r a k i n g  s h o u l d  be n o t e d .  
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~ i ~ u r e  8. T r a j e c t o r i e s  ~ u r i n ~ - ~ a n e  Change Maneuver 



Steer 
Angle 
(dog) Final Amplitude 

0.5 

- Final Pressure 

Brake 
L int 
P r e w e  
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I 

3.0 
Time (set) 

F i g u r e  9 .  S t e e r  Angle and Brake Line  P r e s s u r e  f o r  t h e  
Brak ing - In -A-Turn  Maneuvers.  

On t h e  b a s i s  o f  t h e  r e s u l t s  p l o t t e d  i n  F i g u r e  1 0 ,  i t  would 

a p p e a r  t h a t  t h e  Transbus  can b e  b r a k e d  r a t h e r  s e v e r e l y  i n  a  t u r n  

w i t h o u t  c a u s i n g  a  s e v e r e  d e p a r t u r e  from t h e  i n t e n d e d  curved  p a t h .  

T h i s  s t a t e m e n t  mus t ,  however ,  b e  q u a l i f i e d  by n o t i n g  t h a t  t h e  

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

and l e f t ,  and t h a t  s t e e r  d i s p l a c e m e n t s  caused  by t h e  changes  i n  

s u s p e n s i o n  geometry d e r i v i n g  from t h e  e x i s t e n c e  o f  b r a k i n g  f o r c e s  

have  been  n e g l e c t e d  i n  t h e  s i m u l a t i o n .  

I n  t h e  t h i r d  b r a k i n g - i n - a - t u r n  s i m u l a t i o n ,  a  f u l l  b r a k e  

p r e s s u r e  (1800 p s i )  a p p l i c a t i o n  i s  assumed t o  o c c u r  d u r i n g  t h e  

c o u r s e  o f  a  s e v e r e  t u r n .  The t r a j e c t o r y  o f  t h e  l a t t e r  p a r t  o f  

t h i s  r u n  i s  compared i n  F i g u r e  11 t o  t h e  t r a j e c t o r y  computed f o r  

t h e  1300 p s i  r u n .  The e f f e c t s  o f  r e a r - w h e e l  l o c k u p ,  when f u l l  

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

t r a j e c t o r y  from t h e  cu rved  p a t h .  The a n t i s k i d  sy s t em t o  b e  

employed i n  t h e  Transbus  w i l l  c l e a r l y  p r e v e n t  t h i s  t y p e  o f  b e h a v i o r ,  
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F i g u r e  1 0 .  T r a j e c t o r i e s  During B r a k i n g -  In -A-Turn  Maneuver 
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F i g u r e  11. T r a j e c t o r y  During Brak ing- In-A-Turn  
Maneuver 



5 . 0  CONCLUDING REMARKS 

Performance p r e d i c t i o n s  d e r i v i n g  from motor v e h i c l e  s imula -  

t i o n s  must be  viewed i n  a  p r o p e r  p e r s p e c t i v e .  The v a l i d i t y  of 

t h e  s i m u l a t i o n  depends,  of c o u r s e ,  on (1)  t h e  completeness  and 

c o r r e c t n e s s  of t h e  mathemat ica l  d e s c r i p t i o n  o f  t h e  system and 

( 2 )  t h e  accuracy  o f  t h e  parameter  d a t a  t h a t  have been e s t i m a t e d  

o r  measured f o r  t h e  sys tem.  I n  t h i s  p a r t i c u l a r  i n s t a n c e ,  HSRI 

b e l i e v e s  t h a t  t h e  e q u a t i o n s  used t o  d e s c r i b e  t h e  Transbus and 

t h e i r  co r re spond ing  mechaniza t ion  on a  d i g i t a l  computer a r e  v a l i d  

i n  view o f  t h e  c o n s i d e r a b l e  amount of checking and v a l i d a t i o n  

t e s t i n g  t h a t  has  been performed under  t h e  a u s p i c e s  o f , t h e  Motor 

Veh ic l e  M a n u f a c t u r e r ' s  A s s o c i a t i o n .  Accord ing ly ,  t h e  f i n d i n g s  of 

t h i s  s t u d y  depend, i n  t h e  l a s t  a n a l y s i s ,  on t h e  accuracy  w i t h  

which AM General  and HSRI has  e s t i m a t e d  and/or  measured t h e  i n e r t i a l ,  

mechan ica l ,  and k inemat i c  p r o p e r t i e s  of  t h e  Transbus coach and 

i t s  components. 

Reasonable c a r e  has  been t aken  i n  t h i s  l a t t e r  r e g a r d  and ,  

i n  p a r t i c u l a r ,  t h e  main e f f o r t  (both  i n  t ime and money) has  been 

devoted  t o  measuring t h e  p r o p e r t i e s  o f  t h e  new and unique t i r e s  

developed f o r  t h e  Transbus .  C l e a r l y ,  t h e s e  t i r e s  p r o v i d e  a  

c o r n e r i n g  s t i f f n e s s  t h a t  g i v e s  t h e  Transbus d i r e c t i o n a l  r e sponse  

c h a r a c t e r i s t i c s  t h a t  a r e  e q u i v a l e n t  t o  t h o s e  p o s s e s s e d  by s m a l l e r  

motor v e h i c l e s .  The s i m u l a t i o n  f i n d i n g s  s u g g e s t  t h a t  t h e  

Transbus i s  w e l l  behaved i n  s e v e r e  s t e e r i n g  and b r a k i n g  maneuvers 

and s h o u l d  be  judged t o  be  adequa te  o r  more t h a n  adequate  i n  i t s  

o v e r a l l  p r e - c r a s h  s a f e t y  q u a l i t y .  



6 .0  REFERENCES 

~ u ~ o f f .  1 1 . .  Fancher .  P.. and S e r e l ,  L . .  T i r e  Performance -- 
~ h i r n c t c r  i s t i c s  ~ i f e c t i n ~  ~ e l l i c ' i e  ~ c s ~ o n E  t o  S t c e r l n g  
and Ijraking Con t ro l  I n p u t s ,  F i n a l  R e p o r t ,  Con t rac t  CST-4 
O f f i c e  of Veh ic l e  Systems Research ,  Na t iona l  Bureau of  
S t a n d a r d s ,  August 1969. 

2 .  Brooks,  P . ,  American Motors Genera l  Transbus Brake 
Dynamometer T e s t ,  Bendix Report  No. EAL-73-37, August 31, 
1973. 

3 .  Dugoff,  H . ,  S e g e l ,  L . ,  and E r v i n ,  R . D . ,  "Measurement of  
Veh ic l e  Response i n  Severe  Braking and S t e e r i n g  Maneuvers," 
SAE Paper  #710080, January  11-15 ,  1971. 

4 .  E r v i n ,  R . D . ,  Gro te ,  P . ,  Fancher ,  P . S . ,  IiacAdam, C . C . ,  and 
S e g e l ,  L .  , Vehic le  Handling Performance,  F i n a l  Repor t ,  
C o n t r a c t  DOT-HS-031-1-159, Highway S a f e t y  Research 
I n s t i t u t e ,  Univ. of  Michigan,  November 1972. 

5 .  E r v i n ,  R . D . ,  Fancher ,  P . S . ,  and S e g e l ,  L . ,  "Refinement and 
A p p l i c a t i o n  o f  Open-Loop Limit-Maneuver Response Methods , I '  

SAE Paper  #730491, May 14-18 ,  1973. 




