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INTRODUCTION 

This document r e p o r t s  on a s tudy  of t h e  dynamic performance of 

s e l f - s t e e r i n g  B-type conver te r  d o l l i e s ,  undertaken by The Univers i ty  

of Yichigan Transpor ta t ion  Research I n s t i t u t e  (L'MTRI) under c o n t r a c t  

t o  the  Nat ional  Research Council of Canada. I n  t h e  con tex t  of t h i s  

r esea rch ,  t h e  terms "A" and "B" d o l l y  d i s t i n g u i s h  two a l t e r n a t i v e  con- 

v e r t e r  d o l l y  devices  which can be used t o  h i t c h  a s e m i t r a i l e r  t o  a 

towing u n i t ,  thus making up a towed f u l l  t r a i l e r .  The A-type d o l l y  is 

t h e  convent ional  dev ice  which connects t o  t h e  towing u n i t  a t  a s i n g l e  

p i n t l e  h i t c h  and which a r t i c u l a t e s  about t h a t  h i t c h  p o i n t  i n  o rder  t o  

t r a c k  a curved path .  The B-type d o l l y  couples t o  t h e  towing u n i t  by 

means of two p i n t l e  h i t c h e s  which a r e  spread l a t e r a l l y  from one ano ther .  

This form of coupling e f f e c t s  a yaw-rigid c o n s t r a i n t  vh ich  f o r c e s  t h e  

d o l l y  t o  remain d i r e c t l y  i n  l i n e  w i t h  t h e  towing u n i t .  T i r e  scrub 

during corner ing w i t h  the  B-dolly i s  minimized by means of a s e l f -  

s t e e r i n g  d o l l y  ax le .  The resea rch  e f f o r t  involved parameter measure- 

ments on a commercially a v a i l a b l e  B-dolly and s imula t ion  of v a r i o u s  

d o l l y  and s e l f - s t e e r i n g  system conf igura t ions  t a  determine the  i n p l i -  

c a t i o n s  of t h e  s e l f - s t e e r i n g  B-dolly on t h e  dynamic performance of double 

and t r i p l e  t r a i l e r  combinations. 

The parameter measurements were obta ined f o r  one sample of an 

Auto S t e e r i n g  T r a i l e r s  Limited d o l l y ,  model SSD. The p r o p e r t i e s  of  

the  d o l l y ' s  suspension and s e l f - s  t e e r i n g  system were measured on t h e  

UMTRI suspension parameter measurement f a c i l i t y  t o  provide b a s i c  in for -  

mation on t h e  func t ion ing  of t h e  d o l l y ' s  s e l f - s t e e r i n g  system f o r  use 

i n  computer s imula t ion .  The s e l f  - s t e e r i n g  system of t h i s  p a r t i c u l a r  

u n i t  was found t o  have a l a r g e  amount of coulomb f r i c t i o n  and a 5 i -  

l i n e a r  s p r i n g  r a t e  c e n t e r i n g  funct ion.  This form of t h e  d o l l y  s t e e r i n g  



system was used t o  guide parameter s e l e c t i o n s  f o r  subsequent simula- 

t i o n s  dea l ing  wi th  parametr ic  v a r i a t i o n s  of t h e  s e l f - s t e e r i n g  system. 

The i n s t a l l a t i o n  of a B-type conver te r  d o l l y  w i t h  a s e l f - s t e e r i n g  

system on a v e h i c l e  combination i n  p lace  of a convent ional  (A-type) 

d o l l y  in t roduces  s e v e r a l  b a s i c  changes i n  t h e  v e h i c l e  system. The yaw 

c o n s t r a i n t  of t h e  B-dolly frame i n  i t s  attachment t o  a l ead ing  t r u c k  

o r  t r a i l e r  e l imina tes  one of t h e  a r t i c u l a t i o n  p o i n t s  p resen t  i n  a 

s tandard A-train.  Also, t h e  B-dolly couples t h e  v e h i c l e  u n i t s  by means 

of a r i g i d  r o l l  r e s t r a i n t  providing improved r o l l  s t a b i l i t y  f o r  t h e  

subsequent,  o r  "pup" t r a i l e r ,  such t h a t  i t  can ga in  a suppor t ive  r o l l  

moment through i ts  connection t o  t h e  preceding t r a i l e r .  Both of these  

changes render  a v e h i c l e  type  which is analogous t o  t h e  so-called "B- 

t r a i n , "  a v e h i c l e  c o n f i g u r a t i o n  known t o  e x h i b i t  reduced rearward 

a m p l i f i c a t i o n  r e l a t i v e  t o  t h e  s t andard  A-coupled v e h i c l e .  It  has been 

recognized,  however, t h a t  the  s e l f - s t e e r i n g  f e a t u r e  of t h e  B-dolly a x l e  

in t roduces  a p o t e n t i a l  f o r  degrading c e r t a i n  of t h e  performance q u a l i t i e s  

o therwise  obta ined wi th  a B-train.  The s imula t ion  s tudy  was performed 

t o  quan t i fy  t h e  in f luence  of t h i s  s e l f - s t e e r i n g  a c t i o n  on t h e  v e h i c l e ' s  

dynamic d i r e c t i o n a l  performance. 

1.1 Organizat ion of t h e  Report 

Chapter 2 of t h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  parameter 

measurement a c t i v i t y .  Descr ip t ions  of t h e  t e s t e d  v e h i c l e  u n i t ,  t h e  

f a c i l i t y ,  and t h e  t e s t  procedures a r e  p resen ted ,  along w i t h  t h e  measure- 

ment r e s u l t s .  

The s imula t ion  t o o l s  employed i n  t h e  s tudy a r e  presented and 

descr ibed i n  Chapter 3 .  This  chapter  a l s o  inc ludes  the  r e s u l t s  of 

s imula t ion  v a l i d a t i o n  e x e r c i s e s .  

I n  Chapter 4 t h e  r e s u l t s  of t h e  s imula t ion  a r e  p resen ted .  The 

performance of combination v e h i c l e s  employing s e l f - s t e e r e d  B-doll ies 

a r e  compared t o  t h a t  of convent ional  A-trains and B-t ra ins .  The simu- 

l a t i o n  r e s u l t s  address  four  i s s u e s  r e l a t e d  t o  t h e  s e l f - s t e e r i n g  B- 

d o l l y ,  namely, 



1) Parametric va r i a t i ons  i n  the se l f - s t ee r ing  system 

2 )  Dynamic loading of the h i tch ing  mechanism 

3 )  Influence of do l ly  length on veh ic l e  performance 

4)  Application of B-dollies t o  t r i p l e - t r a i l e r  

comb i n a t  ions 

Conclusions and recommendations from the  study a r e  presented i n  

Chapter 5 .  



CHAPTER 2 

SUSPENSION PARAMETER MEASURMENT 

The UMTRI suspension parameter measurement f a c i l i t y  was used t o  

charac te r ize  t he  response of t h e  B-type converter d o l l y ' s  suspension 

and s t ee r ing  system to  v e r t i c a l  and shear  forces  applied a t  the  t i r e s .  

This f a c i l i t y  cons i s t s  of a movable t a b l e  dr iven by hydraul ic  cy l inders  

t ha t  exerc ise  the suspension i n  bounce and r o l l .  The vehic le  t i r e s  a r e  

placed on instrumented pads t h a t  a r e  ab l e  t o  transduce v e r t i c a l  and 

l a t e r a l  forces ,  and al igning moment. Actuators wi th in  the pad assemblies 

apply shear forces  and moments t o  t he  t i r e  contact  patch. The veh ic l e  

frame is secured t o  an overhead s t r u c t u r e  and serves a s  a r i g i d  mechani- 

c a l  "ground" f o r  t e s t i ng .  The general layout  of the  f a c i l i t y  is 

i l l u s t r a t e d  i n  Figure 2.1.  

The v e r t i c a l  motion of the ax l e  is measured by s t r i n g  potentio- 

meters a t tached to the  wheel centers .  Camber ( r o l l )  and s t e e r  motions 

of the  wheels a r e  measured with spec i a l ly  designed t ransducers  t h a t  r i d e  

on an e f f e c t i v e  wheel plane sur face .  These t ransducers  a r e  a l s o  shown 

i n  the f igure.  

The v e r t i c a l  and r o l l  motions of the t a b l e  can be cont ro l led  t o  

achieve one of th ree  con t ro l  schemes, namely, force con t ro l ,  ax l e  con t ro l ,  

and d i r e c t  t ab l e  pos i t ion  cont ro l .  I n  the  "force mode," the  t a b l e  is 

commanded to  apply a s p e c i f i c  t o t a l  v e r t i c a l  load and side-to-side load 

d i f f e r e n t i a l .  This mode is  used i n  those t e s t s  requi r ing  v e r t i c a l  o r  

r o l l  motion of the  axle .  The "axle mode" is  used when performing t e s t s  

t ha t  involve the response of the system t o  shear forces  and moments. 

In  t h i s  way, the inf luence of ax le  motions can be separated from com- 

pl iance-related response. 





A s tandard  s e t  of parameter measurement t e s t s  were p e r f o m e d  on 

t h e  ASTL B-type conver te r  d o l l y ,  These t e s t s  a r e :  

V e r t i c a l  r a t e  of suspension 

R o l l  r a t e  of suspension 

Bounce s t e e r  k inemat ics  

R o l l  s t e e r  k inemat ics  

R o l l  a x i s  l o c a t i o n  

Al igning moment compliance s t e e r  

L a t e r a l  f o r c e  compliance s t e e r  

Brake f o r c e  compliance s t e e r  

These measurements were made on the  B-dolly w i t h  t h e  s t e e r i n g  locked,  

and w i t h  p r e s s u r e s  of 483 kPa (70  p s i )  and 241 kPa (35 p s i )  a p p l i e d  t o  

t h e  ram which c o n t r o l s  t h e  compliance of the  s t e e r i n g  system, The two 

c i t e d  p r e s s u r e  va lues  a r e  t h e  manufac tu re r ' s  recommended s e t t i n g s  f o r  

loaded and empty c o n d i t i o n s ,  r e s p e c t i v e l y .  Parameter measurements were 

a l s o  performed on t r a i l e r s  which were used by t h e  Onta r io  Min i s t ry  of 

Transpor ta t ion  and Communication i n  companion f u l l - s c a l e  t e s t i n g .  These 

parameters  were used i n  t h e  s i m u l a t i o n  f o r  v a l i d a t i o n  purposes.  De ta i l ed  

paramet r i c  measurements a r e  presented i n  Appendix A .  

2 . 1  Suspension and S e l f - s t e e r i n g  System Descr ip t ion  

The g e n e r a l  l ayou t  of t h e  B-dolly suspension and s t e e r i n g  system 

is shown i n  Figure  2.2. The suspension i s  a  t y p i c a l  s ing le -ax le  layout  

w i t h  l e a f  s p r i n g s  r i d i n g  i n  s l i p p e r s  on both  ends and a x l e  l o n g i t u d i n a l  

l o c a t i o n  provided by to rque  rods .  The s t e e r i n g  system i s  composed of 

t i e  rods  coupl ing t h e  s t e e r i n g  knuckles toge ther  a t  a  b e l l  crank 

mechanism. The b e l l  crank c a r r i e s  a  r o l l e r  t h a t  is loaded a g a i n s t  a  cam 

by means of an  a i r  b rake  chamber, providing t h e  sys tem's  c e n t e r i n g  

func t ion .  The cam is  p r o f i l e d  a s  shown i n  F igure  2.3. This  p r o f i l e  is 

designed t o  provide a  h igh s t i f f n e s s  a t  t h e  c e n t e r  of i t s  t r a v e l ,  whi le  

t h e  r o l l e r  is i n  t h e  d e t e n t ,  wi th  a  s o f t e n i n g  s p r i n g  r a t e  a t  l a r g e r  

s t e e r  angles .  The r e s i s t a n c e  of t h e  cam t o  l a t e r a l  motion of t h e  r o l l e r  

i s  c o n t r o l l e d  by t h e  ang le  t h a t  t h e  cam f a c e  makes w i t h  t h e  r o l l e r  and 

t h e  amount of f o r c e  a p p l i e d  t o  t h e  cam. Thus, t h e  s t e e r i n g  compliance 





Figure 2.3. Development of Lateral Force at Can Face. 



of t h e  B-dolly system can be inc reased  by e i t h e r  i n c r e a s i n g  the  app l i ed  

p r e s s u r e ,  o r  i n c r e a s i n g  t h e  ang le  between t h e  r o l l e r ' s  l i n e  of motion 

and the  cam f a c e ,  a s  i n  t h e  d e t e n t  a r e a .  

The geometry of t h e  s t e e r i n g  l ayou t  provides  a l a r g e  mechanical 

t r a i l  a t  which t h e  t i r e  s i d e  f o r c e s  a c t  t o  apply  a moment t o  t he  s t e e r -  

i ng  system. The geometry a l s o  has a very  l a r g e  k ingpin  o f f s e t  t h a t  

r e s u l t s  i n  a s u b s t a n t i a l  moment be ing  passed t o  the  s e l f - s t e e r i n g  

mechanism under braking .  The s t e e r i n g  l i nkage  is  a t t a c h e d  d i r e c t l y  t o  

the  a x l e  and s t e e r i n g  knuckles such t h a t  r o l l  s t e e r  due t o  t he  geometry 

of t h e  s t e e r i n g  l i nkage  is v i r t u a l l y  e l imina ted .  

Measured Suspension and S t e e r i n g  System P r o p e r t i e s  

The b a s i c  p r o p e r t i e s  of t h e  B-dolly suspension w i t h  s t e e r i n g  system 

locked a r e  summarized i n  Table  2.1. The measured p r o p e r t i e s  a r e  t y p i c a l  of 

va lues  seen  on o t h e r  s ing le -ax le ,  l ea f - sp r ing  suspens ions ,  w i t h  t h e  

except ion  of t h e  r o l l  s t e e r  parameter ,  which, due t o  t he  l o c a t i o n  of 

t h e  s t e e r i n g  l i nkage ,  i s  n e g l i g i b l e  a t  a l l  a x l e  l oads .  

Table 2.1. BSTL B-Dolly Suspension and S t e e r i n g  System 
Parameter, t e e r i n g  Locked 

V e r t i c a l  Rate (~/mm) 

Rol l  Rate (H-mldeg) 

Ro l l  S t e e r  (degldeg) (L/R) 

Ro l l  Center  Height 
(mm below top of frame) 

Aligning Moment Compliance S t e e r  

L a t e r a l  Force Compliance S t e e r  

Brake Force  Compliance S t e e r  
(deg/KN) (LIR) 

i lxle  Load (KN) 

88.9 - 66.7 - L4.4 - 
llr00 1400 1400 

11900 9900 6800 

01.04 01.06 01.08 



The c h a r a c t e r i s t i c  of most i n t e r e s t  t o  t h i s  s tudy is  the com- 

pl iance  s t e e r  r e s u l t i n g  from the app l i ca t ion  of l a t e r a l  fo rce  to  the 

tire. The l a t e r a l  f o r c e  compliance s t e e r  behavior f o r  each of t h r e e  

values of a x l e  load and f o r  a ram pressure  of 483 @ a  (70 p s i )  a r e  shown 

i n  Figure 2 . 4  f o r  moderate l e v e l s  of l a t e r a l  f o r c e  input .  These da ta  

show a very small compliance up t o  a l e v e l  of l a t e r a l  f o r c e  correspond- 

ing  t o  the  coulomb f r i c t i o n  i e v e l .  Af ter  breaking the  f r i c t i o n ,  the 

s t e e r i n g  system passes through the  backlash i n  the  l inkage and again the  

system becomes q u i t e  s t i f f .  The a l ign ing  moment compliance data  i n  

Figure 2.5 show a s i m i l a r  c h a r a c t e r i s t i c .  

The l a t e r a l  fo rce  l e v e l  achieved i n  the  t e s t s  i l l u s t r a t e d  i n  

Figure 2 . 4  was l i n i t e d  by the a v a i l a b l e  f r i c t i o n  between the wheel pad 

and the  t ab le .  That i s ,  wi th  an imposed l a t e r a l  fo rce  a t  the contact  

patch,  and with the  t e s t  machine maintaining zero r o l l  d e f l e c t i o n  ac ross  

the suspension,  one t i r e  becomes unloaded i n  response t o  the  r e s u l t i n g  

r o l l  moment such t h a t  s l ippage of the  wheel pad occurs.  To allow the  

app l i ca t ion  of l a r g e r  l a t e r a l  fo rces  without s l ippage of t h e  pads, the  

t e s t  was rerun with the  t e s t  machine holding t i r e  loads constant ,  while 

permit t ing the  ax le  t o  r o l l .  I n  t h i s  con t ro l  mode, the  t a b l e  "chases" 

the  commanded v e r t i c a l  load by r o l l i n g  the  axle .  This a x l e  motion was 

found to  be t o l e r a b l e  s i n c e  t h e  kinematic r o l l  s t e e r  con t r ibu t ion  t o  

the  t o t a l  s t e e r  angle  is  n e g l i g i b l e .  

;Is seen i n  Figure 2.6, the  l a r g e r  l a t e r a l  fo rce  achievable i n  t h i s  

mode causes the  s t e e r i n g  system to  be moved through the  coulomb f r i c t i o n  

range, which measures approximately 21.1 kN (4,750 l b )  a t  an ax le  load 

of 90 k?i (20,000 Ib)  , thus engaging the  center ing funct ion of the s t e e r -  

ing system. The center ing funct ion presents  a f a i r l y  high s t i f f n e s s  

behavior, on-center, but  a s  the  r o l l e r  moves o u t  of the  d e t e n t ,  the 

s t e e r  response becomes very compliant such t h a t  l a r g e  increases  i n  s t e e r  

angle  r e s u l t  from r e l a t i v e l y  small  increments of l a t e r a l  force .  The 

s t i f f n e s s  observed f o r  these  condit ions a t  a  ram pressure  of 483 kPa 

(70 p s i )  was 17.8 kN/deg (4,000 lb/deg) on-center and a s  low a s  445 

N/deg (100 ib/deg) a t  two degrees of s t e e r  angle. 







I Total Lateral Force (Ib) 

Figure 2 . 6 .  Steer Angle Response Over a Large Range of Lateral Force, 
as Yeasured while Xaintaining Tire Loads Constant. 



Compliance s t e e r  w i t h  a  ram p r e s s u r e  of 241 kPa (35 p s i )  i s  

a l s o  shown i n  Figure  2.6. The b a s i c  form of t h e  response is  t h e  same 

i n  t h i s  case ,  a l though we do s e e  t h e  g r e a t e r  compliance which was a n t i -  

c i p a t e d  w i t h  t h e  r educ t ion  i n  ram p res su re .  The on-center s t i f f n e s s  

of t h e  lower-pressure case  is i0 .7  kN/deg (2,400 lb /deg )  , whi le  t h e  

o f f - c e n t e r  r a t e  is s t i l l  445 N/deg (100 lb fdeg )  a t  two degrees  of s t e e r .  

The e f f e c t i v e  width  of t h e  d e t e n t  is s l i g h t l y  l e s s  t han  . 5  degree  i n  

both  cases.  

The t o t a l  f r i c t i o n  i n  t h e  s t e e r i n g  system is seen  t o  be a  func t ion  

of t h e  v e r t i c a l  load  imposed on t h e  a x l e ,  r i s i n g  from 11.1 kN (2,500 

l b )  a t  44.5 kiU (10,000 l b ) ,  t o  16.7 kN (3,750 l b )  a t  66.7 kN (15,000 l b ) ,  

and 21.1 kN (4,750 l b )  a t  90 kN (20,000 l b ) .  This  imp l i e s  t h a t  t h e  

f r i c t i o n  is a composite o f  some i n h e r e n t  f r i c t i o n  l e v e l  and a load- 

dependent f r i c t i o n  i n c r e a s i n g  w i t h  a x l e  load .  The load-dependency 

a r i s e s ,  t o  a  l a r g e  degree,  from t h e  moment appl ied  t o  t h e  k ingpin  by t h e  

v e r t i c a l  load  a c t i n g  through t h e  l e v e r  arm af forded  by t h e  l a r g e  k ingpin  

o f f s e t  and nechan ica l  t r a i l  dimensions. 

The r e p r e s e n t a t i o n  of t h e  s e l f - s t e e r i n g  system i n  t h e  s imu la t ion  

model used i n  t h i s  work cons ide r s  t h e  s t e e r i n g  motion of t h e  + d o l l y  t o  

be cons t r a ined  by coulomb f r i c t i o n ,  and by a b i l i n e a r  t o r s i o n a l  s p r i n g .  

This  system is sub jec t ed  t o  moments a r i s i n g  from t i r e  f o r c e s  a c t i n g  a t  

t he  mechanical  t r a i l  l e v e r  arm, and from t h e  a l i g n i n g  moment produced 

by t h e  t i r e s .  The l a t e r a l  f o r c e  compliance s t e e r  d a t a  presented  above 

were converted to  a  moment r e p r e s e n t a t i o n  through c a l c u l a t i o n  of t h e  

e f f e c t i v e  mechanical t r a i l  f o r  each a x l e  l oad .  

For t h e  sake  o f  s i m p l i c i t y  i n  t h e  fo l lowing d i s c u s s i o n s ,  s t e e r i n g  

system s t i f f n e s s  w i l l  be def ined  i n  terms of l a t e r a l  f o r c e  per  degree  

s t e e r  ang le ,  assuming a f i x e d  mechanical t r a i l .  Nomal i z ing  t h e s e  d a t a  

t o  a  mechanical t r a i l  o f  12.5 cm (5 i n )  y i e l d s  t h e  s t e e r i n g  system 

parameters  l i s t e d  i n  Table 2.2. 



Table 2 . 2 .  ASTL S e l f - s t e e r i n g  System P r o p e r t i e s .  

System P r e s s u r e  ( ' H a )  

On-Center S t i f f n e s s  (N/deg) 16000 26700 

Of f-Center S t i f f n e s s  (N/deg) 670 67 0 

Axle Load (kV) 

88.9 

66.7 

44.4  

Coulomb F r i c t i o n  (N)  

15800 

11200 

5550 



CHAPTER 3 

S I ~ L A T I O N  STUDY 

Two bXTRI models were employed i n  t h i s  study of the d i r e c t i o n a l  

dynamics of vehic les  o u t f i t t e d  with the B-type converter  d o l l y .  The 

l i n e a r  yaw plane model was used t o  provide a preliminary measure of t h e  

v e h i c l e ' s  d i r e c t i o n a l  response i n  both time and frequency domains. For 

a more p rec i se  examination of the  v e h i c l e ' s  behavior, the  yawlrol l  

model was u t i l i z e d .  

The l i n e a r  yaw plane model t r e a t s  the  veh ic le  a s  a system of u n i t s  

which each possess two degrees of freedom and a r e  ac ted upon by t i r e  

l a t e r a l  forces  propor t ional  t o  l o c a l  s i d e s l i p  angle.  The veh ic le  u n i t s  

a r e  allowed freedom of l a t e r a l  v e l o c i t y  and yaw r a t e .  Ti re  fo rces  a r e  

d i r e c t l y  r e l a t e d  t o  the  s l i p  angle p reva i l ing  a t  t h e  a x l e  according t o  

the  t i r e ' s  cornering s t i f f n e s s .  Dif ferent  vers ions  of t h e  model can 

be run to  ob ta in  s p e c i f i c  measures OF the  v e h i c l e  performance. Response 

of the veh ic le  can be character ized by the sys ten  frequency response i n  

t e r m  of gain and phase angle,  time response t o  a s p e c i f i c  s t e e r  inpu t ,  

e igenvdues  or  poles and zeros. I n  t h i s  study,  the l i n e a r  plane model 

was used pr imar i ly  to  evaluace the  frequency response of t h e  v e h i c l e  

combination to  determine the  bas ic  na tu re  of a given v e h i c l e ' s  d i r e c t i o n a l  

response. 

The more complex yaw/rol l  model was enployed t o  conduct in-depth 

inves t iga t ions  of the  veh ic le  response. This model r ep resen t s  the  

veh ic le  combination as  a s e r i e s  of interconnected u n i t s ,  each wi th  f i v e  

degrees of freedom, and each coupled t o  t h e  next u n i t  by a s e t  of con- 

s t r a i n t  equations def in ing the  h i t c h  mechanism. Each veh ic le  u n i t  can 

bounce, p i t ch ,  r o l l ,  s i d e s l i p ,  and yaw. The long i tud ina l  v e l o c i t y  of 

the lead u n i t  is  constrained t o  be a constant .  Axles a r e  allowed bounce 



and r o l l  degrees  of freeom. Forces  and moments genera ted  by the  t i r e s  

a r e  en te red  in t a b u l a r  form a s  a  func t ion  of load  and s l i p  angle .  

Spring f o r c e s  a r e  s i m i l a r l y  en te red  a s  a  func t ion  of d e f l e c t i o n .  The 

model i s  a l s o  capable  of  s imu la t ing  t h e  e f f e c t s  of l a s h  and coulomb 

f r i c t i o n  i n  t h e  suspension.  Other  parameters  d e s c r i b i n g  t h e  suspension 

a r e  a l s o  inc luded ,  v i z . ,  r o l l  c e n t e r  l o c a t i o n ,  a u x i l i a r y  r o l l  s t i f f n e s s ,  

and r o l l  s t e e r .  A d e t a i l e d  d e s c r i p t i o n  of t h e  model can be found i n  

Reference [ l ]  . 

3.1 S e l f - s t e e r i n g  Svstem Model 

To accommodate t h e  s e l f - s t e e r i n g  system of t h e  B-type conve r t e r  

d o l l y ,  t h e  yaw/ ro l l  model was modified t o  a l low normally-f ixed a x l e s  

t o  steer i n  response  t o  l a t e r a l  f o r c e s  and a l i g n i n g  moments genera ted  

by t h e  t i r e s .  The form of t h e  nodel  was based on t h e  measured parameters  

of t h e  ASTL E-dolly. Based on t h e s e  d a t a ,  the  model r e p r e s e n t s  t h e  

s t e e r i n g  motion of t h e  d o l l y  wheels a s  being cons t r a ined  by a t o r s i o n a l  

s p r i n g ,  w i t h  vary ing  r a t e s  on- and o f f - c e n t e r ,  and by a coulomb f r i c t i o n  

f u n c t i o n  which is dependent upon t h e  a x l e  l oad .  Experimental  d a t a  

sugses ted  t h a t  a  q u a s i - s t a t i c  r e p r e s e n t a t i o n  of t he  d o l l y  system would 

be adequate  f o r  systems of t h e  type  observed,  bu t  f o r  systems wi th  low 

l e v e l s  of f r i c t i o n  and s t i f f n e s s ,  a  dynamic model would be r e q u i r e d ,  

The model i l l u s t r a t e d  i n  F igure  3 . 1  was implemented f o r  use i n  repre-  

s e n t i n g  the  extremely compliant ,  low f r i c t i o n  cases ,  a s  well a s  t h e  

more r e p r e s e n t a t i v e  cases  i n  which h ighe r  l e v e l s  of s t e e r i n g  system 

s t i f f n e s s  and f r i c t i o n  a r e  p r e s e n t .  

The s t a t i c  c h a r a c t e r i z a t i o n  of t h e  s e l f - s t e e r i n g  system is shown 

i n  F igu re  3.2, w i t h  exper imenta l  d a t a  t o  demonstrate  how the  model 

reproduces t h e  behavior  measured w i t h  t h e  XSTL d o l l y .  The parameters  

f o r  t h e  system a r e  s p e c i f i e d  i n  terms of t h e  o f f - cen te r  r a t e ,  t h e  r a t i o  

of the  on-center  r a t e  t o  t h e  o f f - cen te r ,  and t h e  f r i c t i o n  l e v e l .  I n  

a d d i t i o n  t o  t h e s e  parameters ,  t he  dynamic model a l s o  r e q u i r e s  i d e n t i f  i- 

c a t i o n  o f  t he  system i n e r t i a  f o r  s t e e r  motions and a l s o  a l lows f o r  t he  

i n t r o d u c t i o n  of v iscous  damping. 
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3.2 Simulation Validat  ion  

To check the a b i l i t y  of the simulation t o  p red ic t  the dynamic 

d i r e c t i o n a l  performance of veh ic les  o u t f i t t e d  wi th  B-dollies of the  

type descr ibed,  s imulat ion r e s u l t s  were compared t o  t e s t  d a t a  taken by 

the Ontario Nin i s t ry  of Transpor ta t ion and Communication. Samples of 

such da ta  corresponding t o  a ramp-step s t e e r  maneuver a r e  compared i n  

Figure 3 . 3 .  We s e e  t h a t  the genera l  na tu re  of the  v e h i c l e  response is 

wel l  character ized by the  simulation.  Various suspension parameters 

of the MTC veh ic le  combination were a l s o  measured a t  the UMTRI f a c i l i t y  

and these  da ta  were used along wi th  o the r  parameters supplied by YTC i n  

represent ing the  t e s t  veh ic le  i n  the  simulation.  
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CHAPTER 4 

SIMLnaTION RESULTS 

The s imula t ion  a c t i v i t y  addressed s e v e r a l  s p e c i f i c  t o p i c s ,  

namely : 

1)  The i n f l u e n c e  of vary ing  l e v e l s  of f r i c t i o n  and 

s t i f f n e s s  i n  t h e  s e l f - s t e e r i n g  system of t h e  

E-dolly 

2) Maximum l e v e l s  of f o r c e  r e a c t i o n  a t  t h e  p i n t l e  h i t c h  

coupl ings  of t h e  B-dolly 

3 )  In f luence  of  d o l l y  l e n g t h  on t h e  dynamic performance 

of t he  v e h i c l e  combination 

4 )  The i n f l u e n c e  of B-doll ies  on t h e  dynamic performance 

of t r i p l e s  

The major t h r u s t  of t h e  i n v e s t i g a t i o n  involved t h e  f i r s t  of t h e s e  sub- 

j e c t s ,  namely, t h e  i n f l u e n c e  of f r i c t i o n  and s t i f f n e s s  v a r i a t i o n s  i n  t h e  

s e l f -  s t e e r i n g  s y s  tem on t h e  dynamic per f  o m n c e  of t h e  v e h i c l e  combina- 

t i o n .  I f  t h e  s t e e r i n g  system of t h e  B-dolly is locked o r  o the rwise  

prevented from s t e e r i n g  (such a s  when "stuck" i n  t h e  coulomb f r i c t i o n ) ,  

t h e  v e h i c l e  combination behaves the  same a s  a  B-train.  This  cond i t ion  

d e f i n e s  an  e f f e c t i v e  upper range f o r  t h e  s t i f f n e s s  and f r i c t i o n  para- 

meters .  A t  t h e  o t h e r  end of t h e  range would be a s e l f - s t e e r i n g  system 

t h a t  possesses  no f r i c t i o n  o r  s t i f f n e s s ,  a s  would be t h e  c a s e  i f  t he  

s t e e r i n g  system cons i s t ed  merely of wheels c a s t e r e d  on f r i c t i o n l e s s  

kingpings.  This  l a t t e r  arrangement r e s u l t s  in  t h e  d o l l y  t i r e s  seeicing 

the  zero s l i p  ang le  cond i t ion  such t h a t  no l a t e r a l  f o r c e s  a r e  produced. 

"Cas ter -s teer ing"  i s  a term used i n  t h e  r e p o r t  t o  r e p r e s e n t  t h i s  o the r  

extreme v a r i a t i o n  i n  d o l l y  s t e e r i n g  parameters .  



One type of doub le - t r a i l e r  combination was used t o  examine the  

inf luence of the  s e l f - s t e e r i n g  d o l l y  on the  performance of the v e h i c l e  

t r a i n .  A f ive-axle double wi th  a g ross  v e h i c l e  weight of 36,300 Kg 

(80,000 l b )  was se lec ted  a s  a l i k e l y  candidate  f o r  the  i n s t a l l a t i o n  of 

a B-type conver ter  d o l l y  s i m i l a r  t o  t h a t  supplied by ASTL. This t r a i n  

c o n s i s t s  of a s i n g l e  d r i v e  ax le  t r a c t o r  having a 3 m (120 i n )  wheel- 

base and p u l l i n g  two 8.23 m (27 f t )  s i n g l e  ax le  t r a i l e r s .  The B-dolly 

is a s i n g l e  a x l e  u n i t  a s  we l l ,  wi th  a 2.03 m (80 i n )  pintle-to-axle 

dimension, s i m i l a r  t o  the  ASTL specimen. The v e h i c l e  combination 

c a r r i e s  4,500 Kg (10,000 l b )  on the  t r a c t o r  s t e e r i n g  a x l e  and 7,900 Kg 

(17,500 l b )  on each of the  o t h e r  ax les .  By varying the  c o n s t r a i n t s  

placed on the  yaw and r o l l  freedom of t h e  d o l l y  r e l a t i v e  t o  the semi- 

t r a i l e r  and t h e  parameters de f in ing  the  s t e e r i n g  a c t i o n  of the  d o l l y  

a x l e ,  the  v e h i c l e  can be configured t o  r epresen t  A- o r  B-trains a s  we l l  

a s  B-dolly t r a i n s  having var ious  s e l f - s t e e r i n g  systems. 

The s imulat ion was exerc ised t o  eva lua te  the performance of 

var ious  conf igurat ions  i n  maneuvers t h a t  r ep resen t  r e a l  maneuvering 

scenar ios  t h a t  a r e  considered chal lenging e i t h e r  t o  t h e  commercial 

veh ic le  population a s  a whole o r  t o  t h i s  s p e c i f i c  c l a s s  of veh ic les .  

Steady turning and t h e  t r a n s i e n t  response associa ted  wi th  enter ing a 

t u r n  were examined t o  evaluate  t h e  s teady-s ta te ,  high-speed o f f t r ack ing  

of t h e  combinations, a s  we l l  a s  t o  explore the  p o s s i b i l i t y  of a degra- 

da t ion  i n  dynamic s t a b i l i t y  due t o  the  s t e e r a b l e  d o l l y .  Two s t e e r  input  

methods were used, namely, ramp/step s t s e r  inpu t s  and closed-loop 

negot ia t ion of a c i r c u l a r  path which is approached from a tangent.  

Another f a c e t  of mul t ip ly  a r t i c u l a t e d  v e h i c l e  performance t h a t  

warrants c lose  s c r u t i n y  is the  response of the  t r a i n  durlkg a rapid  lane- 

change inaneuver. Closed-loop nego t i a t ion  of a s p e c i f i c  course designed 

t o  produce a s i n g l e  s inusoid  of l a t e r a l  acce le ra t ion ,  of prescr ibed 

amplitude and per iod,  was used f o r  s imulat ion of lane-change maneuvers. 

Other performance measures, such a s  low-speed of f t r a c k i n g ,  were obtained 

with s p e c i f i c  t e s t s .  



4 .1  Parametric Var ia t ions  of Se l f - s t ee r ing  System 

The two p roper t i e s  of the  s e l f - s t e e r i n g  system t h a t  a r e  of i n t e r e s t  

i n  examining t h e  dynamic performance of the o v e r a l l  veh ic le  combination 

a r e  t h e  coulomb f r i c t i o n  and s t i f f n e s s  parameters. These two parameters 

d e f i n e  the  l e v e l  of l a t e r a l  f o r c e  a t  the  d o l l y  t i r e s  beyond which the  

v e h i c l e  combination ceases t o  respond l i k e  a  B-train. Also, the  s t ee r -  

ing s t i f f n e s s  parameter w i l l  determine an e f f e c t i v e  "cornering s t i f f n e s s "  

t h a t  w i l l  p r e v a i l  a t  the d o l l y  a x l e  a f t e r  t h e  coulomb f r i c t i o n  has 

been "broken." That i s ,  when t h e  coulomb f r i c t i o n  aoment has been 

exceeded by the sum of the  t i r e  moments about the  kingpin,  a  s t e e r  com- 

pl iance  i s  introduced i n  s e r i e s  wi th  the t i r e s  on the d o l l y  a x l e  thus 

reducing t h e  e f f e c t i v e  cornering s t i f f n e s s  a t  t h a t  ax le .  With the  t i r e s  

of the  d o l l y  a x l e  s t e e r i n g  i n  response to  appl ied  l a t e r a l  fo rce  and 

a l igning moment, the  "apparent s l i p  angle'' ( t h a t  i s ,  the  s l i p  angle  of 

the  a x l e  center)  must be increased t o  achieve the  same l e v e l  of l a t e r a l  

f o r c e  which would be obtained i n  the  case  of a  f i x e d ,  non-steering axle .  

The e f f e c t  of combined f r i c t i o n  and compliance i n  the se l f - s t ee r ing  

system is  i l l u s t r a t e d  i n  Figure 4.1. Assuming t h a t  the  t i r e  produces 

l a t e r a l  fo rce  l i n e a r l y  with s l i p  angle  according t o  the cornering 

s t i f f n e s s  value ,  C a ,  and assuming t h a t  the s t e e r i n g  system is  equivalent  

t o  another s e r i a l  sp r ing  having the  same l ave1  of s t i f f n e s s ,  C3, the  

force  developed per  u n i t  of apparent  s l i p  angle i s  equal  to  Ca, while 

the  wheel s t e e r  motion i s  locked by the  f r i c t i o n ,  but becomes C y / 2  

once the  f r i c t i o n  has been broken, a s  shown i n  the  f i g u r e .  

Figure 4 . 2  i l l u s t r a t e s  the  var ious  force-def lec t ion c h a r a c t e r i s t i c s  

of t h e  s e l f - s t e e r i n g  systems examined i n  t h i s  s tudy.  The B-train (or 

r i g i d  dolly-axle)  conf igurat ion is represented by the x-axis; t h a t  is ,  

no s t e e r i n g  is obtained regard less  of the  l e v e l  of appl ied  s i d e  f o r c e .  

The cas te r - s t ee red  vers ion is represented by the y-axis, f o r  which a 

zero l e v e l  of s i d e  fo rce  i s  required t o  maintain any s t e e r  angle.  The 

in termedia te  system conf igurat ions ,  except the  ASTL case ,  were defined 

i n  terms of the  "axle  cornering s t i f f n e s s ' '  which follows from the  s t e e r -  

ing s t i f f n e s s  and ax le  load l e v e l  which determines the  coulomb f r i c t i o n  

l e v e l .  F r i c t i o n  l e v e l  i s  defined here as  half  of the  t o t a l  width of the  

h y s t e r e s i s  loop determi2ed by coulomb f r i c t i o n .  



Apparent S l i p  Angle 

F igure  4 . 1 .  I n f l u e n c e  of  F r i c t i o n  and Compliance of S e l f - s t e e r i n g  
Sys tem on Axle L a t e r a l  Force Product ion .  
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4.1.1 Low-Speed Performance. The pass ive  s e l f - s t e e r i n g  system 

of the  B-dolly is  intended t o  improve the  low-speed maneuverability of 

the v e h i c l e  and to  reduce the  t i r e  scrub and wear which spread ax les  

cause i n  t i g h t  radius  tu rns ,  The "scrub" o r  l a t e r a l  s l i p  condit ion 

would otherwise be incurred during low-speed cornering whenever t h e  

rad ius  reduces such t h a t  the  t i r e s  on the  two ax les  of the  spread s e t  

(namely, t h e  semi and d o l l y  ax les )  opera te  a t  s i g n i f i c a n t  values  of s l i p  

angle. Since t h e  s l i p  angles would be of opposite s ign ,  opposing f o r c e s  

a r e  developed which provide f o r  a yaw moment on the  s e m i t r a i l e r .  T h i s  

moment, i n  tu rn ,  c a l l s  f o r  a s i d e  f o r c e  reac t ion  a t  the t r a c t o r  f i f t h  

wheel and, u l t ima te ly ,  a t  the  t r a c t o r  t i r e s .  

Offtracking on a 20 m rad ius  curve a t  10 Km/hr i s  used a s  a measure 

of the  low-speed maneuverabiM.ty of the  t r a i n .  The o f f t r ack ing  of a 

veh ic le  is defined a s  the  maximum devia t ion of the cen te r  of any a x l e  

from the  a r c  being tracked by t h e  center  of g rav i ty  of the t r a c t o r .  

This maximum devia t ion value  genera l ly  occurs a t  the  l a s t  a x l e  of the  

combination. Off t racking r e s u l t s  f o r  the  A- t r a i n ,  B-train, and cas te r -  

s t ee red  B-dolly t r a i n  a r e  shown i n  Figure 4.3.  We see  t h a t  the B-train 

o f f t r a c k s  considerably more than any of the o the r  veh ic les  (3.8 m). The 

minimum of f t r ack ing  is observed with the cas ter -s teered B-dolly (note 

t h a t  t h i s  conf igurat ion o f f t r a c k s  even l e s s  than the  A-train).  A s  would 

be expected, the  B-dolly wi th  a compliant s t e e r i n g  system shows perfor-  

mance between t h a t  of a B-train and cas ter -s teered B-dolly t r a i n .  In  

Figure 4.3, the  ASTL d o l l y  is not addressed d i r e c t l y  s i n c e  i t s  o f f -  

t racking performance is  i d e n t i c a l  t o  t h a t  of the B-train. This r e s u l t  

r e f l e c t s  the  f a c t  t h a t ,  a t  t h i s  radius  of tu rn ,  the  l a t e r a l  fo rce  a t  the  

d o l l y  a x l e  i s  i n s u f f i c i e n t  t o  break the  f r i c t i o n  and cause s t ee r ing  of 

the  do l ly  wheels. 

The s teady-s ta te  t i r e  fo rces  obtained i n  a 20 m curve a t  10 b / h r  

with a B-train and an equivalent  v e h i c l e  incorporating a cas ter -s teered 

B-dolly a r e  i l l u s t r a t e d  i n  Figure 4 .4 .  Despite the  f a c t  t h a t  the 

l a t e r a l  acce le ra t ion  is p r a c t i c a l l y  n e g l i g i b l e  a t  t h i s  turn  condit ion 

( .04  g ) ,  t he  semi and d o l l y  ax les  of the  B-train a r e  opera t ing a t  



F i g u r e  4 .3 .  O f f t r a c k i n g  10 I (n/hr ,  20 rn Radius Curve.  
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l a t e r a l  fo rce  l e v e l s  which a r e  between 25 and 30% of the  ax le  load.  

.As mentioned previously ,  f o r  a  smal l  value  of t u r n  rad ius  such a s  t h a t  

employed here ,  the  fo rces  a r e  of opposi te  p o l a r i t y  on these  ax les  such 

t h a t  a  l a r g e  couple i s  produced, r e s u l t i n g  i n  f o r c e  reac t ions  a t  the  

t r a c t o r  f i f t h  wheel and, consequently, a t  t h e  t r a c t o r  t i r e s .  

When t h e  do l ly  is  configured such t h a t  i t s  t i r e s  produce zero 

l a t e r a l  fo rces ,  t h e  demand f o r  s i d e  f o r c e  a t  the  tvo preceding a x l e s  ( i n  

a  low-speed curve) i s  reduced, thus reducing t i r e  scrub and wear. 

Moreover, the  low-speed off  t racking of a  combination v e h i c l e  and the  

scrub of t r a c t o r ,  semi, and d o l l y  t i r e s  is reduced wi th  decreased s t i f f -  

ness  i n  the  d o l l y ' s  se l f - s t ee r ing  system. Indeed, with a f r e e l y  

c a s t e r i n g  system, the  o f f t r ack ing  performance of an A-train can be 

surpassed.  The lower the  s t i f f n e s s  of the  d o l l y  s t e e r i n g  system can be 

made, the  more favorable  i t s  low-speed performance w i l l  become. 

4.1.2 High-speed Curving Performance. During t h e  nego t i a t ion  of 

a  curve a t  h igher  speed, the  t i r e s  on each of the  a x l e s  of the  v e h i c l e  

combination a r e  c a l l e d  upon to  produce the  l a t e r a l  fo rces  needed to  

achieve fo rce  and moment equi l ibr ium on the v e h i c l e  a s  a  whole. When 

a  decreased l e v e l  of s t i f f n e s s  i s  introduced i n t o  the s e l f  -s t e e r i n g  

system of a  B-dolly, the  d o l l y ' s  t i r e s  do not produce a  l a t e r a l  f o r c e  

response t o  "axle  s l i p  angle" which is i n  proportion to  the cornering 

s t i f f n e s s  of the  d o l l y  t i r e s .  A s  a  r e s u l t ,  a  l a t e r a l  fo rce  "deficiency1' 

w i l l  p r e v a i l  a t  t h e  B-dolly a x l e  such t h a t  the a x l e  on the s e m i t r a i l e r  

must "make up the d i f ference"  by i t s e l f ,  assuming a  g r e a t e r  s l i p  angle .  

Thus, the  semi-dolly u n i t  must, a s  a  whole, adopt a  more outward s i d e s l i p  

angle i n  order  t o  enable the  t i r e s  a t  the  semi a x l e  t o  produce t h e  

necessary r e a c t i o n  fo rces .  The r e s u l t i n g  v e h i c l e  a t t i t u d e  produces an 

increased outboard o f f t r ack ing  and a  l a r g e r  swept path  f o r  the  combination. 

This "softening" of the  semi-dolly u n i t  i n  yaw a l s o  can a f f e c t  the 

t r a n s i e n t  performance of the veh ic le  when en te r ing  a  curve. That is, 

t h e  decreased s t i f f n e s s  i n  yaw leads  to  l a r g e r  motions associa ted  with 

the  t r a n s i e n t  por t ion  of the maneuver. To address these  s teady-s ta te  and 

t r a n s i e n t  c h a r a c t e r i s t i c s ,  two separa te  maneuvers were simulated,  namely, 



closed-loop nego t i a t ion  of a f ixed radius  curve,  and a ramplstep of 

s t e e r i n g  input.  Although both maneuvers produce a s teady-s ta te  tu rn ,  

the  ramplstep input  method lends  i t s e l f  b e t t e r  t o  the  examination of 

the  t r a n s i e n t  character  of the  response. 

Steady-state o f f t r ack ing  f o r  th ree  B-type t r a i n s  and an A-train 

a r e  presented i n  Figure 4.5. These da ta  a r e  f o r  negot ia t ion of a 260 m 

(853 f t )  radius  curve a t  forward v e l o c i t i e s  of 50-90 Km/hr. The cas te r -  

s t ee red  case  y i e l d s  outboard o f f t r ack ing  which is s u b s t a n t i a l l y  more 

than any of the  o the r  combinations. The A- and B-trains exh ib i t  very 

l i t t l e  o f f t r ack ing .  The o f f t r ack ing  performance of the  B-dolly combina- 

t i o n  whose s t e e r i n g  system has a s t i f f n e s s  l e v e l  approximating the sum 

of the  t i r e  cornering s t i f f n e s s e s  a t  the  d o l l y  ax le  f a l l s  between t h a t  

of the locked and f ree ly - s t ee r ing  v a r i a t i o n s  of the  same veh ic le .  The 

performance of the  MTL-spec do l ly  s t e e r i n g  system is ,  again ,  i d e n t i c a l  

t o  t h a t  of a B-train i n  t h i s  maneuver ( s ince  the  d o l l y ' s  t i r e  forces  a r e  

too low t o  overcome the  f r i c t i o n  wi thin  t h e  s t e e r i n g  system). 

Vehicle response i n  the t r a n s i e n t  maneuver, involving an abrupt 

t r a n s i t i o n  i n t o  the  2 6 0  m rad ius  curve a t  8 0  Km/hr, i s  shown i n  Figure 

4.6 f o r  the  A-train, B-train, and the  cas ter -s teered B-dolly t r a i n .  

The l a r g e  excursions i n  a r t i c u l a t i o n  angle f o r  the cas ter -s teered case 

point  out  a dynamic overshoot problem with  t h i s  form of do l ly .  It i s  

a l s o  worthy of note  t h a t  the s t z e r i n g  s e n s i t i v i t i e s  of the  th ree  veh ic les  

a r e  d i f f e r e n t .  Vhile the A- and B-trains a r e  seen to  be very s imi la r  i n  

terms of s t e e r i n g  gain,  the  ze ro - s t i f fness  case of the B-dolly ind ica tes  

a reduced s teady-s ta te  gain  and, a s  a r e s u l t ,  r equ i res  a g rea te r  s t e e r  

input  a t  the  t r a c t o r  i n  order to  nego t i a te  the  curve. The lack of s i d e  

fo rce  c a p a b i l i t y  a t  the  d o l l y  ax le  of the cas ter -s teered case e l iminates  

the r e s i s t i n g  couple associa ted  with spread ax les ,  and, a s  a consequence, 

reduces the s i d e  fo rce  demand on t h e  t r a c t o r  d r i v e  axle .  The reduction 

of t h e  s l i p  angle a t  the  d r i v e  a x l e  is  accomplished by a l t e r i n g  the  

s i d e s l i p  angle of the t r a c t o r  such t h a t  more s t e e r  angle is required to  

properly balance t h e  t r a c t o r  forces .  

The f r i c t i o n a l  q u a l i t i e s  of the  se l f - s t ee r ing  system present a 

more complicated inf luence on the d i r e c t i o n a l  performance of the  veh ic le  
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system. When the f r i c t i o n  is  "broken" during the  course of a maneuver, 

the  opera t ing parameters of the  t r a i n  can change discontinuously.  This 

is  p a r t i c u l a r l y  t r u e  i f  the  s t i f f n e s s  of the s t e e r i n g  system is  low, 

such t h a t  a l a r g e  e f f e c t i v e  reduct ion i n  the cornering s t i f f n e s s  a t  

the  d o l l y  a x l e  follows the  " f r i c t i o n  break." To i l l u s t r a t e  t h i s  point ,  

th ree  B-dolly t r a i n s  wi th  varying l e v e l s  of s t e e r i n g  system f r i c t i o n  

were simulated i n  a ramp/step s t e e r i n g  maneuver. Two of these  veh ic les  

have f r i c t i o n  l e v e l s  corresponding t o  10% and 20% of the a x l e  load,  

r e spec t ive ly ,  and both have a value of s t e e r i n g  system s t i f f n e s s  which 

is  on t h e  order  of 20% of t h e  t o t a l  cornering s t i f f n e s s  of the  four 

do l ly  t i r e s .  These systems a r e  i l l u s t r a t e d  i n  Figure 4 .7 .  The t h i r d  

veh ic le  is a B-train, o r  any B-dolly t r a i n  having s u f f i c i e n t  f r i c t i o n  to 

keep the  do l ly  a x l e  e f f e c t i v e l y  locked. 

As seen i n  Figure 0.7 ,  t he  response of the t h r e e  combinations is  

i d e n t i c a l  up t o  the  time t h a t  the  f r i c t i o n  i s  broken i n  the  respec t ive  

s t e e r i n g  s y s t e m .  Once the  f r i c t i o n  is  broken and the  t i r e s  on the d o l l y  

a x l e  begin to  s t e e r ,  the  se l f - s t ee red  cases  begin t o  dev ia te  from the  

response exhibi ted  by the  5- t ra in .  The response of t h e  5- t ra in  is seen 

t o  be  heavily damped; t h a t  is ,  none of the  u n i t s  have any appreciable  

overshoot i n  l a t e r a l  acce le ra t ion .  Both of the  se l f - s t ee red  cases  have 

considerable overshoot,  wi th  the  lower f r i c t i o n  l e v e l  being associa ted  

wi th  the  l a r g e r  overshoot. A t  the onset  of se l f - s t ee r ing  ac t ion ,  the  

semi-dolly u n i t  is "softened" i n  yaw and swings out  a t  a  g r e a t e r  r a t e  to 

achieve the  s l i p  angles necessary to balance the fo rces  and moments on 

the u n i t .  The semi yaws outward r e l a t i v e  t o  the  t r a c t o r ,  adopting an 

outboard a r t i c u l a t i o n  angle.  I n  tu rn ,  the  pup t r a i l e r  a r t i c u l a t e s  

f u r t h e r  r e l a t i v e  t o  the  semi. Note a l s o  t h a t  the s teady-s ta te  s t e e r i n g  

gain of the  o v e r a l l  veh ic le  combination is lowered somewhat by the  s e l f -  

s t e e r i n g  a c t i o n  of the  do l ly .  I n  t h i s  regard,  a l s o ,  we see  t h a t  g r e a t e r  

devia t ion from the  B - t r a i n ' s  response is shown by the s t e e r i n g  system 

having a lower l e v e l  of f r i c t i o n .  

The l a rge  overshoot i n  the t r a n s i e n t  l a t e r a l  acce le ra t ion  response 

of the  vehic les  wi th  se l f - s t ee r ing  d o l l i e s  suggests t h a t  the  r e a r  

t r a i l e r  w i l l  experience an amplif ied r o l l  moment tending toward ro l lover .  
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I n  the  case of the  lower-f r ic t ion s t e e r i n g  system, above, the  l a t e r a l  

a c c e l e r a t i o n  of the  pup t r a i l e r  was seen t o  overshoot the  s t eady-s ta te  

va lue  by 65% i n  response t o  t h e  ramplstep s t e e r i n g  inpu t .  With such 

a  veh ic le ,  an abruptly-applied s t e e r i n g  input  intended t o  e s t a b l i s h  a  

steady t u r n  of .25 g  could e a s i l y  r e s u l t  i n  s u f f i c i e n t  l a t e r a l  accelera-  

t i o n  a t  the  pup t o  cause i t  to  r o l l  over ,  were i t  not f o r  the  r o l l  

coupling of t h e  two t r a i l e r s  together .  

Moreover, low l e v e l s  of f r i c t i o n  and s t i f f n e s s  i n  the  d o l l y ' s  

s e l f - s t e e r i n g  system tend t o  inc rease  high-speed o f f t r ack ing  and 

decrease the  apparent yaw damping of the semi-dolly u n i t .  Thus, the  

l e a s t  object ionable  behavior i n  s teady tu rns  and i n  response t o  ramp/step 

s t e e r i n g  inpu t s  is obtained wi th  high l e v e l s  of f r i c t i o n  and s t i f f n e s s  

i n  the  do l ly  s t e e r i n g  s y s t e ~ j u s t  those  condi t ions  t h a t  genera l ly  cause 

the  low-speed performance t o  be degraded. 

4.1.3 Rearward Amplification.  Amplification of the  t r a c t o r  

no t ion  a t  the  l a s t  t r a i l e r  of a  mul t ip ly-ar t icula ted  v e h i c l e  during 

lane-change o r  s i m i l a r  maneuvers i s  a  primary considera t ion i n  the 

a c t i v e  s a f e t y  of inul t ip ly-ar t icula ted  veh ic les .  The r a t i o  of the  peak 

value  of l a t e r a l  acce le ra t ion  a t  t h e  pup t r a i l e r  to the peak experienced 

by the  t r a c t o r  is defined a s  t h e  r e a w a r d  ampl i f i ca t ion  measure. Reduc- 

t i o n  of  t h i s  ampl i f i ca t ion  r a t i o  is a  primary b e n e f i t  der iv ing from the  

des ign of B-trains.  That is, e l iminat ion of one of the a r t i c u l a t i o n  

points  i n  the  veh ic le  t r a i n ,  and the  e l iminat ion of the d o l l y  dynamics, 

r e s u l t s  i n  a  s u b s t a n t i a l  reduct ion i n  rearward ampl i f i ca t ion .  Since the 

magnitude of t h e  ampl i f i ca t ion  response inc reases  with speed, the  

phenomenon is  examined here f o r  cases  involving B-dollies a t  the  highway 

speed of 100 Km/hr (62.1 mph). 

Since rearward ampl i f i ca t ion  is  a l s o  s e n s i t i v e  t o  the  frequency of 

the t r a c t o r  s t e e r i n g  inpu t ,  the  responses of an A-, a  B-train, and a  

cas tered-s teered B-dolly t r a i n  a r e  shown i n  Figure 4.8 a s  a  funct ion of 

s t e e r  input  frequency. These data  were generated by t h e  l i n e a r  yaw plane 

model and c o n s t i t u t e  numerics pe r t a in ing  t o  the  s t eady-s ta te  o s c i l l a t i o n  

of the e n t i r e  t r a i n .  The peak ampl i f i ca t ion  of the  A-train is seen to  
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be 2 . 2  a t  a s t e e r  input  frequency of . 6  Hz. Generally, s i g n i f i c a n t  

s t e e r i n g  inputs  t o  commercial vehic les  can be considered to  be l imi ted  

t o  the  0-.5 Hz frequency range, with the upper end of t h i s  range repre- 

sent ing emergency avoidance maneuvers. The B-train e x h i b i t s  a 

r e l a t i v e l y  lower ampl i f ica t ion peak of 1.4 a t  . 4  Hz. The veh ic le  com- 

b i n a t i o n  employing a cas ter -s teered B-dolly has a peak ampl i f ica t ion 

of 2.25 occurring a t  a frequency of . 3 3  H m e l l  wi th in  the  range of 

s t e e r i n g  frequencies t h a t  d r ive r s  can r e a d i l y  apply. An amplif i c a  t i o n  

of t h i s  magnitude a t  such a low frequency is  of concern regarding the  

a c t i v e  s a f e t y  of a veh ic le  even during non-emergency opera t ion.  That 

i s ,  s ince  a three-second lane  change ( - 3 3  Hz s t e e r i n g  frequency) con- 

s t i t u t e s  a maneuver of in termedia te  quickness such a s  might be under- 

taken t o  resolve  a minor t r a f f i c  c o n f l i c t ,  i t  should be of concern t h a t  

such maneuvers may occur s o r e  f requent ly  than the  " d i r e  emergency" type 

of maneuvers needed to  s t rong ly  e x c i t e  rearward ampl i f ica t ion i n  con- 

ven t iona l  A- t r a i n s .  

The s teady-s ta te  o s c i l i a t o r y  behavior s tudied by means of a l i n e a r  

r ep resen ta t ion  of a veh ic le  i s  use fu l  fo r  gaining i n s i g h t  i n t o  the  bas ic  

nature  of the  veh ic le  behavior. To ob ta in  a numerical value f o r  the 

rearward ampl i f ica t ion response i n  a real-world maneuver, however, i t  

is more useful  t o  perf o m  a s i n g l e  lane-change or  obstacle-avoidance 

maneuver, o r  t o  input  a s i n g l e  sinusoid of s t e e r i n g .  The s i n g l e  

s inusoid  approach can become complicated by the  asymmetric behavior of 

the veh ic le  i n  response t o  f i r s t  and second halves of the s t e e r  input  

wave. To avoid t h i s  a s y m e t r y ,  obs tacle-avoidance maneuvers were 

simulated here by using a closed-loop con t ro l  of v e h i c l e  s t e e r i n g  i n  order 

t o  follow a predetermined path. With t h i s  approach, a se lec ted  amplitude 

of l a t e r a l  acce le ra t ion  a t  the t r a c t o r  can be obtained,  a s  well  a s  the 

nominal time period of the  maneuver. This method r e s u l t s  i n  improved 

symmetry between the  i n i t i a t i o n  and recovery phases of the  l a t e r a l  

acce le ra t ion  response of the  t r a c t o r  [Z], thus allowing d i r e c t  compari- 

son of the responses of d i f f e r i n g  vehic les .  Addit ionally,  t h i s  t ine- 

domain simulation incorporates  a l l  of the major n o n l i n e a r i t i e s  needed to 

represent  veh ic le  behavior i n  a moderately severe maneuver. 



Using t r a j e c t o r i e s  designed t o  provide .15 g l a t e r a l  acce le ra t ion  

a t  the t r a c t o r  wi th  periods ranging from two t o  s i x  seconds, a point- 

by-point representa t ion of rearward ampl i f ica t ion a s  a funct ion of f r e -  

quency ( l /pe r iod)  was generated f o r  obstacle-avoidance maneuvers and is  

shown compared t o  l i n e a r  r e s u l t s  i n  Figure 4.9. The nonlinear r e s u l t s  

f o r  t h e  A- and B-trains show l a r g e r  l e v e l s  of ampl i f i ca t ion  than were 

seen wi th  the  l i n e a r  model, al though both models y i e l d  ampl i f i ca t ion  

curves having s i m i l a r  shapes. The nonlinear r e s u l t s  f o r  the  cas te r -  

s t ee red  case show reduct ions  in  both the  ampl i f i ca t ion  l e v e l  and i n  the  

s t e e r i n g  frequency a t  which peak ampl i f ica t ion occurs.  The s p e c i f i c  

values obtained with the  nonlinear simulation show the  cas ter -s teered 

B-dolly t r a i n  to  have a peak ampl i f i ca t ion  of 1.8 a t  a  frequency of .25 

Hz. 

The apparent  "disagreement" between the  l i n e a r  and nonl inear  

determinations of t h e  rearward ampl i f ica t ion response of the  cas te r -  

s t ee red  B-dolly t r a i n  is not e n t i r e l y  unexpected. That is,  i t  is c l e a r  

t h a t  the f ree-cas ter ing of the Number 4 (dol ly)  a x l e  causes the  Number 

3 ( semi t ra i l e r )  ax le  to  opera te  a t  much l a r g e r  s l i p  angles  i n  order to  

produce the  l a t e r a l  forces  needed t o  achieve equil ibrium. Fur ther ,  

these  l a t e r a l  forces  w i l l  be nonl inear ly  r e l a t e d  t o  s l i p  angle such t h a t  

the t o t a l  "yaw s t i f f n e s s "  and thus, yaw n a t u r a l  frequency, of the  semi- 

t ra i ler -and-dol ly  un i t  is  reduced below the l e v e l  considered i n  l i n e a r  

ana lys i s .  As a r e s u l t ,  the s e m i t r a i l e r  reaches i t s  peak ampl i f ica t ion 

a t  a  lower frequency than t h a t  needed t o  achieve peak response on the  

pup t r a i l e r  such t h a t  the  t o t a l  ampl i f i ca t ion  i s  reduced i n  comparison 

wi th  the l i n e a r  case. 

Figure 4.10 shows the rearward ampl i f ica t ion of the  A-train, B- 

t r a i n ,  and the  cas ter -s teered B-dolly t r a i n  a s  a funct ion of lane-change 

period.  Although these  data  present  the  same information a s  was shown 

i n  Figure 4 .9 ,  t h i s  format se rves  to  b e t t e r  i l l u s t r a t e  the  r e l a t i v e l y  

high rearward ampl i f i ca t ion  of the  cas ter -s teered %dol ly  t r a i n  during 

the long-duration lane  changes. 
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Figure  4.9.  Comparison of S i n g l e  Lane-Change Response t o  Linear  

Frequency Response. 





Another s i g n i f i c a n t  consequence of the rearward ampl i f ica t ion 

responses i s  shown i n  Figure 4.11. I n  t h i s  f igure ,  the  l a t e r a l  d is -  

placement overshoot f o r  the  combination is  shown a s  a funct ion of the  

nominal s t e e r i n g  period employed i n  the maneuver. This overshoot i s  

the  amount t h a t  l a t e r a l  displacement of the l a s t  t r a i l e r  goes beyond 

the f i n a l ,  o r  s teady-s ta te ,  pos i t ion  during the  lane-change maneuver. 

For obstacle-avoidance maneuvers of th ree  seconds durat ion and longer 

( i .  e . ,  those i n  the  more normal operating range) ,  the cas ter -s teered 3- 

dol ly  combination overshoots i ts  f i n a l  pos i t ion  by s u b s t a n t i a l l y  more 

than the o the r  combinations. We see ,  f o r  example, t h a t  the  pup t r a i l e r  

on t h i s  veh ic le  shows more than a one meter overshoot i n  a four-second 

l ane  change. 

I n  general ,  i t  can be sa id  t h a t  excessively compliant se l f - s t ee r ing  

systems i n s t a l l e d  on the  do l ly  ax le  w i l l  increase  the  v e h i c l e ' s  rearward 

ampl i f ica t ion response and lower the  frequency a t  which peak amplifica- 

t i o n  occurs.  An in termedia te  l e v e l  of s t ee r ing  compliance is  represented 

i n  ?igure 4.12, i n  which the  l i n e a r  frequency response of a 3-dolly 

having a r es to r ing  s t i f f n e s s  approximately equal to the t o t a l  ax le  

cornering s t i f f n e s s  is compared to the  response of the  B-train and a 

veh ic le  o u t f i t t e d  wi th  a cas ter -s teered 5-dolly. We note  t h a t  even t h i s  

in termedia te  (equal  to  a x l e  cornering s t i f f n e s s )  case  y i e l d s  an increased 

ampl i f ica t ion r a t i o  with respect  t o  the B-train. 

The f r i c t i o n  c h a r a c t e r i s t i c  of the se l f - s t ee r ing  system has a more 

complex i n £  luence on the v e h i c l e ' s  lane-change performance. Figure 4.13, 

f o r  example, shows time h i s t o r i e s  f o r  the B-train and f o r  two 5-dolly 

systems having the  intermediate l e v e l s  of f r i c t i o n  as  introduced before. 

The th ree  simuiated responses a r e  very s i m i l a r  desp i t e  the presence of 

measurable s e l f - s t e e r  angles f o r  both of the  lower f r i c t i o n  cases .  The 

rearward ampl i f ica t ion f o r  the  th ree  vehic les  is almost i d e n t i c a l  f o r  

t h i s  three-second lane  change. The higher f r i c t i o n  system (where the 

force  needed t o  overcome the s t e e r i n g  f r i c t i o n  is  20% of ax le  load) 

a c t u a l l y  has s l i g h t l y  l e s s  ampl i f ica t ion than the  % t r a i n .  We see  t h a t  

the s t e e r i n g  system is moved out of the  f r i c t i o n  zone during the i n i t i a -  

t ion  phase of the aaneuver and becomes "stuck" a t  .4 degrees of 
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Figu re  4.12.  L inea r  Yodel Rearward h p l i f  i c a t i o n  f o r  
Self -S teer ing B-Dollies. 
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Systen  on Lane-Change Response. 
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s e l f - s t e e r  angle a s  the  l a t e r a l  force  i s  reduced and reversed.  This 

s t e e r  angle serves  t o  inc rease  the l a t e r a l  force  opposing t h e  motion 

of the  semi-dolly u n i t  during the  recovery phase of the  l a n e  change, 

serving t o  reduce the  second acce le ra t ion  peak and thus ,  t h e  rearward 

ampl i f ica t ion.  The f r i c t i o n  is  broken again during the  recovery por t ion 

of the  maneuver such t h a t  the  d o l l y  wheels s t e e r  i n  the  opposite 

d i r e c t i o n  about .9 degrees. The se l f - s t ee r ing  angle becomes s tuck a t  

t h i s  angle and t h e  veh ic le  e x i t s  the  l ane  change wi th  the  semi-dolly 

un i t  "dog-tracking" r e l a t i v e  to  the  t r a c t o r  and pup t r a i l e r .  The lower 

f r i c t i o n  case  ( i . e . ,  l a t e r a l  fo rce  equivalent  t o  10% of ax le  load) 

e x h i b i t s  near ly  i d e n t i c a l  behavior, al though the  t i r e s  on the do l ly  a x l e  

take on l a r g e r  s t e e r  angles (1.2-2.2 degrees) .  In  t h i s  case ,  the  period 

during which the  se l f - s t ee r ing  system is  s tuck  i n  the  f r i c t i o n  is 

reduced. Nevertheless,  the  10% f r i c t i o n  l e v e l  is  found t o  be s u f f i c i e n t  

t o  keep the rearward ampl i f i ca t ion  l e v e l  c lose  t o  t h a t  of the B-train. 

For the  l e v e l s  of coulomb f r i c t i o n  examined here ,  the f r i c t i o n  i n  

t h e  se l f - s t ee r ing  system is seen t o  have a minor e f f e c t  on t h e  veh ic le  

performance during lane-change-like maneuvers. Nevertheless,  a f r i c t i o n  

l e v e l  approaching zero w i l l  r e s u l t  i n  the  system a c t i n g  simply a s  a com- 

p l i an t  s t e e r i n g  sys tern, wi th  the  previously-described disadvantages.  

Extremely high f r i c t i o n  l e v e l s  a s sure  t h a t  the  veh ic le  combination r e a c t s  

s i m i l a r l y  t o  a B-train. Intermediate f r i c t i o n  l e v e l s  can r e s u l t  i n  

behavior approaching t h a t  of a B-train, although t h i s  r e s u l t  depends on 

the i n t e r a c t i o n  of the  se l f - s t ee r ing  system f r i c t i o n  and compliance with 

the  motions of the  veh ic le  un i t  t o  which i t  is a t tached.  

4 .2  P i n t l e  Hitch Loading 

P i n t l e  hooks and l u n e t t e  eyes used on commercial veh ic les  normally 

transmit  loads only i n  the long i tud ina l  d i r e c t i o n .  The concept of  a 

B-type converter  do l ly  changes the  h i t c h  load ? o s s i b i l i t i e s  markedly 

s i n c e  the  do l ly  t ransmits  r o l l  and yaw moments between semi and pup 

t r a i l e r s .  Indeed, the dual  p i n t l e  h i t ches  of the B-dolly experience 

reac t ion  forces  i n  a l l  th ree  d i rec t ions .  La te ra l  fo rces  developed a t  the 

d o l l y ' s  f i f t h  wheel and a t  i t s  t i r e s  a c t  t o  load the h i tching system with 



a l a t e r a l  fo rce  and yawing moment. The l a t e r a l  fo rce  produces a l a t e r a l  

shear  t o  the p i n t l e  h i t c h e s ,  whi le  the  yaw moment is reacted a s  longi-  

tud ina l  tens ion and compression fo rces  a t  the l e f t -  and right-hand 

h i t ches .  Rol l  moments t ransmit ted  between d o l l y  and lead t r a i l e r  pro- 

duce v e r t i c a l  shea r  fo rces  a t  the  h i t ches .  I n  conventional  (A-type) 

d o l l y  a p p l i c a t i o n s ,  the  hizch i s  required t o  ca r ry  very small v e r t i c a l  

loads due t o  the  proximity of the  d o l l y ' s  f i f t h  wheel t o  t h e  a x l e  c e n t e r l i n e  

In  f a c t ,  only during braking does the  A-type p i n t l e  experience s u b s t a n t i a l  

v e r t i c a l  loads ,  and then the  r e a c t i o n  load appl ied  to  the  p i n t l e  hook is 

o r ien ted  downwards. 

The most c r i t i c a l  loading of the  h i t c h  i n  B-dolly i n s t a l l a t i o n s  i s  

thought t o  involve  t h e  upward-oriented shear load t h a t  a r i s e s  from the  

genera t ion of a r o l l  couple on the  f r o n t  connections t o  t h e  dol ly .  The 

downward v e r t i c a l  loads  imposed on the  h i t c h  a r e  appl ied  i n  the d i r e c t i o n  

of the  bottom of the  hook, which i s  a f a i r l y  s t rong sec t ion ,  while the 

upward load is of s p e c i a l  concern because i t  is borne by the  l a t ch ing  

mechanism. The a b i l i t y  of the  h i t c h  t o  remain la tched under the  appl i -  

ca t ion of t h i s  upward force  i s  seen a s  the  p o t e n t i a l l y  c r i t i c a l  f a c t o r .  

In  order  t o  ob ta in  an es t imate  of the  maximum h i t c h  forces  which 

might p r e v a i l ,  a  high-center-of-gravity ve r s ion  of the s e l f - s t e e r i n g  

B-dolly t r a i n  was simulated executing maneuvers approaching r o l l o v e r .  

The center-of-gravity height  of the  t r a i l e r s  was ?laced a t  2.8 m (110 i n )  

above the  ground t o  s imulate  the  h ighest  payload placement which is  

thought t o  occur i n  n o n a l  c o m e r c i a l  se rv ice .  This maximum reasonable 

c.g. height  is  used t o  genera te  the  peak maximum va lue  of r o l l  moment 

during a lane-change maneuver. The lane-change maneuver produces a l a r g e  

d i f f e r e n t i a l  r o l l  moment due t o  the  out-of-phase l a t e r a l  acce le ra t ion  

responses of the  two t r a i l e r s  during the  t r a n s i e n t  maneuver. 

The B-dolly t r a i n  using the  ASTL s t e e r i n g  system model was simu- 

l a t e d  i n  a lane-change maneuver which produced a 0.25 g l e v e l  of l a t e r a l  

acce le ra t ion  a t  the t r a c t o r ,  f o r  a s teady speed of 100 :(m/hr. During 

the  recovery phase of t h i s  maneuver, the  pup a x l e  l i f t s  and the  r o l l  

couple ac ross  the  h i t c h  reaches i t s  inaxinurn value--approximately 

51,900 X-m (450,000 in- lb) .  This causes an upward loading of 66 .7  !-LY 

(15,000 l b )  a t  one p i n t l e  hook and an equal downward loading of the 



o the r .  The l o n g i t u d i n a l  and l a t e r a l  l oad ings  of each h i t c h  i n  t h i s  

nea r - l imi t  maneuver a r e  20.5 kN and 5.3 kN, r e s p e c t i v e l y .  The most 

s e r i o u s  load ing  i s  the  v e r t i c a l  load  app l i ed  t o  t he  p i n t l e  hook 

mechanism. Spec ia l  p rov i s ions  must be made t o  a s s u r e  t h a t  t h e  h i t c h  

can t r ansmi t  t h i s  load  wi thout  f a i l u r e .  

4.3 In f luence  of Inc reased  Dolly Length 

To examine t h e  i m p l i c a t i o n s  of lengthening  t h e  5-type conve r t e r  

d o l l y ,  an i n c r e a s e  of t h e  d o l l y  l e n g t h  from 2 m (80 i n )  t o  3 m (120 i n )  

was examined t o  a s s e s s  i ts  e f f e c t  on t h e  low- and high-speed performance 

of t h e  cas  t e r - s t e e r e d  B-dolly and t h e  locked-s teer ing  B-dolly (5 - t r a in )  . 
For t h e  locked-s teer ing  v e h i c l e ,  t h e  i n c r e a s e  i n  d o l l y  l e n g t h  is  

analogous t o  an  i n c r e a s e  i n  wheelbase of t h e  semi-dolly u n i t .  The r e s u l t  

of t h i s  i n c r e a s e  i n  e f f e c t i v e  wheelbase i s  t h a t  t he  yaw s t i f f n e s s  of t h e  

u n i t  i s  inc reased ,  and t h e  o s c i l l a t o r y  motion of t h e  u n i t  becomes more 

damped. The spread  o f  t h e  a x l e s  is inc reased  a s  w e l l  and this b r ings  

wi th  i t  a l a r g e r  r e s i s t i v e  moment which i s  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  t u r n  r a d i u s .  I n  t he  case  of t h e  c a s t e r - s t e e r e d  B-dolly combinat ion,  

a l onge r  d o l l y  causes t h e  f o r c e  a t  t h e  d o l l y  f i f t h  wheel t o  be app l i ed  

a t  a l onge r  moment arm from t h e  c.g. of t h e  s e m i t r a i l e r  such t h a t  a 

g r e a t e r  l a t e r a l  f o r c e  is  needed a t  t h e  t i r e s  on t h e  s e m i t r a i l e r  a x l e  i n  

o r d e r  t o  achieve  f o r c e  and moment equ i l i b r ium.  

The long  d o l l y  combinations a r e  compared t o  t h e  s t anda rd  v e h i c l e s  

f o r  low-speed o f f t r a c k i n g  i n  F igure  4.14. The low-speed o f f t r a c k i n g  on 

a 20 m r a d i u s  curve a t  10 K d h r  i s  seen  t o  be reduced f o r  t he  c a s t e r -  

s t e e r e d  case ,  i n  comparison w i t h  t h e  behavior  e x h i b i t e d  w i t h  t h e  s h o r t e r  

tongue. C lea r ly ,  w i t h  c a s t e r  s t e e r i n g  t h e  longe r  d o l l y  tongue c o n s t i t u t e s  

t h e  equ iva len t  of an extended "s t inger1 '  which causes  t h e  d o l l y  f i f t h  

wheel t o  t r a c k  a t  a l a r g e r  r a d i u s ,  w i th  a lower t o t a l  va lue  of low- 

speed o f f t r a c k i n g .  I n  t h e  case  of a locked-s teer ing  d o l l y ,  t h e  longer  

e f f e c t i v e  wheelbase imp l i e s ,  and r e s u l t s  i n ,  a g r e a t e r  amount of low- 

speed o f f t r a c k i n g  f o r  t h e  f ixed - s t ee r ing  v e h i c l e .  
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F igure  4 . 1 4 .  Dolly Length Inf luence  on Low-Speed 
Offtracking - 10 Km/hr, 20 n Radius. 



For t h e  long d o l l y ,  ca s t e r - s t ee red  case ,  t h e  high-speed o f f t r a c k -  

ing i s  inc reased  over t h a t  of t he  s h o r t e r  d o l l y ,  a s  shown i n  F igu re  

4.15. A t  90 Km/hr (56.3 mph) on a  260 m (853 f t )  r a d i u s  curve ,  t he  

long d o l l y ,  ca s t e r - s t ee red ,  v e h i c l e  o f f t r a c k s  1.75 m t o  t h e  o u t s i d e  of 

t h e  tu rn .  Also a t  90 Kmlhr, i nc reas ing  the  d o l l y  l eng th  inc reases  the  

high-speed o f f t r a c k i n g  of t h e  f ixed - s t ee r ing  (B-dolly locked) combina- 

t i o n ,  w i th  t h e  outboard o f f t r a c k i n g  dimension inc reas ing  from .6  t o  .78 

m. Below 75 Kmlhr, t h i s  t r end  involv ing  the  B-dolly locked case  is  

reversed  such t h a t  t h e  long d o l l y  v e r s i o n  e x h i b i t s  margina l ly  l e s s  o f f -  

t racking  than  the  s tandard  d o l l y .  

The rearward a m p l i f i c a t i o n  obtained w i t h  t h e  increased  d o l l y  

l eng th  is only  s l i g h t l y  d i f f e r e n t  from t h a t  of t he  s h o r t e r  d o l l y  cases .  

For t h e  f ixed - s t ee r ing  case ,  t h e  in f luence  of d o l l y  l e n g t h  i s  n e g l i g i b l e .  

With t h e  c a s t e r - s t e e r i n g  ve r s ion ,  t h e  longer  d o l l y  r e s u l t s  i n  a s l i g h t l y  

increased  rearward ampl i f i ca t ion .  F igure  4.16 shows t h e  rearward ampli- 

f i c a t i o n  of t h e  v e h i c l e s  a s  a func t ion  of input  frequency.  These d a t a  

a r e  from t h e  l i n e a r  yaw plane  model and a r e  used only a s  a  rough ind i -  

c a t o r  of t h e  a c t u a l  v e h i c l e  performance of t he  combinations. 

Moreover, t h e  in f luence  of increased  d o l l y  l e n g t h  is not of g r e a t  

s i g n i f i c a n c e  t o  t h e  dynamic performance of t h e  combination i n  the  

maneuvers examined here.  Increased  d o l l y  l eng th  may change t h e  loading  

of t h e  p i n t l e  h i t c h e s ,  however, s i n c e  the  yaw moment r e s u l t i n g  from t i r e  

and f i f t h  wheel f o r c e s  w i l l  be increased .  

4.4 Tr ip l e -Tra i l e r  Combinations 

It has been e s t a b l i s h e d  [ 2 ]  t h a t  t r i p l e - t r a i l e r  combinations 

e x h i b i t  a  g r e a t e r  l e v e l  of  rearward a m p l i f i c a t i o n  than A-train doubles.  

Thus, t h e  5-type conver ter  d o l l y  was seen  a s  e s p e c i a l l y  a t t r a c t i v e  a s  a  

poss ib l e  means f o r  c o n t r o l l i n g  the  rearward a m p l i f i c a t i o n  tendencies  

of t h e  t r i p l e .  I n  t h i s  s tudy ,  t h e  l i n e a r  yaw plane  model was used t o  

eva lua t e  5-dolly i n s t a l l a t i o n  i n  t r i p l e - t r a i l e r  t r a i n s .  The p red ic t ed  

rearward a m p l i f i c a t i o n  of 8-dolly t r i p l e s  w i th  both locked and com- 

p l i a n t  s e l f - s t e e r i n g  systems a r e  shown i n  Figure  4.17. The compliant 

s t e e r i n g  system represented  h e r e  has a  s t i f f n e s s  l e v e l  approximating 
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the cornering s t i f f n e s s  of t h e  d o l l y  ax le .  The cas ter -s teered case  i s  

not  i l l u s t r a t e d  due t o  the  very l a rge  l e v e l  of ampl i f ica t ion (approxi- 

mately equal t o  9 . 5 ! )  observed with t h i s  combination. This l e v e l  of 

ampl i f ica t ion i s  so high t h a t  the  equipped veh ic le  would be expected to  

s u f f e r  ro l lover  i n  response t o  even the  minor s t e e r i n g  pe r tu rba t ions  

occurring i n  normal dr iv ing.  By way of c o n t r a s t ,  an  A-train t r i p l e  

(not shown i n  the f igure )  produces a  rearward ampl i f i ca t ion  l e v e l  of 

approximately 3 . 6  a t  100 Km/hr, whi le  nego t i a t ing  a  two-second lane- 

change maneuver. A s i m i l a r  t r i p l e  coupled with B-doll ies having the 

"locked" type of s t e e r i n g  behavior produces an ampl i f ica t ion l e v e l  of 

1.7%-less than half  t h a t  of the  A-train t r i p l e .  Halving the  "apparent 

cornering s t i f f n e s s "  of the  do l ly  ax le  by introducing s t e e r i n g  compliance 

a t  t h e  B-dollies r e s u l t s  i n  an increase  i n  rearward ampl i f i ca t ion  l e v e l  

to  2.5. 

Moreover, we can conclude from these r e s u l t s  t h a t  the  app l i ca t ion  

of B-type converter  d o l l i e s ,  p a r t i c u l a r l y  those with an e f f e c t i v e l y  

r i g i d  s t e e r i n g  funct ion,  o f f e r s  a  s i g n i f i c a n t  improvement i n  the  ampli- 

f i c a t i o n  performance of t r i p l e -  t r a i l e r  t r a i n s .  



CHAPTER 5 

CONCLUSIONS AXD RECOINENDATIONS 

The r e s u l t s  of t h i s  study have l ed  to  four  bas ic  conclusions 

concerning the  B-type converter  dol ly :  

1 )  High-speed performance can be equivalent  t o  t h a t  of 
a  B-train 

2 )  High-speed performance c h a r a c t e r i s  t i c s  a r e  s t rong ly  
influenced by the f r i c t i o n  and s t i f f n e s s  p r o p e r t i e s  
of the  B-dolly's s e l f - s t e e r i n g  system 

3) Low-speed o f f  t r ack ing  performance can exceed t h a t  of 
an A-train 

4 )  The loading of t h e  p i n t l e  h i t ches  of the d o l l y  can be 
very high compared t o  t h a t  nornal ly  accruing i n  
conventional  do l ly  app l i ca t ions  

The use of a  B-type do l ly  i n  p lace  of a  conventional  A-type d o l l y  has 

the  immediate e f f e c t ,  r ega rd less  of s e l f - s t e e r i n g  system p r o p e r t i e s ,  of 

coupling the  rearmost t r a i l e r  to  t h e  r e s t  of the  t r a i n  i n  r o l l .  This 

b e n e f i t s  t h e  ro l lover  immunity of the  t r a i n ,  e s p e c i a l l y  during t r a n s i e n t  

maneuvers, by allowing the  u n i t s  of the veh ic le  to sha re  the reac t ion  

of r o l l  moment between t h e i r  r e spec t ive  suspensions.  This tends to  

reduce r o l l  angles accrued during maneuvering and the re fo re  the  p o t e n t i a l  

f o r  r o l l o v e r  of an ind iv idua l  t r a i l i n g  u n i t .  

I f  the  s e l f - s t e e r i n g  system is  held f ixed by a  locking mechanism 

o r  by f r i c t i o n ,  the  r e s u l t i n g  veh ic le  is f u r t h e r  s t a b i l i z e d  by a  reduc- 

t i o n  i n  rearward ampl i f i ca t ion  r e l a t i v e  t o  an A-coupled t r a i n .  This 

conf igura t ion  is e s s e n t i a l l y  a  B-train wi th  the  a t t endan t  low rearward 

ampl i f ica t ion.  Reduction i n  the  e f f e c t i v e  s t i f f n e s s  of the se l f - s t ee r ing  

system, by reducing e i t h e r  f r i c t i o n  o r  the  s t i f f n e s s  of t h e  center ing 

spr ing,  may cause a  degradation i n  the  v e h i c l e ' s  performance a t  speed. 
--. ~ v r t h  a decrease i n  the  s t i f f n e s s  of the  s t e e r i n g  system comes an increase  



i n  high-speed o f f t r ack ing  and rearward ampl i f ica t ion.  The increased 

ampl i f ica t ion was a l s o  seen t o  be accompanied by a reduct ion i n  the  

frequency a t  which peak ampl i f ica t ion occurs.  I n  a l i m i t  c ase ,  involving 

a B-dolly s t e e r i n g  system with zero s t i f f n e s s  and zero f r i c t i o n ,  the  

peak ampl i f i ca t ion  can occur a t  low enough f requencies  t o  approach the 

realm of normal maneuvering. 

The most d e s i r a b l e  s e t  of se l f - s t ee r ing  system parameters a r e  

those  t h a t  prevent the  t i r e s  on the  d o l l y  a x l e  from s t e e r i n g  during the  

large-radius maneuvers conducted a t  highway speeds, while otherwise 

allowing s t e e r i n g  during shor t - radius  maneuvers around i n t e r s e c t i o n s  and 

the  l i k e .  Such parameters w i l l  a s su re  t h a t  low l e v e l s  of high-speed 

o f f t r ack ing  and rearward ampl i f i ca t ion  a r e  obtained in  double- and 

t r i p l e -  t r a i l e r  combinations. 

For low-speed maneuvering, t h e  se l f - s t ee red  B-dolly can a c t u a l l y  

outperform the  off  t r ack ing  behavior of t h e  A-train i f  s u f f i c i e n t l y  low 

values of f r i c t i o n  and center ing s t i f f n e s s  a r e  incorporated wi thin  the  

B-dolly's s t e e r i n g  system. Such low s t i f f n e s s  and f r i c t i o n  l e v e l s  may 

d i r e c t l y  oppose the  needs of high-speed maneuvering, however, such t h a t  

a compromised design may be warranted. I t  should be recognized,  however, 

t h a t  t o  s a c r i f i c e  high-speed s t a b i l i t y  f o r  a gain i n  low-speed maneuver- 

a b i l i t y  is t o  compromise the  i n t e r e s t s  of t r a f f i c  s a f e t y  i n  favor of 

economics (vis-a-vis t i r e  wear) and opera t iona l  convenience. One 

"uncompromised" s o l u t i o n  t o  t h i s  c o n f l i c t  i n  do l ly  requirements i s  to  

engage some form of locking mechanism t o  prevent s t e e r i n g  a t  high speed, 

while unlocking the  device a t  low speed s o  a s  t o  keep t i r e  scrubbing to  

a minimum and to improve low-speed maneuverabil i ty.  

A s p e c i f i c  B-dolly whose p roper t i e s  were measured i n  t h i s  study 

provided a reasonable compromise i n  l o r  versus  high-speed p roper t i e s  bv 

means of a l a r g e ,  but  not  excessive,  amount of coulomb f r i c t i o n  i n  the  

s e l f - s t e e r  system. While the r e s u l t i n g  s t a b i l i t y  and con t ro l  p roper t i e s  

of t h i s  do l ly  were v i r t u a l l y  a s  good a s  those of a B-train,  i t  was noted 

t h a t  the  r e t e n t i o n  of these  p roper t i e s  over time depends e n t i r e l y  upon 

the s t a t i o n a r i t y  of the  f r i c t i o n  f e a t u r e .  



The h i t c h  load ing  a r i s i n g  from B-dolly i n s t a l l a t i o n s  i s  an  a r e a  

of concern. I t  was found t h a t  t h e  p i n t l e  h i t c h e s  a t t a c h i n g  t h e  d o l l y  

t o  t h e  preceding t r a i l e r  can be sub jec t ed  t o  very  h igh  loads  i n  t h e  

d i r e c t i o n  tending  t o  "unlatch" t h e  h i t c h i n g  mechanism. Ex i s t ing  and 

f u t u r e  h i t c h i n g  mechanisms in tended f o r  B-dolly a p p l i c a t i o n s  should be 

examined t o  determine whether they can r e l i a b l y  wi ths tand t h i s  kind of 

loading .  The t h r e a t  of one l u n e t t e  eye becoming unhitched from t h e  

l e a d i n g  t r a i l e r  is  obvious and i s  presumed t o  pose a  dangerous cond i t ion .  

It is recommended t h a t  f u t u r e  B-dolly des igns  be s c r u t i n i z e d  care-  

f u l l y  t o  avoid  the  p l a c i n g  of an u n s u i t a b l e  product  on t h e  market.  The 

major c r i t e r i a  of  des ign  s u i t a b i l i t y ,  from a  s a f e t y  p o i n t  of view, a r e  

h i t ch ing  s t r e n g t h  and t h e  minimizat ion of  t h e  s e l f - s t e e r i n g  func t ion  

dur ing  high-speed ope ra t ion .  With t h e s e  two c r i t e r i a  s a t i s f i e d ,  t h e  B- 

d o l l y  p r e s e n t s  a  ve ry  appea l ing  a l t e r n a t i v e  t o  t h e  A-dolly i n  terms of 

dynamic performance, combining t h e  a c t i v e  s a f e t y  of t he  B-train wi th  the  

coupl ing  convenience and f l e e t  v e r s a t i l i t y  of a  convent ional  A-train.  
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