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The Phase I1 t e c h n i c a l  r e p o r t  was ' d i s t r i b u t e d  i n  J u n e ,  1 9 7 3 .  

S i n c e  t h a t  t i m e ,  v a r i o u s  a d d i t i o n s  have been made to t h e  d i r e c t i o n a l  

r e sponse  program. These a r e  l i s t e d  below. 

1) The c a p a b i l i t y  t o  si.mul.ate v a r i o u s  a n t i s k i d  mechanisms. 

2 )  Drive t o r q u e  

3)  Independent  f r o n t  suspens  i,1~1 o p t i o n  

4)  A u x i l i a r y  r o l l  s t i f f n e s s  

5 )  S p l i t  1~ c a p a b i l i t y .  

The f i r s t  two o f  t h e s e  a d d i t i o n s  n;ve been r e p o r t e d  i n  t h e  

Q u a r t e r l y  P rog re s s  Report  d a t e d  J ~ n e  30 ,  1 9 7 3 .  The indepez.dent 

f r o n t  s u s p e n s j 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 s p l i t  p cz ipab i l i t y  

a r e  more T S L L ; I ~  a d d i t i o n s .  An e x p l a n a t i o n  of  each o f  these  a d d i t i o n s  

is  i n c l . u d e d  i.11  his r e p o r t .  

It skou ld  be  n o k d  t h a t  "he  upda ted  yrsgrsn : x n 7 t  5" r:ui :v;th 

a  d a t a  stream i n  t h e  form g i v c n  i n  t h e  Phase If r e p o r t ,  The u s e r  

must e n t e r  an a ~ r x i l j - a r y  r o l l  s t i f f n e s s  f o r  a l l  non-tandem a x l e s  

a t  the ap- , , ropr ia te  p l a i e  i n  t h e  d a t a  ..tream as  e x p l a i n e d  iil t h i ~  

de,cil,i~e:it 

. I t  i s  e n v i s i o n e d  t h a t  t h i s  docur?v?.,>::, t o ~ e t h e r  w i t h  t h e  Phase 

I I  eeci-siical  r e p o r t ,  w i l l  p r o v i d e  a  cc i-;enien.t re fere i lce  f o r  u s e r s  

o f  th?  ?!lase J'I .u;i.m~alaticlz, Progra~c;.nir,-~ and. t e c h n i c a l  coml.nents on > 

this . s u b j e c t  s!lonlcl be d i r e c t e d  t o  !,!ikc ijodine o r  ,Jim Bern .ard .  



.A GENERAL PURPOSE ?4ATHEblATICAL NODEL 

FOR SIMULATING ANTI-i,liK SYSTEbiS 

Char 3 . e ~  blacAdam 



*%. 

The purpose of  t h e s e  n o t e s  i s  t o  document and e x p l a i n  
L, 

an a n t i l o c k  s i m u l a t i o n  i n t e n d e d  f o r  u s e  w i t h  t h e  Phase 9 1  
'\ 

D i r e c t i ~ n a l  Response T r u c k / T r a c t o r - T r a i l e r  s i m u l a t i o n  p r e v i o u s l y  '\ 
i 

developed a t  HSRI under  c o n t r a c t  t o  t h e  Motor Veh ic l e  Manu iac tu re r s  \ 
A s s ~ c i a t i o n . ~ T h e  a n t i l o c k  s i m u l a t i o n  d e s c r i b e d  h e r e i n  a t t e m p t s  j 
t o  o f f e r  a  g e n e r a l  framework i n  which t h e  c h a r a c t e r i s t i c s  of 

d i f f e r e n t  e x i s t i n g  a n t i l o c k  systems can be modeled. The sirnu- 
i 
i 
i 

l a t i o n  c o n c e n t r a t e s  on t h r e e  a r e a s  ci?,?iiion t o  most a n t i l o c k  / 
systeii ls:  (1) wheel s e n s o r ,  ( 2 )  ~ 0 j r t 1 3 l  l o g i c 9  and (33 p r e s s u r e  i" 

modula to r .  Ax le -by-ax le  systems a r e  a l lowed f o r  i n  t h e  Phase 11: 

program a s  w e l l  a s  f o u r  d i f f e r e n t  s i d e - t o - s i d e  o p t i o n s  f o r  any 

ax le .  A d e s c r i p t i o n  o f  t h e  simulatiioir anl e x p l a n a t i o n  o f  i t s  

u s e  i n  each of  t h e s e  a r e a s  w i l ?  EolLow. An exampie i s  p rov ided  

i n  Appt'nclix I a long w i t h  t h e  r e q u i r e d  l r p u t  format  f o r  lasing 

t h e  program. 

h z y .  -l;lurphy, R.E., e t  a l .  , A C c ~ n u t c r  + ------- Based I__.__lr--- !Ia-the~lat.ical. --.- Nethod EOT 
P r e d i c t i n g  the i3-iaking Perko-rmarrce O i  T r u c k s  and. i ' r a c t o r - T r a i l e r s  , 

I.--...."-- -I-- ,.--- ,-----..---------- ------ --.-,..---ca---.- -------."-. 

$)base 4. Re.nex'r, ] . jo tor  T r ~ c j ;  3 r a m g  aria ti .nrii t l lng PerEor~ance b m y ,  
H i g h w a y  sagery  Rcsearch I l n s t i t u t c ,  U n i v e r s i t y  of  iiIic,higan, 
September 1 5 ,  i 9 7 2 .  
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June  1, 1 9 7 3 ,  



At. t h i s  t ime no a t t empt  was made t o  rnodel a l l  t h e  i n t r a c a c i e s  \ 
coulprising a s o - c a l l e d  t y p i c a l  wheel s e n s o r .  R a t h e r ,  a  b l ack  box 1 
o r  i n p u t - o u t p u t  modeling approach was t aken .  The primary e f f e c t  1 
of a  wheel sensor  i s  a phase s h i f t  and/or  t ime d e l a y  between i 

I 
t h e  a c t u a l  wheel r a t e  and t h e  d e r i v e d  wheel r a t e .  This  i n p u t -  , 

o u t p u t  r e l a t i o n s h i p  can o f t e n  be desc r ibed  adequa te ly  by t r a n s E e r  

f u n c t i o n s  o f  v a r i o u s  o r d e r  and/or  t r anspor t  t ime de lay  expre ;s ions .  

The p r e s e n t  v e r s i o n  assunies a g e n e r a l  f i r s t  o r d e r  f i l t e r  o f  t h e  
3 
1. form - -  

?$ 1 3  
r e l a t i n g  a c t u a l  wheel r a t e  and d e r i v e d  wheel r a t e ,  

where T i s  t h e  t ime c o n s t a n t  o f  t h e  f i l t e r  and p  i s  a- operat?;  
fl) 

d e n o i i a g  di.?.frl e n t i a t i o n  wi th  r e s p e c t  t o  t ime.  

i+I;ny a n t j l 2 e k  systems make use of  wheel a c c e l e r a t i o n  derivec.  

from t h e  ou tpu t  of  t h e  wheel sensor .  '!.is normally invo lves  

additiccll d c i a y s  i ; i - r g  i:ith a  d i i i e r e n t i n t i o n  p r o c e s s .  The 

assuned t r z n s f c r  f u n c t i o n  he re  xas  - as  r e l a f - i i l g  
ud 

d e r i v e d  v r h ~ e l  r s t e  t o  de r ived  wheel a c c e l e r a t i o n .  The d e r i v e d  

wheel a c c e l e r a t i o n  c a l c u l a t i o n  normally xakes p l a c e  x i t h i n  

t h e  c i e c t r m i c  c o n t r o l  u n i t .  However, s i n c e  i t ,  along w i t h  

wheel r a t e ,  i s  a pr imary i n p u t  t o  t h e  c o n t r o l  u n i t  l o g i c ,  i t  

Is  inc luded b-ere w i t h i n  t h e  wheel sensor  module so t h a t  t h e  

c o n t r o i  u x i t  can  be c h a r a c t e r i z e d  b y  l o g i c a l  o r  dec is ion-making  

p r o c e s s e s  o n l y .  The wheel sensor  module can the11 be d e s c r i b e d  

by t h e  f o i i o ~ r i n g  i n p u t - o u t p u t  r e j a t i o i ? s h i p s :  



where uderived and 'derived a r e  used a s  t h e  pr imary i n p u t s  t o  

t h e  c o n t r o l  l o g i c  module. (Other v a r i a b l e s  are  provided  as  

p o s s i b l e  i n p u t s  t o  t h e  c o n t r o l  l o g i c  modul"e, however, no s i m i l a r  

o p e r a t i o n s  a r c  a t tempted  on t h e s e  otlzer i n p u t  v a r i a b l e s . )  The \ 
assumed wheel s e n s o r  and d e r i v a t i v e  c i r c u i t  i n p u t - o u t p u t  r e l a t i o n -  

s h i p s  a m  t h e r e f o r e  d e s c r i b e d  by " i~o  i n p u t  parameters  T artd 
W 

I- which r e p r e s e n t  t h e  f i r s t  o r d e r  f i l t e r  t ime c o n s t a n t s  of w d / 
t h e  wheel s e n s o r  and i t s  d e r i v a t i v e  c i l ' c u i t .  i 



2 . C:0Nfl'ROL LOG I C NODULE 
\\, 

', 
\ 

This p o r t i o n  o f  an a n t i l o c k  system, more than  any o t h e r ,  \ 
'\ 

i s  most r e s p o n s i b l e  f o r  d i s t i n g u i s h i n g  and d e f i n i n g  one a n t i -  !! 

l o c k  system from axnother. I t  i s  l i k e w i s e  t h e  one p o r t i o n  o f  I, 

an  a n t i l o c k  system t h a t  v a r i e s  t h e  most between d i f f e r e n t  systems 
I 

l 

and about  which so l i t t l e  in fo rma t ion  i s  a v a i l a b l e .  There fo re ,  
f 

a r a t h e r  ~ , ~ n e r a l  framework was c o n s t r u c t e d  i n  which many d i f f e r e n t  

c o r l t r a l - l o g i c  schelilcs could  be prog:.a~nmed by ~r te re ly  a l t e r i n g  I 
i 

/ i n p u t  pa ramete r s .  I 
i 

2.1. INEQUALTTY EXPRESSIONS 

Thc  prinr--pie f e a t u r e  o f  t h j s  g e n e r a l  framework i s  a  s e t  \* 

of s i x  arithme':ic inequalities of  t h e  f 9 ~ r n :  

where 

; r d e r i v e d  wbcel l i n e a r  a c c e l e r a t i o n  (wheel s e n s o r  

module) a t  t h e  t i r e l r o a d  i n t e r f a c e  

w E d e r i v e d  wheel l i n e a r  v e l o c i t y  a t  t h e  t i r e l r o a d  

i;lterft:ce (wheel. s e n s o r  nodule)  (Note w i s  t h e  

p roduc t  o f  t h e  e f f e ~ t i * , , ~ e  r o l l i n g  r a d i u s  and t h e  

a n g u l a r  v e l a c i t y  o f  t h e  wheel .  1 

- 1.1 ul z s p i n  wp wheel r a t e  a t  t i r?e  of  p r e s s u r e  i n c r e a s e  

d u r i ~ g  a n  a n t i l o c k  c y c l e .  

A i ,  Bij C i ,  D i ,  and E; a r e  i n p u t  pa . raxe ters  s p e c i f i e d  by t h e  
.* 

u s e r .  

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

of an "OFF" s i g n a l  which i s  s e n t  t o  rhe pressure modulator-the 



l a s t  t h r e e  w i t h  t h e  co r re spond ing  "OX" s i g n a l .  

A simple d e s c r i p t i o n  o f  t h e  sequence of  o p e r a t i o n s  t a k i n g  

p l a c e  w i t h i n  t h e  a n t i l o c k  c o n t r o l  l o g i c  module i s  a s  f o l l o w s :  

During a b r a k i n g  maneuver, t h e  d e r i v e d  wheel r a t e  and a c c e l e r -  

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

module f o r  e v a l u a t i o n  i n  t h e  u s e r - s e l e c t e d  i n e q u a l i t y  e x p r e s s i o n s .  
These e x ? r e s s i o n s  a r e  e v a l u a t e d ,  and based upon t h e i r  p o l a r i t y ,  

OFF s i g n a l s  o r  ON s i g n a l s  a r e  s e n t  t o  t h e  p r e s s u r e  modula tor .  ! 

A t  t h e  beginning  of t h e  b rak ing  maneuver, e v a l u a t i o n  of the 

i n e q u a l i t i e s  a s s o c i a t e d  w i t h  g e n e r a t i n g  t h e  "OFFtt s i g n a l  t a k e s  

place u n t i l  an "OFF" s i g n a l  i s  g e n e r a t e d .  A t t e n t i o n  t h e n  :is 

focuqed on t h s  i n e q u a l i t i e s  a s s o c i a t e d  w i t h  g e n e r a t i n g  ;in "ON" 
s i g n a l  until aE "ONf '  s i ~ n a l  i.s g e n e r a t e d .  This  sequence c o x t i z u : ? ~  // 
until e i t h e r  t h h  t r e a d l e  va lve  p r e s s u r e  demanded by t h e  d r i v e r  

> 

f a l l s  t o  near z e r o ,  a r  u n t i l  t h e  vehicle v e l o c i t y  decreases i 
to below sane c u t - o f f  v e l o c i t y .  

2 . 2 ,  LOGICAL VARIABLES 

Each of t h e  s i x  i n e q u a l i t i e s  has  assigned to i t  a  l o g i c a l  

v a r i a b l e  t h a t  i s  d e f i n e d  as TRUE i f  t h e  i n e q u a l i t y  i s  s a t i s f l e d  

as shown, FALSE i f  n o t .  I n  o t h e r  words,  i f  F.>U, t hen  t h e  l o g i c a l  
1- 

variable idi a s s o c i a t e d  w i t h  Fi assumes t h e  va lue  TRUE. If F j l D ,  

t h e n  Li assumes t h e  v a l u e  FALSE. S ince  t h e r e  a re  t h r e e  ineque ;? t i e s  

f o r  t h e  g e n c ~ a t i o n  o f  t h e  "OFF1' s i g n a l ,  t h e r e  a r e  t h r e z  l o g i c a l  

v a r i a b l e s  associaked r s i t h  t h e  "OFF" s i z n a l ,  Tke purpose of  
t h e s e  l o g i c a l  v s r i a b l c s  i s  t o  f a c i l i e a t e  the g e n e r a t i o n  of an 

''OFF'' s i g n a l  by allisiiing them t o  be 'gA;lu'l)u-ed and "'OR"-ed t o g e t h e r  
by t h e  progrzm use r .  I f ,  f o r  exampl~, t h e  u se r  had decided t h a t  

F and % n u s t  be s s t i s i i e d  o r  e l s e  F3 s a t i s f i e d  (F1, F 2 ,  and 1 2 
F3 heving been prcviouvly d e f i n e d  by t h e  da ta  s e t  s e l e c t e d  by 
t h e  u s o r )  t h e n  t i l e  p r o p e r  "OFF" s i g n a l  ~vould be  d e f i n e d  by t h e  

Eo lPswing  cxpressi on :  



I 
1, 

OF14 = (L1 AND L 2 )  OR L 3  
i 

The same d i s c u s s i o n  a p p l i e s  t o  t h e  "ON" s i g n a l  and i o g i c a l  

v a r i a b l e s  L4, L;, and L 6 .  

The u s e r  s p e c i f i e s  t h e  r e l a t i o n  between LI  and L 2  and t h e  

r e l a t i o n  between t h e  b r a c k e t e d  e x p r e s s i o n  and L3  by means o f  

two l o g i c a l  o p e r a t c r  swi t ches  OP and OVz3 t h a t  a r e  e n t e r e d  1 2  
as  0 o r  1. i n p u t .  The s a l u e  0 impl i e s  an "OR" o p e r a t i o n ,  t h ~  

v a l u e  : an "AND" o p e r a t i o n .  T h e r e f o r e ,  i n  t h e  above exarnpzie, 

OP12 would be s p e c i f i e d  by t h e  u s e r  a s  1 and OPZ3 as  0 .  The 

same d i s c u s s i o n  a p 2 l j . e ~  t o  l o g i c a l  v a r i a b l e s  L A ,  L 5 ,  L 6 '  and t h e l r  

l o g i c a l  o p a r a i c r  s w i t c h e s  OPq5 and OPS6. T h e r e f o r e ,   gene^-l 

forms o f  t h e s 5  l a g i c z l  e q u a t i o n s  a r e :  

OFF = (L1 OPIZ L 2 )  O F Z 3  L; , 

and ,  

I f  t h e  u s e r  wishes ,  he may g e n e r a t e  an  "OFF" s i g n a l  witF 

on ly  one o r  t w o  of t h e  t h r e e  a v a i l a b l e  i n e q u a l i t i e s ,  hence 

i g n o r i n g  -the r e m i n d e r .  This  i s  al lowed by means of t h r e e  

l o g i c a i  s e l e c t i o n  s w i t c h e s ,  LC,-, L C 2 ,  L C 3 ,  s i m i l a r  t o  t h e  l o g i , a l  

a p e r a t i o n  switches. Th.~y  a r e  s p e c i f i e d  as  e i t h e r  Q o r  1 i n p u t  

by t h e  u s e r ,  O meaning t o  i g n o r e  t h e  l o g i c a l  v a r i a b l . e ,  i t o  

inc7,r;d.e i.t i n  "Lhe f i n i l l  l og ica l .  e x p r e s s i o n .  If LC. i.s 0, t h e  
1. 

'r! corresponding 2, i - 9  D C i ,  Di, and Ei should  n o t  be e n t e r e d .  

Hence i n  tj:: above exe!-iple, L C I ,  L C 2 ,  and LC3 would  a l l  hzve 

t h e  v a l u e  1, If anly l;.,>O was r e q u i r e d  t o  gene ra t e  t h e  "OFF" 
k- 

s i g n a l ,  G = L, , thc i i  LC,  sh i iu ld  be  e n t e r e d  a s  1, and L C 2  a n d  
A. l. 

L C 3  should  be  e n t e r e d  as  O .  This  same d i . s cuss ion  a p p l i e s  t o  t h e  





Rewriting (1) as, 

Similarly f o r  ( 2 3 ,  

Since there 4 -  no F n e c e s s n r y ,  LC3  should be  e n t e r e d  as 0 ,  3 
whi l e  LC1 ac i  L C 2  are entered as 1. OPI2 should be e n t e r e d  

as 3. since n I r  = L1 AND L 2 .  - OP23 has  no meaning h e r e  and can 

therefore be e ~ t h e r  O or 1. The t ime de lay  between F1 and F 2  

implies T = ~ 1 ~ 0 5 .  S ince  t h e r e  i s  no t i n 1 3  d e l a y  specified i 
betv:een t h e  g~:c3watj.on o f  " L h e  "OFF" s i g n a l  and t h e  evaluation 

f o r  t h e  n e x t  "by' s j  g i i a l ,  T~ = 0 - 0 .  

Simiiar1.y f o r  t he  "ON" c x ' i t e r i a ,  (3) may be reriiritten a s ,  



Likewise, 

Since the re  i s  no F6 n e c e s s a r y ,  L C 6  s h o u l d  be en t e r ed  as 

0 while LCq and L C 5  a r e  e n t e r e d  as  1.. shou ld  be enters? 

as 1 f o r  t h e  r e q u i r e d  "ANDu o p e r a t i o n  w h i l e  OPg6 has no meanii~: 

and can be  e i t h e r  0 o r  1. The time delay  be tween  F4 and F ,  
.) 

require ' s  T = 0,05, Thc timc de l ay  between t h e  "ON" s i g n a l  ani 3 
t h e  t e s t  E ~ T  the  n e x t  "OFF" ; i g n a l  rcq-ul res  T = 0.10. Since 4 
F, and F6 :$ere not needed i n  t h e  above scheme, t h e y  were i gnored  

S 

by sz;:t.ing LC, and i C eqzal  t o  G .  T h e i r  c o e f f i c i e ~ ~ t s  s h o u l d  
IS " '6 

n o t  be e n t e r e d  i n  t h e  i n p u t  s t r e a n s ,  

I t  i s  no ted  t h a t  wheel s l i p  ( S )  i s  n o t  one o f  t h e  var!iables 

in t h c  inequality exprcssians. However, an equ iva l en t  expression 
* 

involving w a n d  x can  be ob ta ined  by n o t i n g  t h a t  



If  F1 L S - > S1 i s  t h e  d e s i r e d  e x p r e s s i o n ,  t hen ,  

X - W  L S1 i 

From a c o n t r o l  t h e o r y  ~ i e ~ i p o i n t ,  any c c t h e s e  arithmetic 

inequalities a r e  equ iva l en t  to constructing s w i t c h i n g  lines 
I 

and boundaries i n  the  w verstr? U; phase  ~ Z a n e .  Some remain 
II 

s t a t i o n a r y ,  sach  as w -- < a ,  ichi l c  o t i l c ; ~ c  .noye c ~ m ; " L i l ~ u ~ u ~ l y ,  
a 

s u c h  a s  w - bx -.. 0, d9penden.t on vehicle velocity. 

A number o f  antilock systerns p o s s e s s  an adap t ive  f e a t u r e  

f o r  t h e  c o e f f i c i e n t s  i n v o l v e d  i n  t h e i r  c o n t r o l  laws. Usual ly  



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

approximat ion  d e r i v e d  from wheel sp in -up  t i m e ,  which i n d i r e c t l y  

r e f l e c t s  t h e  road  s u r f a c e  f r i c t i o n  c o n d i t i o n .  Such an o p t i o n  / 
i s  a v a i l a b l e  f o r  t h e  i n e q u a l i t y  e x p r e s s i o n  c o e f f i c i e n t s  i n  t h i s  

s i m u l a t i o n .  I n  o r d e r  t o  u s e  t h e  o p t i o n ,  t h e  u s e r  need on ly  e n t e r  

two a d d i t i o n a l  pa ramete r s  p e r  c a r d  f o l l o w i n g  t h e  o r i g i n a l  

pa ramete r .  The t h i r d  parameter  on t h e  c a r d  r e p r e s e n t s  t h e  

b r e a k - p o i n t  va lue  of  v e h i c l e  a c c e l e r a t i o n s  below which t h e  

c o e f f i c i e n t  t & e s  t h e  f i r s t  parameter  v a l u e ,  above which t h e  

c o e f f i c i e n t  "ial,es t h e  second parameter  va1.ue. For example, 

i f  a c e r t a i n  c o e f f i c i e n t  was t o  have t h e  v a l u e  1 . 0  f o r  v e h i c l e  

a c c c i e r a t i o n . - b  l e s s  than - . 4  g ' s  ( -13 .0  .? t / sec2)  and have t h e  

v a l u e  0 . 7  f o r  ~ e h i c l e  a c c e l e r a t i o n  g r e a t e r  than  0 . 4  g l s ,  t h e  

v a l u e s  e n t e r e d  on t h a t  c o e f f i c i e n t ' s  c a - d  would be  i n  the  o r d e r :  

Any o f  the  I n e q ~ a l i t y  e x p r e s s i o n  c ~ c f f i c i c ! n t s  have t h i s  opt lo^ 

a v a i l a b l e .  I f  t h e  second and t h i r d  parameter  v a l u e  f i e l d s  a r e  

l e f t  b l a n k ,  t312  program c o n s i d e r s  t h e  c o e f f i c i e n t  c o n s t a n t  and 

e q u a l  t o  ti*? parameter v a l u e  i n  t he  f i r s t  f i e l d .  

2 . 6 .  SIDE-:'q-'.fDE OPTIONS 

Four  d i k r e r e n t  s i d e - t o - s i d e  o p t i o n s  p e r  a x l e  a r e  a v a i l a b l e .  \ 
One antilock s: stem i s  allowed f o r  each a x l e  w i t h  t h e  same 

p r e s s u r e  be ing  r e r u r n e d  t o  each s i d e  fo;. t h r e e  o f  t h e  a v a i l a b l e  

a p t i  ons vhibi .he f o u r t h  op t ion  a l l  av;s f o r  independent  p r e s s u r e  

r e t u r n  allti like. ?. o b s e ~ v a t i o n .  These ajrc summarized b e 1 . o ~ :  

OPTION I - Xorst ' i ? l~ee l ,  The wheel having  t h e  lowes t  -------.-- ----- .------- 
r o t a t i o n a l  r2t.e f o r  a g i v e n  a x l e  i s  s e l e c t e d  by t h e  c o n t r o l  

L o g i c  a s  i t s  i r ~ p u t .  The same p r e s s u r e  i s  r e t u r n e d  t o  b o t h  

s i d e s  based o n  t h i s  i n p u t .  



OPTION 2 - Best Wlirel, Same ss Option  1 e x c e p t  t h a t  t h e  
\ 

. ~II-.III Iuu.-uY Î ---Yp- 

\ 
\ 

wheel w i t 1 1  t h e  h i g l i c s t  r o t a t i o n a l  r a t e  i s  s e l e c t e d  as inpul;. I 

3PTION 3 - Averaqe Wheel. Both wheel r a t e s  a re  averaged  
I 

---"---& ---- 
by t h e  c o n t r o l  logic: 1ihodul.e and used as i n p u t .  The same p r e s s u r e  

I , 
i s  r e t u r n e d  t o  b o t h  s i d e s .  

OPTION 4 - Iridependent Wheel. Each wheel p e r  a x l e  i s  I 

------- 
s e l e c t e d  independen t ly  o f  t h e  o t h e r  s i d e  as i n p u t  t o  the  c o n t r o l  I 

l o g i c  module and p r e s s u r e  i s  r e t u r n e d  t o  each  s i d e  independenL A' ,I' 

of t h e  o t h e r .  
.\ 

A suinmary of t h e  pa ramete r  i n p u t  r equ i remen t s  f o r  t h e  c o n t r o l  

i0gi.c rnodule is  a s  fol.lows [one s e t  p e r  a x l e ) :  

2 )  6 l o g i c a l  s e l e c t i o n  s w i t c h e s  ( 3  f o r  "ON1', 3 f o r  "OFF I ; .  

2 )  5 c o e f f i c i . e n t s  f o r  each o f  t h e  n e c e s s a r y  ixrequali-ty 

expre ssions . The a d a p t i v e  f e a t u r e  mentioned above 

cou ld  r e s u r t  i n  one a d d l ~ l o n a ;  v a l u e  f o r  any o r  a l l  

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

c o r r e s p o n d i ~ i g  vi:hicle acpel.era!.ion b r e a k - p z l n t  ( 2  

para ine ters  p l u s  t h e i r  b r e a k - p o i n t  va lue  p e r  c a r d ) .  

3) 4 p r o g r a ~ ~ r n a b l e  t ime d e l a y s ;  r l ,  T 2 9  3 2  T 4 '  

4) 4 l o g i c a l  o p e r a t o r  s w i t c h e s  ( 2  f o r  "ON", 2 f a r  "i01:k"J. "I 
F o r  v e h i ~ . l e  v e l o c i t i e s  l e s s  xhan 1 0  f t / s e c ,  t h e  a n t i - l o c k  

simulntion is i n a c t i v a t e d  and l i n e  pressc l res  will f o l l o w  -the 

t r e a d l e  pyessur?, 



3 ,  PRESSURE i*lODUEXTOR 

3.1. TIME DELAYS 

The i n p u t  r e c e i v e d  by t h e  p ressure  modulator  i s  s i n p f y  

the  "ON" and "OFF" s i g n a l s  g e n e r z t e d  i n  t h e  c o n t r o l  l o g i c  module. 

Once a con t ro l  s i g n a l  i s  rece ived  t h e r e  i s  normal ly  a t ime d e l a y  

before  a c t u a l  F r e s s u r e  r e d u c t i o n  o r  i n c r e g s e  t a k e s  p l a c e .  These 

time l a g s  a r e  deno ted  i n  t h e  s i m u l a t i o n  as  and rOFF and a r e  

program inpu;s s p e c i f i e d  by t h e  u s e r .  

3 . 2 .  RISE AND FALL MTES 

The p r e  s u r e  f a l l  and p r o s s u r e  risl2 a r e  dt l f ined t o  be  

e x p o n e n t i a l  J n  time w i t h  t h e  p r e s s u r e  l i s e  l i r r i i t  s e t  by t h e  

t r e a d l e  v a l v e  + j u t p u r  pressure and t h e  7:essure f a l l  l i m i t  a s  

zero p re s su re .  T t ~ o  p r e s s u r e  f a l l  r a t e s  and a p r e s s u r e  ha13  

c z n  3c  progrzrz--ed b y  t h e  u s e r  for t l i ~  o f f  p e r i o d ;  s i m i l a r i y ,  

two pressurp r i s e  ra tes  and a p r e s s u r e  h o l d  f o r  t h e  on p e r i o 2 .  

The r i s e  raLes and f a l l  r a t e s  mentioned h s r e  a rc  d e f i n e d  as 

t h e  i nve r se s  p i  t h e  t ime cons t an t s  a s soc i a t ed  w i t h  t h e  expo- 

n e n t i a l  pressivxse r i s e  and f a l l .  

The twa  p r e s s u r e  r i s e  r a t e s  and two f a l l  ra tes  a r e  o f f e r e d  

as  i n p u t  as3 J L , S ~  be  s p e c i f i e d  by the  u s e r .  These a r e  d e ~ l o t e d  

as YR1, YRZ T'F and PFr  i s  However, i n  o r d e r  t o  p r a v i d e  a 

g r e z t  deaf oi. flexibility, tke  f a l l  r a t e s  a r c  de f ined  t o  tie a 

f u n c t i o n  of  an,ltheu varizble cal lc?d F. and "tic r i s e  r a t e s  a 1 ' 
function of  c 2 "  c .  F~I:;~ E ,  2 7 , ~ ' ~  i n  t u r n  cief ined a s  f o l l o w s :  

"- L 



where 

P r brake p r e s s u r e  

= t r e a d l e  v a l v e  o u t p u t  p r e s s u r e  Pd - 

and t h e  o t h e r  v a r i a b l e s  a r e  d e f i n e d  as  b e f o r e  i n  t h e  c o n t r o l  

l o g i c  xodule .  

Hi arid Gi , i = 1 , 7  

are c o e f f i c i e n t s  chosen by the u s e r  as  i n p u t .  

Two b r e a k - p o i n t s  a r e  n e c i s s a r y  ;long t h e  a x i s  t o  

d i s t i n g u i s l l  the  t h r e e  r e g i o n s  o f  o p e r a t i o n  f o r  t h e  t h r e e  f a 1 3  

r a t e s  ( 0 ,  PF1, 2F2). These a r e  denoted  as  XI and I, and a r e  
L 

s p e c i f i e d  a s  ;?put b y  t h e  u s e r .  The fo..lowing f i g u s e  i l l u s t r a t e s  

t h i s  relationship: 

Likewise f o r  t h e  p r e s s u r e  r i s e  r a t e s  and t h e i r  co r re spond ing  

break-points X 3  and X4: 



, 

P r e s s u r e  Rise Rate 

A s  shouo t h e  presrure f a l l  r a t e  assumes t h e  v a l u e  PF1 
f o r ,  X 1. -- < c 1 - .. X,?, and the  v a l u e  P F 2  f o r ,  El > X 2  and t h e  v a l u e  

< XI 
W 

z e r o  f o r  c 1  S i m i l a r l y ,  t h e  p re s su re  r i s e  r a t e  assumes 

X q  , and t h e  v a l u e  PR2 f o r ,  c 2  > X q ,  t h e  j y l ?ue  PRI  "or, X j  5 s 2  -- 
and t h e  v a l u t  ~ e r o  f o r  c 2  c X 3 .  

' I h e r e S o ~ e ,  by s p e c i f y i n g  t h e  r i s e  and f a l l  r a t e s  and t h e  

a s soc ia t ed  b r e a k - y o i n t s  and by d e f i n i n g  E and s 2  1 a s  f u n c t i o n s  

o f  t h e  d e s i r e d  v a r i a b l e s ,  t h e  user  h a s  a v a i l a b l e  a f a i r l y  

f l e x i . b l e  frame+;.srk i n  tihic'n t o  sir;lulate a number o f  d i f f e r e n t  

p r e s su re  m o d u l a t o r  c h a r n c t s r i s t i c s .  



I n  terms o f  t r a n s f e r  f u n c t i o n  n o t a t i o n s ,  t h e  above r e l a t i o n -  

s h i p s  can be expressed a s :  

Pressure F a l l  ----- 

- 
Pd = Ow-- 

Pressure Rise  

where PF1 and PRI Q 2 ,  d e f i n e d  above,  a r e  f u n c t i o n s  of  E: 3 
and E ~ ,  respecrively, and p i s  an o p e r a t o r  d e n o t i n g  d i f i e r e n t i a t i o n  



5 . 3 ,  EXAMPLE 

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

t h e  f o l l o w i n g  example cjf a  c e r t a i n  p r e s s u r e  m o d u l a t o r ' s  c h a r a c t e r -  

i s t i c s :  

1 )  "ON" d e l a y  = "OFF" d e l a y  = 0 . 0 5  seconds .  

2 )  The p r e s s u r e  r i s e  r a t e  assumes an approximate  v a l u e  

of ( 0 . 2 )  = 5 . 0  f o r  d i f f e r e n c e s  between t r e a d l e  

v a l v e  o u t p u t  p r e s s u r e  and l i n e  p r e s s u r e  o f  50 p s i  

o r  more, and an approximate r i s e  r a t e  of  ( 0 . 3 3 ) ~ ~  = 3.0 

f o r  p ressure  d i f f e r e n c e s  of l e s s  t h a n  50 p s i .  

3) The p A e s s u r e  f a l l  r a t e  i s  approximate ly  c o n s . ~ d n t  

f o r  d l 1  l i n e  p r e s s u r e  v a l u e s  w i t h  a  f a l l  r a t e  e q u a l  

t o  ( 0 . 2 5 ) " ~  = 4.0. 

T h i s  c o u l d  be s i lnulated by t h e  fol1o::;;g cl loice o f  i n p u t  
paraaclcrs : 



APPENDIX i: 

INPUT JIAT'iZ 

i f  a n t i l o c k  i s  n o t  t o  be u s e d ,  n o t h i n g  need be done t o  t h e  

d a t a  s t r e a x  g iven  i n  t i le Phase IJ Techn ica l  F,cport. I f  an a n t i s k i d  

sys tem i s  t o  be  e n t e r e d ,  a -1 shou ld  be ent .ered b e f o r e  t h e  v a r i a b l e  

T W I N D  i n  t h e  i n p u t  d a t a  s t r e a m .  ?'he remain ing  a n t i l o c k  keys and. 

d a t a  a r e  t h e n  e n t e r e d  a f t e r  t h e  v a r i a b l e  IWIYD. 

IALOPT.  i s  2. key which must b e  e n t e r e d  f o r  each a x l e  c , r  
1 

t h e  v e h i c l e .  P. v a l u c  o f  l e s s  t l lan ze ro  i m p l i e s  t h a t  a new 

a n t i l o c k  sys tem f o l l o w s .  1111 of  t h e  p a r a m e t e r s  d e s c r i b e d  below 

must b e  e n t e r e d  f o r  t h i s  a x l e .  A v a l u e  of  z e r o  i m p l i e s  t h e r e  

w i l . 1  be ;lo a11ti.lock f o ~  a.x.i.e i .  A va-lue g r e a t e r  t h a n  ze ro  

i r np l l e s  t h a t  e r l e  i i c i l l  have t h e  same sys t em a s  a  p r e v i o u s  

a x l e ,  r j an i e i ;~ ,  t : ? e  a x l c  carr .esponi i ing t o  x41e v a l u e  e n t e r e d  

f o r  IALGPTi. Tilus , IALOPTi niis t be  I?? : t h a n  i .  I A L O P T .  
1. 

i s  e n t e r e d  i n  1 2  f o r m a t ,  

The f a l l  ~ ~ i ~ : i ~ g  l i s t  d e f i n e s  a l l  tLt input parameter.< 

r e q u i r e d  % o r  each a n t i l o c k  sys tem used (one o r  n g n e  p e r  a x l e ) .  

The p a r a m e t e r s  s h o u l d  be  e n t e r e d  I n  t h e  o r d e r  g iven  belol i .  

OPTICS , S l d e - t o - S i d e  Opt ion  Kcy 

, 0 1  =) l 'iorst \ ' /heel 

02 = >  Best  li'heel 

0 3  =:> Avcrage li,'heel 

0 4  = >  Independent  h"eei  

( J  2 120r:na t) 
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t ime d e l a y  between time "OFF" 

s i g n a l  i s  r e c e i v e d  and time 

t h a t  a c t u a l  p r e s s u r e  d e c r e a s e  

beg ins  (Fl5.5 format)  

b r e a k - p o i n t s  a long  t h e  r 1 
a x i s  which d e f i n e  t h e  t h r ee  

d i f f e r e n t  p r e s s u r e  f a l l  r a t e  

r e g i o n s  ( F 1 5 . 5  fo rmat ,  one 

v a l u e  p e r  card) 

b r e a k - p o i n t s  a long  t h e  c 2  

a x i s  which d e f i n e  the  t h r e e  

different p r e s s u r e  r i s e  r a t e  

regio!lt; ( F 1 5 . 5  fo rmat ,  one 
val-fie I e r  ca rd )  

two prc s s u r e  f a l l  r a t e s  (r77 ;, t: 

fo rmat ,  one v a l u e  per' card)  

t w c ~  p r e s s u r e  r i s e  r a t e s  [F? ,S .S  

f o r m a t ,  one va lue  p e r  ca rd )  

tirne cons tant .  of  f i r s t  o r d e r  

f i l t e r  r e l a t i n g  wheel r a t e  

t o  d e r i v e d  wheel r a t e  (F1S.S 

format.) 

t ime c o n s t a n t  o f  f i r s t  o r d e r  

f i l t e r  and d i f f  e r e n t i a t o r  

e x p r e s s i o n  r e l a t i n g  d e r i v e d  

wheel, r a t e  t o  d e s i r e d  wheel 

a c c e l e r a t i o n  (F15.5 format)  

Note: Only t h o s e  s e t s  of i n c q u a l i  ty e x p r e s s i o n  c o e f f i c i e n t s  
n (Ai oi . . E s h a u l d  bc e n t e r e d  f o r  which the  corresponding 

l o g i c a l  s e l e c t i o n  swi tches  (LC1, LC2,,..,LC6) are s e l e c t e d  a s  1. 

T h a t  i s  i f  LC1 = L C Z  - - LC4 = 1, and L C 3  = L C 5  = LC6 = 0 ,  e n t e r  



on ly  i n  o r d e r  t h e  i n e q u a l i t y  e x p r e s s i o n  c o e f f i c i e n t s  (Al, B1, 

. . . , (AZ5 B 2 , .  . ., E 2 ) ,  and ( A 4 ,  B 4 , .  . . , E 4 ) .  

The fo l lowing  i s  an example i n p u t  l i s t i n g .  The i n t e g e r  -1 
h a s  been p l a c e d  b e f o r e  IKINLI t o  c a l l  f o r  t h e  a n t i s k i d  a lgo - r i t hm.   he 

second v a r i a b l e  i.s I W I N D .  Then t h e  a n t i s k i d  d a t a  f o l l o w s .  

P W I N D  



G1 1 .0  

G 2  0 . 0  

G 3  - 5 . 0  

G4 0 .0  

G5  0 .0  

G~ 0 . Q  

G 7  0 .0  

014 0 .06  

?' OFF 0 .04  

X1 - 1 0 0 0 0 .  

X 2  0 . 0  

X3 - 1 0 0 0 0 ,  

X4 0 .0  

PF1 1 0 . 0  

PF2 5.0  

PR3 S.? 

PR2 1 0 . 0  
'F 

' W  
0 . 0 1  

T Wd 0.02  

IALOPTZ 0 1  

IALOPT3 0 1  

IALOPT4 0 1  . 

f ALOP? - 
3 

0 1  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TINC 

TRUCK 

Note t h a t t h e  l a s t 4  p a r a m e t e r s  i n  t h i s  l i s t  (ELZEOPT,, , , . , 
,d 

fP,LOT'T,.) a r e  s e t  
3 

t o  0 3 ,  i n d i c a t i n g  t h a t  t h e  systems f c r  a x l e s  

2 th-cough 5 a r e  i d e ~ l t i c a l  t o  t h e  syster.1 f o r  axle  1. Xf a 

different system is d e s i r e d  f o r  one of  t h e s e  a x l e s ,  a -1 shou ld  

b e  e n t e r e d  i n s t e a d ,  f o l l o ~ t i e d  by i t s  a p p r o p r i a t e  i n p u t  d a t a  

s imi lar  t o  the  zbove  example f o r  a x l e  1. 



Suppose an  a n t i l o c k  system p o s s e s s e s  t h e  f o l l o ~ i i n g  f e a t u r e s :  

(1)  a wheel s e n s o r  t ime d e l a y  e f f e c t  of  10 ms. and  a n o t h e r  

20 ms, i n  t h e  d e r i v a t i o n  of wheel a c c e l e r a t i o n ;  ( 2 )  cont ro l .  

l o g i c  which g e n e r a t e s  an  "OFF" s i g n a l  once t h e  wheel a c c e l e r a t i o n  

f a l l s  below - 5 0 . 0  f t / s e c 2  and an "ON" s i g n a l  f o r  wheel a c c e l e r a t i o n s  

g r e a t e r  t h a n  - 1 0 . 0  f t / s e c 2  ; ( 3 )  p r e s s u r e  modula tor  t ime del.ays 

of  40 ms, f o r  "OFF" s i g n a l s  and 60 : n s .  f o r  "ON'' s i g n a l s .  The 

supposed psessEre  r a t e s  a r e  f u n c t i o n s  wheel d e c e l e r a t i . o n  . 
def ined  as f o l l o w s :  

( 0 . 1 ) * ~  = 19.0 f o r  ; - < -100 f t / s e c  2 

P r e s s u r e  F a l l  Rate E 

( 0 . 2 ) - I  = S . C  f o r  ; > -100 f t / s e c  2 

(0 .2 ) - '  = 5.c f o r  ; - c 50 f t / s e c Z  

P r e s s u r e  P.ise Kate E 

(C.I!" = 1 0 . 0  f o r  ; > 5~ ~ L ; > C C  
Z 

The f s l l a w i n g  c h o i c e  of i n p u t  pa ramete r s  would s a t i s f y  

t h e  above a n t i l o c k  sys t em:  

A i l  o t h e r  arith.metic i n e q u a l i t y  c o e f f i c i e n t s  s e t  t o  z e r o .  



PR2 = 1 0 . 0  

LC1 = 1 

L C 2  = L C 3 = 0  

LC4 = 1 

. L C ~  = 1x6= 0 

GP12 = OP23 = OP 4 5 = OPS6 = e i t h e r  0 or 1 

T OH - 0.06 
= 0.04 

Note t h a t  "cl-iese parameters d e f i n e  t h e  sanle a:~:le system as 

s p e c i f i e d  i n  t h e  previous  example l i s t i n g  f o ~  a x l e  1. 
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I n  a l l  t h e  r u n s  documented i n  t h e  Phase 'iI T e c h n i c a l  R e p o r t ,  

t h e  s i m u l a t e d  v e h i c l e  was assumed t o  be i n  a  f r e e - r o l l i n g  c ~ o n d i t i o n .  

Thus t h e  1ongi tudi .na l  f o r c e  r e s u l t i n g  from f r o n t  wheel s t e e r  a n g l e s  

caused t h e  s i m u l a t e d  v e h i c l e  t o  slow down dur ing  t h e  cour se  o f  a l l  

t h e  hand l ing  maneuvers.  Th i s  problem has  noiv been remedied s i n c e  

t h e  c a p a b i l i t y  t o  app ly  d r i v e  to rque  t o  t h e  v e h i c l e  has  been added 

t o  t h e  s i n 1 u i a t l 3 n .  Thus t h e  u s e r  may now e l e c t  t o  t r y  t o  ho ld  t h e  

v e h i c l e  speed  c o n s t a n t ,  o r ,  i n  f a c t ,  t o  i n c r e a s e  t h e  v e h i c l e  speed  

dur ing  a ? i?n? l ing  maneuver. 

THE h10% I O N  

S ince  t!-i> w-ieels a r e  a l r n a d y  s e t  uy t o  r e c e i v e  b r a k e  tlorque, 

we sinlply ente.r a n e g a t i v e  bral te  t o r q u e  v e c t o r  v a l u e  ir :  t h e  even t  

d r i v e  t o r q u e  I-c t o  he  u s e d .  However, t1.e " r o l ? "  t o r q u e  a p p l i e d  

t o  t h e  d r i v e  a x l e s  From t h e  d r i v c  l i n e  r L u s t  now be  c o n s i d e ~ e i :  : r l  

t h e  a x l e  e q u a t j  c n s .  This was clone I n  z s t r a i g h t f o r ; i a r d  fa:,tlion. 

Considcr  F i p ~ 1 . e  3-12 an  page 2 9  o f  t l . 1 ~  Phase 11 T e c h n i c a l  PL,eysJ L ,  

which has bevn  reproduced h e r e  a s  k ' igure 1. 
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Figure  1 Free body di2gram: s i n g l e  a x l e ,  



Note t h a t  we have added t o  F iga re  3 -12  t h e  iili*rve t o r q u e  T 
be ing  a p 2 l i e d  frorn t h e  d r i v e  l i n e  t o  the d i f f e r e n t  - ~ a l .  The 

d i f f e r e n t i i a l  is modeled by t h e  f o l l o w i n g  e c j u a t i o x ~ ~  

where ARAYIO i s  an i n p u t  variable i n d i c a t i n g  t h e  r a t i o  of  t o r q u e  

a p p l i e d  a t  t h e  c1i:Efercntial  t o  the d r i v e  t o r q u e .  Cn t h e  c a s e  of 

tandem a x l e s ,  i t  .is assumed that h a l f  t h e  dr i l re  to:rque i s  a p p l i e d  

t o  each a x l e ,  :;nil t h a t  t h e  d i f f e r e n t i a l  on  each a:c:le s p l i t s  t h e  

t o r q w  as i n  t i le c a s e  of  t h e  sing1.e ax?- .  Thus i n  t h e  e a s e  or' 

a s i n g l e  d r i v e  a x l e  o r  o f  tandem d r i v e  zxles, on137 an a l g e b r a i c  

man ipu la t ion  i s  n e c e s s a r y  t o  f i n d  t h e  d r i v e  t o r q u e  a p p l i e d  t o   he 

whee3.s. 

I t  shoul(4 be n o t e d ,  however, t h a t  t h e  to laque  'r a p p l i e d   fro^ 

t h e  d r h ~ e  Ii-rre t n  LEle a x i e  l i td l  ~ e s z l t  :I? s i z e a b l e  s i d e - t o - s l d n  

l o a d  t r a n s f e r .  The a d d i t i o n a l  term i n  the e q u a t i o t ~ s  o f  motion i s  

n o t  c o x p 1 i c a t c ~ - - E q u a t i o n  (3-38a)  i n  t h e  Phase I 1  Technica l  Report 

must b e  nod;-s icd ;to r e a d :  

The r t ? s u ' . t s  o f  t h i s  s i d e - t o - s i d e  l o a d  t r a n s f e r  may be q u i t e  

i . r n p o r . " L ~ .  N c t c ?  t h a t  i n  t h e  four. s p r i n g  s u s p e n s i o n ,  one mu.st 

e x p e c t t h e  r e a r  a x i e  t o  u n l o a d  clue t o  c l r ive  t o r q u e , ,  T h i s ,  i n  

a d d i t i o n  t o  the s i d e - t o - s i d e  l o a d  t r a n s f e r  , may r e s u l t  i n  q u i t e  
a l o t i  norriial 1036 f o r  erie s i d e  o f  t h e  r e a r  tandem a x l e ,  



3. PROGRXbITrlI SG DETAILS 

The a d d i t i o n  of  t h e  a c c e l e r a t i o n  c a p a b i l i t y  t o  t h e  Phase I1 

s i m u l a t i o n  r e q u i r e s  no change i n  t h e  d a t a  s t r eam i f  t h e  a c c e l e r a t i o n  

c a p a b i l i t y  i s  no t  t o  be used .  I f  d r i v e  t o r q u e  i s  r e q u i r e d ,  t h e  

f l o a t i n g  p o i n t  v a r i a b l e  + 2 ,  shou ld  be  e n t e r e d  p r e c e d i n g  t h e  G 1  d a t a  

e n t r y .  

I f  t h e  d r i v e  t o r q u e  c a p a b i l i t y  i s  t o  be used ,  t h e  a x l e  r a t i o ,  

AKATIO, should  be e n t e r e d  f o l l o w i n g  t h e  1 2 .  e n t r y .  Next,  a t ime  

a  v e r s u s  t c t a ' ,  d r i v e  t o r q u e  t a b l e  must be e n t e r e d .  The f i r s t  t a b l e  

e n t r y  I s  a da,a c a r d  i n  I2 format  g i v i n g  t h e  number of t ime d r i v e  

s 3 a f t  t o r q u e  p a i r s  i n  t h e  t a b l e .  Fol l .owir i~ t h i s  e n t r y ,  up t o  2 5  

c o o r d i n a t e  p a i r s  may be e n t e r e d  i n  2F10.2 format ,  The f i r s t  o f  t h e  

two i~umhers j , -  t--me. The second i s  t h e  co r re spond ing  t o t a l  d r i v e  

t o r q u e  va lue  i n  inch jpounds .  k l i  t h e  d a t a  shou ld  be e n t e r e d  

irnrlcdiateljr b e t  s r e  t h e  v z r i s b l e  G I ,  

An example d r i v e  t o r q u e  d a t a  l i s t  5s g i v e n  below. The f l  s :  

d a t a  e n t r y  i s  t he  a x l e  r ; t j o .  The s econd  e n t r y  g i v c s  t h e  I,urb:r o f  

p a j i  i r ~  t410 l i n e  vt71-SUE; d r j v e  t o r q u e  r ~ b l e ,  i n  t h i s  c a s e  f ' i ~ r e ,  

This  e n t r y  r c  foll.owcd by t h e  t a b l e  i t s e l f .  A p l o t  o f  d r i v c  Lc;que 

v e r s u s  t ime c s l l e d  f o r  by t h e  t a b l e  i s  g iven  i n  F igure  2 .  

DATA LIST 

TOTAL DRIVE TORQUE 



- Figure 2: latal Driving l i rque vs. Time 
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Techn ica l  D e t a i l s  --....- -"----- 

A schemat i c  diagram o f  t h e  incleperldent f r o n t  suspens ion  i s  

g i v e n  i n  F i g u r e  1. The wheels a r e  assuxed t o  b e  r e s t r a i n e d  l a t e r a l l y  

by an imaginary l i n k  from t h e  t i r e - r o a d  i n t e r f a c e  t o  t h e  r o l l  

c e n t e r  as i s  shorn i n  t h e  f r e e - b o d y  diagram o f  t h e  l e f t  f r o n t  

wheel  g iven  i n  F i g u r e  2 .  (Xote t h z t  9R i s  assumed t o  be a c o n s t a n t . )  

r e  1 Independcn-t f r o n t  suspension, r e a r  view 



hi 

rigure ? .  F r ~ e - b o d y  diagrain, l e f t  f r o n t  wheel 

The suinn-ition of  f o r c e s  l a t e r a i l ; -  ) -Felds  . 

MS fi = FY - T * cos OR ( 1 3  

rr 1 i n e  l a t e r a l  a c c t ? l e r a t i o x  o f  t h e  mass i s  e s t i ~ n a t e d  by p r o ~ t d x ~ e s  

e x p l a i n e d  i n  S e c t i o n  3 . 3  of  t h e  Phase I1 r e p o r t .  S ince  t h e  l a t r r a l  

ccs12onent o f  tile s h e a r  f o r c e  i s  kno:+-n, T may be  c a l c u l a t e d  ~;s l r :g  

Equation (1). 

Tlie v e r t i c a l  e q u a t i o n  n c ? ~  ;flay be  r i r i t t c n  

?$ .: .-N - SF + T * s i n  4Fi ( 2 )  

S:i;i~ilrzr equat ios is  have b e e n  . , I - r i t ten  t o  cornpute t h e  ve r t i c a l .  

a c c e l e r a t i o n s  o f  t h e  ?:.ig?it f'ro11"rvheel. ':'bus t h e  f r ee -body  diagrax 

o f  the C r o n t  end of the v e h i c l e ,  g i v e n  i n  Figure 5 ,  y i e l d s  t h e  

f o1lo:cir;g informatir jn .  



Figure 3. Fr:o-body diagra~, sprung mass f r o n t  end, r e a r  view 

= S ( l , l )  + S ( 1 , 2 )  + (T2  - ?'I) s i n  @R IFZ . (3 )  

Equations ( 3 )  ;!nd (4) a r e  u sed  i n  t h e  c c , ~ p u t a t i o n s  of t h e  s p r u n n  

mass a c c e l e r a t  Lens. 

I f  t h e  u s e r  wishes  t o  s i m u l a t e  a s o l i d  f r o n t  a x l e  cuspensicn, 

t h e  d a t z  s t rek .7  i s  =+x+-e* f r ~ m  t h a t  g i v e n  i n  t h e  Phase I1 
E*' 

--,,J Tecllfilcal Pcvo  r t  ., o r  an il?clependent f r o n t  s u s ? e n s i o n ,  t h e  f i r s t  
/'" 

entry in tl:a data s t r ea r1  should be  t h e  i n t e g e r  -1. This  card t- 
iollo~s t h e  iJc>-d$r card and p r e c e d e s  t h e  axle key .  

S 



Camber i s  an impor tan t  c o n s i d e r a t i o n  i n  t h e  p r e d i c t i o n  o f  

s i d e  f o r c e s  of t h e  t i r e s  of an independent f r o n t  s u s p e n s i o n .  To 

inc lude  t h e  e f f e c t  o f  t h e  calinber a n g l e ,  y, i n  t h y f i r e  mildel, t h e  

s l i p  a n g l e ,  a ,  i s  modi f ied  ix t h e  f o l l  o t i i~ rg  way. 

where C : s  ? h e  camber s t i f f n e s s  i n  pounds/degree  and J i s  1 f o r  
Y 

t h e  l e f t  s l d ,  : 2 f o r  rEie r i g h t  s i d e .  Note t h a t  f o r  a = 0 and 

l o n g i t u d i n a l  s l i p  S ; 0 we have 

Ca~nber d r t a  must be e n t e r e d  where the  independen t  f r o n t  

s u s p e n s i o n  i s  used ,  The camber s e i f  f n e s s  , C (pounds/degree)  , j s 
Ir , ;?-tetl  j.1~ frail; a f  + L a  1 - n ~ ;  + ~ . d i ~ , .  

7' 
L ~ l v  . . U -  . . c . , . . , L d i  . r t i f f n e s s  C A tab!? o f  

s ' 
camber angli :  -v.crsus suispensio~l  d e f l e c t i o n  i s  i n s e r t e d  a f t e r  t h e  
s t e e r  i ab ie r :  ;.!I tile usl-a1 way, i , e .  , t h e  f i r s t  sntry i s  an i n t e g e r  

in 0 2  f o r n ~ a i  i , i v ing  the number of p a i r s  in t h e  t a b l e ,  t h e n  t h e  

t a b l e  e n t r i c c :  follolv i n  i-10.2 ( d e f l e c t i o n  f i r s t ,  ,angle s e c o n d ) .  



A U X I L I A R Y  ROIJL STIFFNESS 

Technics-Z D e t a i l s  - 

Ths a u x i l i a r y  r o l l  s t i f f n e s s  model t a k e s  a s l i g h t l y  d i f f e r e n t  

form f o r  t h e  s o l i d  a x l e  and t h e  independen t  f r o n t  s u s p e n s i o n .  We 

have assumed t h e  a u x i l i a r y  r o l l  s t i f f n e s s  i s  zero f o r  a l l  tandem 

a x l e s .  (Mote t h a t  a i r  s u s p e n s i o n s  a r e  n o t  a Phase I1 o p t i o n . )  I n  

t h e  s o l i d  a x l e  c o n f i g u r a t i o n  t h e  a ~ i x i l i a r y  r o l l  s t i f f n e s s  i-s assumed 

t o  a p p l y  a r o l l  moment t o  t h e  sprung  ,:aL;s and t h e  a x l e  tha t ;  i s  

p s o p o r t i o n a i  t o  t h e i r  r e l a t j v e  r o l i  a ~ g l e s .  Thus i f  t h e  a x l e  r o l l  

a n g l e  i s  THETA and t h e  body r o l l  a n g l e  i s  $ ,  t h e  a p p l i e d  moment i s  

AUXROI, = KRS .k ($ - THETA) ( 5 )  

where KRS i s  t h e  a u x i l i a r y  r o l l  s t i f f n e r s .  

Th i s  t a w ; , ,  then  a p p e a r s  a s  a n e g a t i ~ s  moment i n  t h e  sp rung  m:ss 

r o l l  en-u?t i ions ,  and a p o s i t i v e  r o l l  momcsnt i n  tile . a x l e  r o l l .  

e q u a t i  ons .  

I n  t h e  c a s e  of an  independen t  f r  zr s u s p e n s i o n ,  t h e  e q u a t i o n s  

become s l i g h t l y  more compl i ca t ed  s i n c e  t h e r e  i s  no a x l e  ral.1 

e q u a t i o n .  To f a c i l i t z t e  t h e  c o m p u t a t i r , . ~ s ,  a h y p o t h e t i c a l  a x l e  r o l l  

a n g l e  i s  computed f o r  t h e  independear  f r o n t  s u s p e n s i o n .  

where tile ZS art: tlie ivlzeel p o s i t i o n s ,  an-?. TRA i s  t l lc t r a c k .  



In  t h i s  c a s e ,  h.owever, t h e  moment i s  a p p l i e d  b y  a d d i n g  a  couple 

t h r o u g h  t h e  s u s p e n s i o n  f o r c e s .  Thus 

AUXROI, S F [ 1 , 1 )  = S F ( 1 , I )  + ------ TRACK 

AUXROL 
= - T R A C K  

These  s u s p e x i o n  f o r c e s  a r e  u sed  i n  both t h e  s p r u n g  mass and t h e  

unsp rung  n ~ ? s c  e q u a t i o n s ,  t h u s ,  t h e  a p p r o p r i a t e  moment i s  t r a n s f e r r e d  

t o  t h e  s p r u n g  mass and t h e  a p 2 r o y r i a t e  f o r c e s  a r e  t r a n s m i t t e d  t o  

t h e  unsprung  masse s .  

Progi-ni;n!ning Ce r a i l - s  ----- - --------- 
The auxil-a~)- r o l l  s t i f f n e s s  nlust t e  e ~ l t e r e d  f o r  each a x l e  

i ~ h i c h  i s  nist a tandem a x l e .  Thus KRS, jn u n i t s  o f  i n c h  p o u n S s / ' t g r e e ,  

s h o u l d  b e  inpu, . .  a f t e r  t h e  s u s p e n s i o n  s p r i n g  cons tan-  and 55f 'orc  

t he  t i r e  sprir,,; c m s t a n t  KT. Noth ing  s h o u l d  b e  done t o  t h e  t a n r ' m  

ax;= d a t a  i t ~ e a c i .  



f T +  , i ~ e  o r i g i n a l  v e r s i o n  o f  t h e  Phase I1 program r e q u i r e d  s i d e - t o -  

. iLx byrnmct~y  i n  t i l e  p a r a m e t e r s .  The program has  now been  a l t e r e d  

i -0  ,111orq d i r f e r e ~ z t  ;I v a l u e s  f o r  each t i r s  (o r  s e t  o f  d u a l  t i r e s ) .  To 
0 

1:;cr t h e  i n y u t  d a t a  s t r e a n  t o  accep t  t h e s e  v a - r i a t i o n s ,  t h e  i n t e g e r  

- 1  ~ ' i u s t  b e  e n t e r e d  a f t e r  t he  l a s t  i<T e n t r y ,  and t h e n  a  p value  
0 

f o r  each t i r e  ( o r  s e t  of d u a l  t i r e s ) ,  Note t h a t  i f  s i d e - t o - s i d e  

s y r ~ ~ n e t r y  i s  d e s i r e d ,  t h e  u s e r  s l l au ld  f o l l o w  t h e  p rocedure  o u t l i n e d  

i n  t h p  Phase I I  Technical  Repor t .  


