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FOREWORD 

This report supersedes the material presented in an ea r l ie r  

report, "A Computer Based Mathematical Method for Predicting 

the Braking Performance of Trucks and Tractor-Trail ers , " by 

R .  W.  Murphy, J .  E .  Bernard, and C .  B .  Winkler, dated September 15, 

1972 .  Also, the computer program described i n  th i s  report super- 

sedes the computer program associated with the earl i er  report. 





1 .O INTRODUCTION 

S ince  mid-1  971 , t h e  Highway S a f e t y  Research I n s  t i t u t e  (HSRI) 

has been conduc t i ng  r e s e a r c h  under  t h e  sponso rsh ip  o f  t h e  Mo to r  

V e h i c l e  Manu fac tu re rs  Associa ti on (MVMA) t o  deve lop  computer- 

based methods f o r  a n a l y z i n g  and p r e d i c t i n g  t h e  s t e e r i n g  and 

b r a k i n g  per fo rmance o f  commercial  mo to r  v e h i c l e s .  The i n i t i a l  

achievements o f  t h i s  r e s e a r c h  work were p resen ted  i n  two m a j o r  

r e p o r t s  : ( 1  ) "A Computer Based Mathemat ica l  Method f o r  P r e d i c t -  

i n g  t h e  B r a k i n g  Per formance o f  T rucks  and T r a c t o r - T r a i l e r s , "  

September 1972, and ( 2 )  " A  Computer Based Mathemat ica l  Method 

f o r  P r e d i c t i n g  t h e  D i r e c t i o n a l  Response of  T rucks  and T r a c t o r -  

T r a i l e r s  ," June 1973 (References [I]* and [ Z ]  , r e s p e c t i v e l y ) .  

The f i  r s t  r e p o r t  p resen ted  a  comprehensive mathemati  c a l  d e s c r i p -  

t i o n  (model)  o f  t h e  b r a k i n g  dynamics o f  c o m e r c i a l  v e h i c l e s ,  

i n c l u d i n g  d e t a i l e d  r e p r e s e n t a t i o n s  o f  a i r  system dynamics, 

b r a k i n g  systems, tandem suspensions,  t i r e  shear  f o r c e  per formance,  

and wheel r o t a t i o n a l  dynami c s .  T h a t  r e p o r t  a1 so i n c l u d e d  d e s c r i  p- 

t i ons o f  methods f o r  o b t a i n i n g  t h e  v e h i c l e  parameters needed t o  

use t h e  s i m u l a t i o n ,  and comparisons between v e h i c l e  t e s t  r e s u l t s  

and p r e d i c t e d  r e s u l t s  t o  v a l i d a t e  t h e  capabi  1  i t i e s  o f  t h e  

computer-based methods.  The second r e p o r t  d e s c r i b e d  a  p e r f o r -  

mance p r e d i c t i o n  method wh ich  c o n t a i n e d  a l l  o f  t h e  b rake ,  suspen- 

s i o n ,  and t i r e  mode l i ng  f e a t u r e s  c o n t a i n e d  i n  t h e  s t r a i g h t - 1  i n e  

b r a k i  ng performance program, p l u s  t h e  p o s s i  b i  1  i t y  f o r  l a t e r a l  , 
r o l l ,  and yaw mo t i ons  o f  t h e  v e h i c l e .  As w i t h  t h e  f i r s t  program, 

t h i s  second program was v a l i d a t e d  a g a i n s t  expe r imen ta l  t e s t  r e s u l t s  

on b o t h  s t r a i g h t  t r u c k s  and a r t i c u l a t e d  v e h i c l e s .  The development 

o f  t hese  computer  programs c o n s t i t u t e d  Phases I and I 1  o f  t h e  

mo to r  t r u c k  resea rch  s tudy .  

*Numbers i n  square  b r a c k e t s  d e s i g n a t e  r e f e r e n c e s  g i v e n  i n  
S e c t i o n  4. 



During Phase 111, the work of Phases I and I1 was extended 

s ignif icant ly  in the following studies : 

1 .  Refinement of tandem-suspensi on models already 

developed, a n d  the formulation of models for  

f ive  additional suspension types. 

2 .  Devel opment of over-the-road equipment fo r  

measuring the 1 ongi tudinal shear force 

character is t ics  of truck t i r e s .  

3. Development of models for  typical truck an t i -  

1 oc k bra ki ng sys tems . 
4. Extension of the straight-1 i  ne braking program 

t o  include provision for  simulating a doubles 

(tractor-semi t r a i  l e r - t r a i  l e r )  combi nation. 

5 .  Development of a brake temperature model t o  be 

used for  simulating the decrease in brake 

effectiveness as a r e su l t  of fade. 

The resul ts  of these studies have been used to improve the 

exist ing computer programs by modifying a n d  changing them 

appropriately as new models a n d  component-representati ons have 

been formulated. 

Detailed papers have been presented on the technical and 

s c i en t i f i c  aspects of the work performed in Phases I ,  11, and 

111 of th i s  investigation. References 1 through 18 provide a 
bibliography of papers and reports related t o  the motor truck 

braking and hand1 ing project.  

This report documents (under one t i t l e )  the refined s t ra ight-  

1 ine braking computer program which has been developed from the 

research ac t i v i t i e s  conducted since the i  ni t i  a1 braking perfor- 

mance program was completed. These refinements are extremely 

important because, in response t o  FMVSS 121  , a1 1 ( o r  nearly a1 1 ) 

new commercial vehicles wi 11  be equipped wi t h  anti lock braking 



systems. Thus, a u s e f u l  s i m u l a t i o n  must be a b l e  t o  p r e d i c t  t h e  

i n t e r a c t i o n  o f  a n t i  l o c k  system performance w i t h  b rake  charac-  

t e r i  s t i  cs, tandem suspension dynamics , t i  r e  shear  f o r c e  p rope r -  

t i e s  , and wheel r o t a t i o n a l  dynami cs d u r i n g  b r a k i n g  maneuvers. 

The s i m u l a t i o n  desc r i bed  i n  t h e  n e x t  s e c t i o n  i s  i n t e n d e d  t o  

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

I n  S e c t i o n  2.0, t h e  s i m u l a t i o n  methods a r e  d e s c r i b e d  f rom 

t h e  u s e r ' s  p o i n t  o f  v iew. The meaning o f  t h e  i n p u t  da ta  i s  

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

Example r e s u l t s  i l l u s t r a t i n g  t h e  i m p o r t a n t  f e a t u r e s  o f  t h e  simu- 

l a t i o n  a r e  presented.  Due t o  t h e  s i z e  and comprehensiveness o f  

t h e  mathemat ica l  model used t o  d e s c r i b e  t h e  motor  t r u c k ,  S e c t i o n  

2 i s  d i v i d e d  i n t o  t h e  f o l l o w i n g  subsec t i ons :  

2.1 Suspension Opt ions  

2 . 2  I n p u t  Data f o r  t h e  Sprung !!ass 

2.3 The Brake Models 

2 .4  The T i  r e  Models 

2.5 The A n t i l o c k  Models 

2 . 6  Rough Road 

The body o f  t h i s  r e p o r t  ends w i t h  a d i s c u s s i o n  o f  ( 1 )  t h e  

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

mance o f  comnerc ia l  veh i  c l  es , ( 2 )  o t h e r  approaches t o  p r e d i c t i n g  

b r a k i n g  performance,  and ( 3 )  recomnendations f o r  resea rch  s t u d i e s  

t o  a t t a i n  an improved unders tand ing  o f  commercial v e h i c l e  

b r a  k i  ng . 
The d e t a i l s  o f  t h e  computer subprograms a r e  r e l e g a t e d  t o  

s e v e r a l  appendices.  The t i t l e s  o f  these appendices a r e :  

A - Program Flow Diagrams 

B - The Suspension Models 

C - The Sprung Mass Models 

D - The Brake Models 

E - The A n t i l o c k  Model 





2 . 0  DESCRIPTION OF THE SIMULATION MODEL 

The Phase I 1 1  s i m u l a t i o n  program a c t u a l l y  c o n s i s t s  o f  t h r e e  

i n d i v i d u a l  d i g i t a l  computer program groups, one each f o r  t h e  

s i m u l a t i o n  o f  t h e  s t r a i g h t - 1  i ne b r a k i n g  performance o f  s t r a i g h t  

t r u c k s ,  t r a c t o r - s e m i  t r a i  1 e r s  , and doubles combinat ion  v e h i c l e s  . 
I n  a d d i t i o n ,  a s i n g l e  group o f  subprograms, which model e lements 

c o m o n  t o  each c l a s s  o f  v e h i c l e  ( v i z . ,  suspension, b rake,  and 

a n t i l o c k  systems p l u s  road p r o f i l e )  i s  employed i n  t h e  o p e r a t i o n  

o f  each o f  t h e  t h r e e  main  programs. F i n a l l y ,  t h e  IBM system 

s u b r o u t i n e  HPCG per forms t h e  d i g i t a l  i n t e g r a t i o n  o f  t h e  s t a t e  

v a r i a b l e s .  

For  purposes o f  i d e n t i f i c a t i o n ,  t h e  f o l l o w i n g  I .D.  symbols 

a re  a p p l i e d  t o  t h e  f o u r  program groups:  

I . D .  

Phase I 1 1  - S t r a i g h t  Truck  

Phase 111 - A r t i c u l a t e d  V e h i c l e  
( t r a c t o r - s e m i  t r a i l e r )  

PH3D Phase I 1 1  - Doubles 

PH3 Phase I 1 1  - Support  Subprograms 

Th is  o r g a n i z a t i o n  o f  programs has a1 lowed f o r  e f f i c i e n c y  

b o t h  i n  terms o f  program w r i t i n g  and use. The s e p a r a t i o n  o f  

v e h i c l e  types  i n t o  i n d i v i d u a l  programs simp1 i f i e d  program 

w r i t i n g  and l i m i t s  t h e  volume o f  "excess baggage" c a r r i e d  by t h e  

program i n  a c t u a l  use. The use of a group o f  s u p p o r t i v e  sub- 

programs comnon t o  each o f  t h e  v e h i c l e  programs a l l e v i a t e s  t h e  

need f o r  r e p e t i t i v e  programmi ng o f  sub-sys tem o p e r a t i  on and 

lowers  t h e  volume o f  computer memory needed t o  ope ra te  t h e  

programs. 



Each of the three vehicle program groups consists of a 
MAIN program and INPUT, OUTPUT, and FCTl subprograms. The 

simplified flow diagram of Figure 2 . 1  shows the relationships 

between a l l  the individual elements of the simulation programs.* 

(This figure i s  applicable to each of the three vehicle programs.) 

From the use r ' s  point of view, understanding the program 

imp1 i e s ,  largely,  understanding the input d a t a .  The remainder 

of Section 2.0 i s  intended t o  provide that  understanding. As a 

preface to  the detailed material which follows, a short  overview 

of the organization of input flow will now be presented. 

Although the volume of input data required i s  large ,  certain 

steps have been taken t o  ease the use r ' s  burden in dealing with 

the programs. F i r s t ,  the d a t a  has been grouped t o  correspond 

with certain physical sub-systems of the vehicle. (Table 2.1 

indicates these groups a n d  the i r  order in the input flow.) Thus, 

user a1 terat ions t o  a basic vehicle ( f o r  example, a change of 

suspension type) are fac i l  i  ta ted .  

Second, a great number of options with regard t o  data entry 

are available t o  the user. For instance, in modeling the brakes, 

the user may choose t o  enter data in the form of "dynamometer 

curves" or design parameters of the brake i t s e l f ,  depending on 
what i s  available to  him or on his choice of modeling technique. 

The various options available in the program may be included or 

excluded from the simulation ( a n d  from the input flow) by the 

entry of various "key" parameters located throughout the input 

flow. 

The f i r s t  d a t a  group t o  be entered in using any of the 

three Phase I11 programs i s  composed of a t i t l e  followed by 

several o f  these "keys," specif ical ly those which cue the program 

as t o  the use of the "Rough Road" option and the various 

suspension options t o  be used in computation. 

*More detailed diagrams of the individual programs appear in 
Appendix A .  



Do I n i t i a l i z a t i o n s  in Main 

t 

Read and Echo Input 
INPUT nay c a l l :  

INPOAl 
INPSA6 
INPAIR 1 BRAKE 
BRAKE1 
ANTLKR 

I ANTLKW I 
t o  rdad and echo op t iona l  

da t a  and i n i t i a l i z e  

t 
Cal l  FCTl 

Perform i n i t i a l i z a t i o n  an 
s t a t i c  c a l c u l a t i o n s  

FCTl may c a l l :  
ONEOAl 
ONESA6 
ONEAI R 
ROAD 

t o  perform i n i t i a l i z a t i o n  
and s t a t i c  c a l c u l a t i o n s  

Return t o  M I S  
Z 

( t o  perform op t iona l  I I- 1 

. C a l l  OUTPUT 
Read the  time increment 

and i n i t i a l i z e  
OUTPUT may c a l l :  

BINIT 
t o  i n i t i a l i z e  brake c a l c u l a t i o n  

Return t o  FMIN 

t 

I ca l cu la t ion ;  I I C a l l ,  Rerun ] , o: , 
Return t o  FCT 

Read rerun parameter I f  Ve loc i ty  2 0 . 0  
Return t o  FMIN Time Time f i n a l  

Cal l  HPCC 
HPCC con t ro l s  a c t i v e  program 
flow and performs the  i n t e -  
g ra t ion  of s t a t e  v a r i a b l e s  
HPCG c a l l s  FCT and OUTP a t  
each time s t e p  

Return t o  blAIN A 

I 
FCT may c a l l :  

ROAD2 
t o  perform op t iona l  
ca l cu l a t ions .  
Calcula te  f ron t  suspensi  
fo rces  and acce l e ra t ion  
Calcula te  pos i t i on  and 
v e l o c i t i e s  of sprung and 
unsprllng masses 

FCT may c a l l  : 
SUSOAl 
SUSSA6 
SUSA I R 

t o  perform op t iona l  
suspension ca l cu l a t ions  
Calcula te  sprung mass 
acce l e ra t ion  

Ca l l  OUTP 

& I s e t  PRMTISI = 1 .  I 
I 

Res tar t  o r  Exi t  
I 

Ca l l  TORQUE t o  t 

t o  cue HPCG t o  end 
i n t e g r a t i o n  

c a l c u l a t e  brake torque  

TORQUE may c a l l  : 
TABLE 
ANTLK 

, BCALCU 

1 I Return t o  HPCG ( 

*Cal ls  may be made t o  sub 
programs o r  ENTRY 
s t a t emen t s  w i th in  
subprograns.  

r 
Cal l  OUTPUT1 

Write the  f i n a l  output 
Return t o  MAIN 

A 

F i g u r e  2.1 . Simp1 i f  i ed program 
flow diagram.  

on to  output  b u f f e r  

't 
I f  output  b u f f e r  f u l l  

.c P r i n t  r e s u l t s  - 

Return t o  HPCG 7 



Table 2 . 1 .  General I n p u t  Flow 

Data Group 

I .  KEYS 

I I .  Suspensions 

111. Sprung Mass 

IV. The Brakes 

V .  Ti res 

VI .  Antilock Systems 

V I I .  Other Options 

Explanation 

Cues program as t o  the use of 
"Rough Road" and suspension 
options. 

One suspension data group 
entered for each suspension 
on the vehicle starting from 
front and working rearward. 

Data describing the vehicle's 
sprung masses. 

Includes options for analytical 
brake models or dynamometer 
curves plus imbalance, hysteresis , 
and fade. 

Includes options for analytical 
t i r e  model or entry of u-s l ip  
curves. 

Optional data entry providing 
for the modeling of a wide 
variety of antilock systems. 

"Rough Road" 



An example f o r  t h i s  group o f  i n p u t  appears i n  Tab le  2.2. 

The data  echo, o u t p u t  by t h e  program, wh ich  would r e s u l t  f rom 

t h i s  i n p u t  appears i n  F i g u r e  2.2. 

Tab le  2.2 

I n p u t  

Key S e c t i o n  I n p u t  
Exampl e  

Commen t s  

T i t l e :  Format (20A4) 

Road Key: Format (12 ) ;  
d e l e t e  f o r  smooth r o a d  

Rear Suspension Key: Format (12 )  

T r a i l e r  Suspension Key: 
Format (12 ) ;  d e l e t e  f o r  s t r a i g h t  
t r u c k  program 

D o l l y  Suspension Key: Format (12 ) ;  
d e l e t e  f o r  s t r a i g h t  t r u c k  o r  
t r a c t o r - t r a i l  e r  programs 

Second T r a i l e r  Suspension Key: 
Format ( 1 2 ) ;  d e l e t e  f o r  s t r a i g h t  
t r u c k  o r  t r a c t o r -  t r a i  1 e r  programs 

The f i r s t  l i n e  o f  i n p u t  i s  a  u s e r - s e l e c t e d  t i t l e  wh ich  w i l l  

be p r i n t e d  as a  p o r t i o n  o f  t he  header on each o u t p u t  page. 

The t i t l e  i s  f o l l o w e d  by a  road  key o n l y  i f  t h e  use r  wishes 

t o  implement t h e  "Road" o p t i o n .  I f  t h e  u s e r  d e s i r e s  t o  s i m u l a t e  

v e h i c l e  o p e r a t i o n  on any b u t  a  smooth road,  a -1 i n t e g e r  must be 

e n t e r e d  here .  T h i s  s i g n a l s  t h e  program t o  c a l l  s u b r o u t i n e  ROAD 

a t  t h e  p r o p e r  t i m e  and p l a c e .  Subrou t ine  ROAD i s  a  u s e r - s u p p l i e d  

subprogram which desc r ibes  t h e  s u r f a c e  on which  t h e  v e h i c l e  i s  t o  

ope ra te .  ( D e t a i l e d  requ i rements  f o r  t h i s  subprogram a r e  g i v e n  i n  

S e c t i o n  2 .6 . )  I f  t h e  v e h i c l e  i s  t o  ope ra te  on a  smooth road,  t h e  

road  key i s  s i m p l y  d e l e t e d .  



KEYS: 
KROAD ROAD KEY: 0 I M P L I E S  A SMOOTH ROAD 

-1 I M P L I E S  A ROUGH ROAD 

KEY 1 TRACTOR KEY 
KEY 2 F I R S T  T R A I L E R  KEY 
KEY3 DOLLY KEY 
KEY 4 SECOND T R A I L E R  KEY 

AXLE KEYS: SET T O  0 
1 
2 

FOR S I N G L E  AXLE 
FOR WALKING BEAM 
FOR B A S I C  FOUR 
SPRING TANDEM 
SUSPENSION 
FOR FOUR SPRING 
TANDEM SUSPENSION 
W I T H  SPRING-TYPE 
TORQUE RODS 
FOR FOUR SPRING 
TANDEM SUSPENSION 
WITH LONG LOAD-LEVELER 
FOR M U L T I P L E  TORQUE 
ROD FOUR SPRING 
SUS PENS1 ON 
FOR M U L T I P L E  TORQUE 
ROD FOUR SPRING 
SUSPENSION W I T H  SPRING- 
TYPE LOWER TORQUE ROD 
FOR A I R  SUSPENSION 

F i g u r e  2 .2 .  KEY E c h o .  



F o l l o w i n g  t h e  road  key, t h e  suspension keys a r e  en te red .  

These keys i n d i c a t e  t o  t h e  program t h e  p a r t i c u l a r  types  o f  

suspensions on t h e  v e h i c l e  t o  be s imu la ted  ( e x c l u s i v e  o f  t h e  

f r o n t  suspension which must always be a  s i n g l e  a x l e ) .  Keys a r e  

en te red  i n  o r d e r  f o r  suspensions f rom f o r e  t o  a f t  o f  t h e  v e h i c l e  

and a r e  o n l y  en te red  f o r  suspension p o s i t i o n s  a p p r o p r i a t e  f o r  

t h e  v e h i c l e  be ing  s imu la ted .  (See Tab le  2.2) The suspension key 

code appears i n  F i g u r e  2 .2 .  

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

i n p u t  parameter  groups necessary t o  d e s c r i b e  t h e  v e h i c l e  b e i n g  

s imu la ted .  

2.1 Suspension Opt ions  

F o l l o w i n g  t h e  "key"  i n p u t  group,  pa ramet r i c  da ta  d e s c r i b i n g  

each o f  t h e  v a r i o u s  suspensions used on t h e  s i m u l a t e d  v e h i c l e  a r e  

en te red .  These d a t a  are ,  o f  course, grouped by suspension and 

each suspension group i s  en te red  i n  o r d e r  p roceed ing f rom f r o n t  

t o  r e a r  o f  t h e  v e h i c l e .  

F r o n t  suspension t ype  i s  n o t  o p t i o n a l  and i s  always s i n g l e  

a x l e .  A l l  o t h e r  suspensions may be one o f  t h e  e i g h t  o p t i o n s  

l i s t e d  e a r l i e r  i n  F i g u r e  2.2. 

I n  t h e  Phase I11  programs, en te red  va lues  o f  s p r i n g  r a t e s ,  

coulomb f r i c t i o n ,  and v iscous damping r e p r e s e n t  a  t o t a l  v a l u e  

f o r  a  g i v e n  a x l e  ( w i t h  c e r t a i n  excep t i ons  f o r  t h e  a i r  suspens ion) ,  

i .e. , t h e  summation f o r  b o t h  " s i d e s .  " For  example, en te red  s p r i n g  

r a t e s  r e p r e s e n t  t h e  sum o f  t h e  s p r i n g  r a t e s  o f  t h e  r i g h t  and l e f t  

s p r i n g s  on a  p a r t i c u l a r  a x l e .  

Be fo re  d i s c u s s i n g  t h e  i n d i v i d u a l  suspension o p t i o n s ,  

s e v e r a l  p o i n t s  comnon t o  more than one o p t i o n  w i l l  be considered.  

I n  t h e  f o l l o w i n g  s e c t i o n s ,  a  "Suspension Reference P o i n t "  

f o r  each o f  t h e  suspension types  w i l l  be i n d i c a t e d  i n  t h e  

s e v e r a l  f i g u r e s .  For  mathemat ical  purposes, t hese  p o i n t s  l o c a t e  



t h e  suspension r e l a t i v e  t o  t h e  sprung masses. L a t e r ,  i n  

S e c t i o n  2 .2 ,  these r e f e r e n c e  p o i n t s  w i  11 be used t o  i d e n t i f y  

c e r t a i n  geometr ic  parameters wh ich  desc r ibe  t h e  va r ious  sprung 

masses o f  a s imu la ted  v e h i c l e .  

Among t h e  i n p u t  parameters f o r  t h e  v a r i o u s  suspensions a r e  

t h e  e f f e c t i v e  v iscous damping c o e f f i c i e n t s  wh ich  model t h e  e f f e c t  

o f  t h e  shock absorbers.  These c o e f f i c i e n t s  a r e  t h e  s lopes of t h e  

e f f e c t i v e  f o r c e - v e l o c i t y  curves f o r  t h e  shock absorber. The 

model i s  b i l i n e a r ,  as shown i n  F i g u r e  2.3,  thus  a l l o w i n g  t h e  use r  

t o  s e l e c t  d i f f e r e n t  damping c o e f f i c i e n t s  f o r  jounce and rebound. 

I n  a1 1 suspension models where v iscous damping i s  p resen t ,  t h e  

damping mechanism i s  assumed t o  have a v e r t i c a l  o r i e n t a t i o n .  

Thus, t o  determine the  e f f e c t i v e  c o e f f i c i e n t  f o r  use i n  the  simu- 

l a t i o n ,  t h e  geometry o f  t h e  a c t u a l  mount ing c o n f i g u r a t i o n  shou ld  

be considered.  For  s o l i d  a x l e  suspensions, t h e  c o e f f i c i e n t  o f  

t h e  shock absorber i t s e l f  shou ld  be mu1 t i p l i e d  by t h e  square o f  

t h e  cos ine  o f  t h e  ang le  between the  shock absorber c e n t e r l i n e  

and v e r t i c a l  . 

> 

Velocity 

Slope, C(I) 

Rebound Slope, 
C(  I +1) 

F i g u r e  2.3.  C h a r a c t e r i s t i c s  o f  t h e  shock absorber model. 

12 



Maximum coulomb f r i c t i o n  i s  an i n p u t  parameter  f o r  most 

of t h e  suspension models. T y p i c a l l y ,  t h i s  number d e r i v e s  f rom 

t h e  i n t e r - l e a f  f r i c t i o n  o f  t h e  suspension.  From t h e  u s e r ' s  

p o i n t  o f  view, t h i s  v a l u e  i s  one -ha l f  o f  t h e  f o r c e  h y s t e r e s i s  

shown i n  t h e  f o r c e  d e f l e c t i o n  curves  d e r i v e d  f roni  l a b o r a t o r y  

exper iment .  For  example, see F i g u r e  2 .4 .  Many t r u c k  suspensions 

have no shock absorbers,  and so coulomb f r i c t i o n  p r o v i d e s  t h e  

o n l y  damping mechanisms i n  t h e  suspension.  I n  such cases, i t  i s  

p a r t i c u l a r l y  i m p o r t a n t  t o  e n t e r  r e a l  i s t i c  va lues  o f  coulomb 

f r i c t i o n ;  i f  n o t ,  excess i ve  suspension mot ions  may r e s u l t  i n  t h e  

s i m u l a t i o n .  

The s i n g l e  a x l e  and w a l k i n g  beam suspension models a l l o w  

t h e  o p t i o n  o f  n o n l i n e a r  s p r i n g s .  To c a l l  f o r t h  t h i s  o p t i o n ,  t h e  

use r  must  e n t e r  a  va lue  o f  -1 f o r  t h e  s p r i n g  c o n s t a n t  ( K )  when 

e n t e r i n g  suspension da ta .  I f  K has been e n t e r e d  as -1, t h e  f i n a l  

e n t r i e s  f o r  t h e  suspension c o n s t i t u t e  t h e  s p r i n g  t a b l e s ;  f i r s t  

t h e  number o f  p o i n t s  i n  t h e  t a b l e  f o l l o w e d  by t h e  d e s i r e d  va lues  

o f  d e f l e c t i o n  versus  f o r c e  p r o p e r t i e s  o f  t h e  s p r i n g .  Up t o  25 

p o i n t s  i n  t h e  t a b l e  a r e  a l l o w a b l e .  (An example o f  s p r i n g  t a b l e  

use w i l l  be g i v e n  i n  S e c t i o n  2.1.1 - The S i n g l e  Ax le  Suspension 

O p t i o n . )  

C e r t a i n  s u b t l e t i e s  o f  t h e  use o f  n o n l i n e a r  s p r i n g  t a b l e s  

shou ld  be addressed. F i r s t ,  t h e  s u b r o u t i n e  TABLE which  handles 

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

t a b l e s )  i s  s t r u c t u r e d  such t h a t  i f  parameter  va lues  o u t s i d e  t h e  

range o f  e n t e r e d  p o i n t s  a r e  r e q u i r e d ,  t h e  tabu1 a ted  f u n c t i o n  

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

i n  a  f u n c t i o n  o f  t h e  fo rm shown i n  F igu re  2 .5 .  

Thus t o  p r e v e n t  s p r i n g  s a t u r a t i o n ,  t h e  maximum and minimum 

p o i n t s  en te red  shou ld  be w e l l  beyond t h e  expected range o f  

o p e r a t i o n .  To be conse rva t i ve ,  t h e  minimum p o i n t  shou ld  p r o v i d e  

a  t e n s i l e  f o r c e  s e v e r a l  t imes  t h e  unsprung we ight ;  t h e  maximum 

p o i n t  shou ld  p r o v i d e  a  compressive f o r c e  l a r g e r  than t h e  sprung 



Force 
(Compressm) 

Deflection 

Figure 2 .4 .  Determining coulomb f r i c t ion  from t e s t  d a t a .  



F i g u r e  2 .5 .  Subrou t ine  TABLE s a t u r a t i o n  c h a r a c t e r i s t i c s .  

w e i g h t .  I n  a t t a i n i n g  these f o r c e s ,  excess ive  s lopes must n o t  be 

employed. That  i s ,  t h e  v e r y  l a r g e  f o r c e  i n p u t s  shou ld  be 

accompanied by s i m i l a r l y  l a r g e  d i s p l  acements. I f  excess ive  s p r i n g  

t a b l e  s lopes a r e  i n p u t ,  t h e  dynamic c a p a b i l i t y  o f  t h e  s i m u l a t i o n ' s  

i n t e g r a t i o n  r o u t i n e  may be ove r - taxed  caus ing t h e  program t o  

"b low up."  

I n  e n t e r i n g  n o n l i n e a r  s p r i n g  data,  i t  i s  v e r y  i m p o r t a n t  

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

terms. However, because o f  t h e  manner i n  which t a b u l a r  da ta  i s  

handled, d e f l e c t i o n  data  need be accu ra te  i n  r e l a t i v e  terms o n l y .  

For example, s p r i n g  t a b l e s  A and B shown i n  Tab le  2.3 a r e  

e q u i v a l e n t  w h i l e  t a b l e  C i s  q u i t e  d i f f e r e n t .  



Table 2.3 

Spr ing Table A Spr ing -- Table B Spr ing Table C 

04 04 04 

-6.0 -30000. -10. -30000. -6.0 0.0 

0.0 0.0 - 4  0.0 0.0 30000. 

8.0 20000. 4. 20000. 8.0 50000. 

14.0 50000. 10. 50000. 14.0 80000. 

The f o l l o w i n g  sec t ions  descr ibe t h e  i n p u t  data  r e q u i r e d  f o r  

each o f  t h e  suspension op t ions .  F ron t  suspension data i s ,  o f  

course, i d e n t i c a l  t o  t h a t  o f  t h e  s i n g l e  a x l e  op t ion .  The 

mathematical models f o r  t h e  suspension op t ions  a r e  reviewed i n  

Appendix B. 

2.1.1 The Sing le-Ax le  Suspension. A conceptual i l l u s t r a -  

t i o n  showing each o f  t h e  component p a r t s  o f  t h e  s i n g l e - a x l e  

suspension model appears i n  F igu re  2.6. Table 2.4 g i ves  an 

example o f  an i n p u t  data s e t  t h a t  m igh t  be used t o  implement t h i s  

model i n  a  s i m u l a t i o n  run.  Note t h a t  t h e  data  i s  entered i n  

a lphabe t i c  o rder .  F igu re  2.7 d i s p l a y s  t h e  r e s u l t i n g  data  echo 

which i s  ou tpu t  by t h e  program. 

Note t h a t  t h e  example data s e t  c a l l s  f o r  t h e  use o f  s p r i n g  

t a b l e s  r a t h e r  than the  s imple 1  i n e a r  s p r i n g  r a t e  c o e f f i c i e n t .  

To c a l l  f o r t h  t h i s  op t ion ,  t h e  s p r i n g  r a t e  ( K )  has been entered 

as -1. Then, f o l l o w i n g  t h e  e n t r y  o f  a1 1  o t h e r  suspension data,  

t h e  s p r i n g  r a t e  t a b l e  was entered. The f i r s t  l i n e  o f  t h e  t a b l e  

i n d i c a t e s  t h e  number o f  p o i n t s  i n  t h e  t a b l e .  Th is  i s  fo l l owed  by 

t h e  e n t r y  o f  t h e  d e f l e c t i o n  versus f o r c e  data .  I f  a  l i n e a r  

s p r i n g  model was des i red ,  t h e  ac tua l  s p r i n g  r a t e  would have been 

entered f o r  K and t h e  s p r i n g  t a b l e  de le ted.  



F igu re  2.5.  The s ing le -ax  l e  suspension model. 



S I N G 1  ? A Y L  Z E F A 7  .jilSP?'K cTON 
1' 1 VTrC31JS 7 l ,Y ,PZ17G: J O l l  NCE ( L I I - S ? C / I h ' )  
( ' 7  - - VTSC3TJS 'ItlM"P;U:;: ?YBC)UND ( L U - S E C / I  N) 
" 7 - .  % ; l y e  , '?ULOE:7 FT' IZq '18N (LU) 
K ?I'?;V'? R 4 T F  (! ,R/Ii~) 
4 s  1 W " T G H P  CIP L 7 J D T N ( :  7 X L E  (ZBS) 

F igure  2.7. S i n g l e - a x l e  suspension da ta  echo. 



Table 2 .4 .  S ing le -Ax le  Suspension I n p u t  

I n p u t  Commen t s 

8.33 C1: Viscous damping c o e f f i c i e n t  i n  
jounce ( 1  b -sec / in )  ; Format (F15.3) 

16.67 C2: Viscous damping c o e f f i c i e n t  i n  
rebound (1  b - s e c / i n )  ; Format (F15.3) 

1  800. CF: Maximum coulomb f r i c t i o n  ( l b ) ;  
Format (F15.3) 

-1. K :  Spr ing r a t e  ( I b / i n )  ; -1. e n t r y  cues 
t h e  s p r i n g  t a b l e  o p t i o n ;  s p r i n g  t a b l e  
d e l e t e d  i f  K i s  p o s i t i v e ;  Format (F15.3) 

1321. WS: Unsprung weight  ( l b ) ;  Format (F15.3) 

Number o f  e n t r i e s  i n  s p r i n g  t a b l e ;  
d e l e t e d  i f  K has been entered as a 
p o s i t i v e  number; Format (12)  

-6.0 -30000. 

0 .0  0 .0  Spr i  ng d e f l e c t i o n  ( inches)  vs.  f o r c e  
( 1  b ) ;  d e l e t e d  i f  K has been entered 

8 . 0  20000. as a  p o s i t i v e  number; Format (2F10.3) 

14.0 50000. 



2.1.2 The Walk ing Beam Suspension. F i g u r e  2.8 p resen ts  a  

conceptua l  i z a t i o n  o f  t h e  w a l k i n g  beam suspension model a v a i l a b l e  

as an o p t i o n  w i t h i n  t h e  program. Tab le  2 . 5  p resen ts  an example 

o f  an i n p u t  d a t a  s e t  wh ich  m i g h t  be used i n  implement ing  t h e  

model .  The d a t a  echo program o u t p u t  which would r e s u l t  f rom t h e  

use  o f  t h e  da ta  o f  Tab le  2.5 appears i n  F i g u r e  2.9. 

Compared t o  t h e  s i n g l e - a x l e  suspension model d iscussed i n  

S e c t i o n  2.1.1, t h e  wa lk ing  beam model has a d d i t i o n a l  parameters 

c o n s i s t i n g  o f  f o u r  geometr ic  parameters p l u s  PERCENT and, o f  

course,  a  second unsprung we igh t .  The d e f i n i t i o n s  o f  t h e  f o u r  

geometr ic  parameters ( t h e  AA 's )  shou ld  be made c l e a r  by F i g u r e  

2.8. Each o f  t hese  parameters has a  p o s i t i v e  sense as shown i n  

t h e  f i g u r e .  

The i n p u t  parameter,  PERCENT, desc r ibes  t h e  e f f e c t i v e n e s s  

o f  t h e  to rque  rods  i n  p r e v e n t i n g  i n t e r - a x l e  l o a d  t r a n s f e r  r e s u l t -  

i n g  f rom t h e  a p p l i c a t i o n  o f  b rake to rque .  I f  PERCENT=100, t h e  

t o r q u e  rods  w i l l  be " p e r f e c t , "  i .e. ,  t h e r e  w i l l  be no i n t e r - a x l e  

l o a d  t r a n s f e r  o r ,  i n  o t h e r  words, a1 1  brake to rque  w i l l  be r e a c t e d  

by t h e  to rque  r o d  mechanism. If PERCENT=O, t h e  to rque  rods  w i l l  be 

comp le te l y  i n e f f e c t i v e ,  i .e., t h e r e  w i l l  deve lop s u f f i c i e n t  i n t e r -  

a x l e  l o a d  t r a n s f e r  t o  r e a c t  t h e  e n t i r e  brake t o r q u e  on t h e  

suspension.  I n t e r m e d i a t e  va lues o f  PERCENT w i l l  r e s u l t  i n  t h e  

a p p r o p r i a t e  appor t ionment  o f  t h e  t o r q u e  r e a c t i o n  e f f o r t  between 

t h e  l o a d  t r a n s f e r  and to rque  r o d  mechanisms. De te rm ina t ion  o f  

t h e  a p p r o p r i a t e  v a l u e  o f  PERCENT f o r  a  p a r t i c u l a r  suspension may 

d e r i v e  f rom base l  i n e  v e h i c l e  t e s t i  ng . 

2.1.3 The Bas ic  Four S p r i n g  Suspension. The Phase I 1 1  

computer programs i n c l u d e  f i v e  suspension o p t i o n s ,  a1 1  o f  wh ich  

a r e  v a r i a t i o n s  o f  t h e  f o u r  s p r i n g  tandem suspension.  The b a s i c  

f o u r  s p r i n g  model d i scussed  i n  t h i s  s e c t i o n  i s  t h e  f o u r  s p r i n g  

suspension w i t h  s i n g l e  t o r q u e  r o d  and s h o r t  l o a d  l e v e l e r .  





Tab1 e  2.5. Wal k i  ng Beam Suspension I n p u t  

I n p u t  - -  Comlnen t s  - - - .- . - . 
AA1 : H o r i z o n t a l  d i s t a n c e  f rom the  w a l k i n g  
beam p i n  t o  t h e  l e a d i n g  a x l e  c e n t e r  ( i n ) ;  
Format (F15.3) 

26.0 AA2: H o r i z o n t a l  d i s t a n c e  f rom the  wal k i n g  
beam p i n  t o  t h e  t r a i l i n g  a x l e  c e n t e r  ( i n ) ;  
Format (F15.3) 

8.0 AA4: V e r t i c a l  d i s t a n c e  f rom t h e  a x l e  
cen te rs  down t o  t h e  wa lk ing  beam ( i n ) ;  
Format (F15.3) 

AA5: V e r t i c a l  d i s t a n c e  f rom t h e  a x l e  
cen te rs  up t o  t h e  to rque  rods ( i n ) ;  
Format (F15.3) 

C1: Viscous damping c o e f f i c i e n t  i n  jounce 
( 1  b -sec / in )  ; Format (F15.3) 

C 2 :  Viscous damping c o e f f i c i e n t  i n  rebound 
(1  b -sec / in )  ; Format (F15.3) 

CF: Maximum coulomb f r i c t i o n  ( I b ) ;  
Format (F15.3) 

K:  Spr ing r a t e  ( l b / i n ) ;  -1. e n t r y  cues t h e  
s p r i n g  t a b l e  o p t i o n ;  s p r i n g  t a b l e  d e l e t e d  
i f  K i s  p o s i t i v e ;  Format (F15.3) 

PERCENT: Number between 0  and 100 i n d i c a t -  
i n g  the  e f f e c t i v e n e s s  o f  t h e  torque rods;  
Format (F15.3) 

WS1: Unsprung we igh t  o f  t h e  1  eading ax1 e  
( I b ) ;  Format (F15.3) 

WS2: Unsprung weight  o f  t h e  t r a i l i n g  a x l e  
( I b ) ;  Format (F15.3) 



d A L K I N G  B E A M  T A N D E M  S U S P E N S I O N  

A A l  

C F 
K 
P E R C N T  
W S 1  
ws2 

H O R I Z O N T A L  O I S T *  FRUM W A L K I k G  BEAM 
P I N  T O  L E A D I N C  A X L E  ( I N )  
H L K I L O I J T A L  D I S T .  F K U M  L t A L K I N G  BEAM 
P I i v  T O  T R A I L I N G  A X L k  ( I N )  
V t R T I C A L  D I S T *  FKDH A X L E  TO h * B *  ( I N )  
V E R T I C A L  C I S T *  FKUM A X L t  T1) 
TORQUE HOD ( I N 1  
1 ' i S C O U S  D A M P I N G :  J O U N C E  Oh K E A R  A X L k ( S 1  
( L B - S E C / I N I  
V I S C O U S  O A K P I N G :  REBOUN3 O N  K E A R  A X L t ( S 1  
( L d - S E C / I N )  
KAY,.  CCLILUMD F t : I C T  I G t y  9 R E A R  S U S P E I \ I S i  U N  ( L a )  
S P R I r i G  R A T t t  R E A R  S U S P t N S I C N  ( L i 3 / I N )  
P E R C E N T  E F F E C T 1  V E N E S S  CF T C H C U k  ROOS 
h ' E I G H T  OF F R C N T  T A N D E M  ( L B S )  
h E I G H T  CF R E A R  T A N O E M  ( L B S )  

F i g u r e  2.9. W a l k i n g  beam d a t a  echo, 



F i g u r e  2.10 p resen ts  a  ske tch  of t h e  b a s i c  f o u r  s p r i n g  

suspension i n  which a l l  t h e  geometr ic  parameters necessary as 

i n p u t  a r e  p i c t u r e d .  Note t h a t  a1 1  o f  t h e  dimensions shown on 

t h i s  f i g u r e  have a  p o s i t i v e  sense. F i g u r e  2.11 shows t h e  d a t a  

echo computer o u t p u t  f o r  t h i s  suspension and a l s o  serves as an 

example i n p u t  l i s t i n g .  

Note t h a t ,  i n  a d d i t i o n  t o  t h e  parameters which appear i n  

F i g u r e  2.10, b o t h  v i scous  and coulomb f r i c t i o n  a r e  a v a i l a b l e  f o r  

i n p u t  t o  t h e  model. Also,  d i f f e r e n t  r a t e s  f o r  l e a d i n g  and t r a i l -  

i n g  a x l e  s p r i n g s  may be entered,  however, t h e  model i s  o n l y  v a l i d  

f o r  smal l  d i f f e r e n c e s  between these s p r i n g s .  The s p r i n g  t a b l e  

o p t i o n  i s  n o t  a v a i l a b l e  f o r  t h i s  o r  any o t h e r  f o u r  s p r i n g  

suspension.  Only 1  i n e a r  s p r i n g s  a r e  a1 lowabl  e. 

The parameter MUS i s  t h e  e f f e c t i v e  c o e f f i c i e n t  o f  f r i c t i o n  

a c t i n g  a t  t h e  c o n t a c t  i n t e r f a c e  o f  t h e  l e a f  s p r i n g  ends and t h e  

v e h i c l e  frame, o r  l o a d  l e v e l e r .  T h i s  parameter i s  i m p o r t a n t  i n  

de te rm in ing  t h e  i n t e r - a x l e  l o a d  t r a n s f e r  which occurs d u r i n g  

b r a k i n g .  A  l a b o r a t o r y  method f o r  de te rm in ing  t h i s  parameter i s  

reviewed i n  Reference [8]  . 

2.1.4 The Four Spr ing  Tandem Suspension w i t h  Spr ing-Type 

Torque Rods. T h i s  suspension o p t i o n  i s  a m o d i f i c a t i o n  o f  t h e  

b a s i c  f o u r  s p r i n g  model which i n c l u d e s  t h e  use o f  s p r i n g - t y p e  

to rque  rods .  F i g u r e  2.12 i l l u s t r a t e s  t h e  suspension and shows a l l  

t he  necessary geometr ic  parameters.  A1 1  t h e  dimensions shown i n  

t h i s  f i g u r e  a r e  p o s i t i v e .  F i g u r e  2.13 shows t h e  da ta  echo which 

i s  o u t p u t  by t h e  computer and a1 so serves as an example i n p u t  

l i s t i n g .  N o t i c e  t h a t  i n  a d d i t i o n  t o  t h e  geometr ic  da ta ,  t h e  i n p u t  

l i s t  i n c l u d e s  parameters f o r  v i scous  and coulomb f r i c t i o n  and f o r  

s p r i n g  r a t e s .  

Most o f  t h e  i n p u t  parameters f o r  t h i s  suspension a r e  

i d e n t i c a l  t o  those o f  t h e  b a s i c  f o u r  s p r i n g  suspension w i t h  a  

few n o t a b l e  excep t ions .  R e f e r r i n g  t o  F i g u r e  2.12, n o t i c e  t h a t  t h e  





C F 1  
C F L  
K 1 

MUS 

A V E R A G t  L E A F  S P R I N G  L E N G T H :  
I I L K I L U N T A L  D I S T A N C E  F R O M  FRChT T O  R E A R  
I E A F / F t I A M E  C O N T A C T  P O I N T  ( I N )  
hCRI L U N T A L  0 1  S T A K E  k K G M  t CREMOST LEAF/ 
F R A M t  C O h T A C T  TO A X L E  C E N T E R :  
L t A O I N G  A X L E  ( I N )  
h C K I  LCPJTAL D I S T A N C E  F R C M  6 C R E M O S T  L E A F /  
F R A M E  C O k T A C T  TO A X L E  C E N T E R :  
T G A I L I N G  A X L E  (IN) 
A V t A A G E  V E R T I C A L  D I S T m F K O M  L E A F / F R A M E  
C G h T A C T  T O  A X L t  C E N T E R  ( I N )  
C I sT. F R O R  F R O h T  L E A F / L O A U  L k V E L E R  
t L h T 1 1 i T  TU  L O A u  L t V t L E I i  P I h  ( I h )  
0 l S T m  F R C / 4  R E A R  L E A F / L C ; A i I  LEVkLER 
C L A T A C T  T C  L O A D  L E V E L E R  P I h ( 1 N )  
V i k T I C A L  U I  S T A N C E  i - ? O M  A X L E  C E h T E R  
LI) TL TOF,CUE ROD:  L E A U I K G  A X L E  ( I N )  
V c K T I i A L  LJI S T A t V C E  F R C f l  A X L E  C E h T E R  
I,? T0 T C R Q U E  RCD:  T K A I L I N G  A X L t ( I F U )  
h V t R A G t  A K G L t  B t T n E E N  T C K Q U E  ROdS 
lI Ad hCPI  L L k T A L :  L E A D I h C I  A X L E  (DkG)  
A V t K A G E  A R C L E  2 E T h E E h  T L K C U E  R O D S  
A ~ L L )  ~ C ~ I I C I U T A L :  T R A I L I I J G  A X L E ( D f G 1  
r.Ct-!I IC;ITAL D I  S T A N C t  F R C M  A X L E  C t t J T E R  
t - L Q e A K d  T G  T O R C U E  R O D  C G h P L I A N C E  
L t & T t R :  L E A D I P d G  A X L E  ( I N )  
cL i ! I  L C l u T A L  3 1  STAIVCE F R G V  A X L E  C E N T E R  
t-OKn4813 T C  TORQUE RCD C L K P L I A N C E  
C l k T C R :  T R A I L I N G  A X L E  ( I N )  
V I S C C u S  D A t I P I h G :  J C U N C E  CN L E A D I N G  AXLE  
( L O - S E C /  I Nj 
V I  SCGbS D A M P I N G :  REOOUND Oh L E A D I N G  A X L E  
( L d - S E C / I N )  

V I S C C U S  BAIYPING: J O U N C E  G N  T R A I L  I N G  A X L E  
( L u - S C C / I N )  
V I S C G U S  D A M P I N G :  R E b O U N U  O N  T R A I L I N G  AXLE 
1 L d - S E C /  I N) 
/ ; A X *  C C U L C M B  F K I  C T I O N ,  L E A D I R G  A X L E  ( L B )  
/.!AX. CUULUMB F R I C T I O N ,  T R A I L I N G  A X L t  ( L B )  
S P R I N G  R A T E  OF L E A F  SPRING:  
L E A D I N G  A X L E  ( L B / I  N )  
S P K I I J G  R A T E  OR L E A F  S P R I N G :  
T R A I L I N G  A X L E  ( L B / I N I  
C O E F F I C I E N T  OF F R I C T I C N f L E A F - F R A M E  
C O N T A C T  P O I N T  
U N S P R U N G  W E 1 G H T : L E A D I N G  A X L E  ( L 8 )  
U N S P K U N G  h E I G H T : T R A I L I N G  A X L k  (L8) 

Figure 2.11.  Bas ic  f o u r  s p r i n g  suspension data  echo. 



ffl 
-0 
0 



FflUR S P R I N G  TANDEM S U S P € N S I O k  k I T Y  
S P R I N G  TYPE TOROUE 900s 

A A I  AVFRAGE L t A F  S P R I N G  LENGTH1 
H O Q ~ Z O N T A L  D ISTANCF F R F H  F R O N T  T n  R E A R  
LEAF/FRAME CnNTACT P n I N T ( I Y )  

A A ?  A H O R I 7 O N T A L  U I S T A M C E  F R O M  f O R E H O S T  L,EAF/ 
FRAFF C D Y f b C T  TO A X L E  CENTFR! 
L E A D J V G  AX\ E ( I N )  

A A 2 8  H O R I ~ O N T A L  D I S T A N C E  F R ~ M  R F A R H R S T  L E A F /  
FRANF CONTACT TO AXLF  CENTER^ 
T R A I L I N G  AYLF ( I N 1  

AA3 AVFRAGF V L R T T C A L  D T S T e F R f l M  L € A F / C R A Y F  
CONTACT TCl AXLF CENTFR ( I N )  

A A 4 D I S T ,  F R O M  FRONT L F A F / L f l A O  L F V E L F R  
CONTACT TO LQAC L F V F L E R  P I N  ( I N )  

AA5 D I S T ,  FRnM REAR \ E b F / L O A P  L F V E L F R  
CONTACT TU LOAD LEVELER P I N ( I N 1  

A A b ( \ )  V E R T I C A L  @T$TA ' -JCE F k O H  A X L E  CENTER 
up To ToRQLJE R n O l  L F A D I k G  AXLE ( I N 1  

A b b ( 2 )  V E R T I C A L  D I S T A N C E  F R n H  AXLF CENTER 
\ IP  T n  TORWllE RnD; T R A I L I N G  A Y L F ( f N 1  

A A 7 (  1 )  AVFRAGF AkGLE R E T H E E N  TORQUE RODS 
A4O H O R I 7 0 N T A L l  L E A D I N G  AXLE ( D E G )  

A A t ( 2 1  b V E R A G F  ANGLF S E T r E E Y  T O R O U E  R O D 8  
AhP HORIZONTAL;  T R A I L I N G  A X L E I D E G )  

A A B ( 1 )  H O R I Z O N T A L  D I S T A N C F  FRnM ANLE CENTFR 
FORWARF TO TOPQUE R o n !  
L E h O T N G  B Y L  F ( I N )  

A A A ( 2 )  H O R l 7 O N T A L  D I S T A M C F  F R O M  AXLE C E N T F R  
FORAAHD TO T O R Q U E  Q O O l  
T R A I L  IhG A X L E (  I h )  

A A 9 (  1 )  HOPfZ()h lTAL D I S T A N C F  FROM AXLE CENTER 
FnPNARO T o  L n k f P  TnRQLJF R @ P  F v A H F  P I N ;  
L E b 0 f h d  AXLE ( I h )  

A A 9 ( ? )  H Q R I 7 O k T A L  D T s T A N C E  FRnV AXLF CkNTER 
FORHARD TO LnwFR TOPDUF 900 P M A M E  P I N !  
T R A X L I h G  A f L F  ( I h ' )  

C 1 v l s r n ~ s   PING: J ~ L J ~ I C E  flh L E A D I N G  AXLF 
( L R - S E r / T h )  

C2 Vr$Cr t [ JS  nbuPtF!t ;  RFtinlJblD ON I . E b P I N G  AXlF  
( L R w S E C / I N )  

C 3 VISCOUS DAMPTFIG~ JOUclCF Oh' TRATLTNG AXLE 
( L P - S E C / 1 b )  

C 4  V ISCOUS 9 A M P T N G t  WFRDUMD ON T R A I L I N G  AYLF 
( L P - S E C / T b )  

CF 1 M A X ,  COULO"R F R I C T l O b ,  L E A D I N G  AXLE ( L R )  
c F 2 M A X ,  C ~ U L O ~  FRICTION, TRAILING A X L E  ( 1 0 )  
I( 1 S P R I N G  RATE nF L F A F  SPRIWG: 

L t A O f N G  A X L E  ( L R / I h )  
K 2 S P R I N G  RATE O R  LFAF SPRING;  

T R A I L I N G  A X L E  ( L R / f h )  
KTR 1 S P R I N G  H A T E  nF L O W E R  T O R O U E  ROO: 

L E b D T N G  A X 1  t ( L B / I N l  
K T  R,? S P R I N G  RATE nF LOHFR TORQUF R O n r  

T R A I l I N G  AYLF t L R / f h )  
M U  S C O F F F I C I F N T  flF F R I t T l O N , L E A F w F R A M E  

CnNTACT P O I Y T  
Ha 1 UNSPRUNG ~ F I G H T I ~ E A D T E ~ ~  A X L E  (I..!?) 
WS2 UNSPRUNG H E I G H T  r T ! - t A I L I f i I C  AXLE ( I R )  

F i g u r e  2 . 1 3 .  F o u r  s p r i n g  s u s p e n s i o n  w i t h  s p r i n g - t y p e  
r o d s  d a t a  echo.  

t o r q u e  



parameters  AA6 and AA8 l o c a t e  t h e  f i r s t  " f r e e  p o i n t "  o f  t h e  

t o r q u e  r o d  member ( i  .e .  , t h e  p o i n t  where t h i s  member sepa ra tes  

f r o m  t h e  l e a f  s p r i n g  s t a c k )  w i t h  r e s p e c t  t o  t h e  a x l e  c e n t e r .  The 

parameter  AA9 i n d i c a t e s  t h e  h o r i z o n t a l  d i s t a n c e  f r o m  t h e  a x l e  

c e n t e r  f o r w a r d  t o  t h e  p o i n t  where t h e  t o r q u e  r o d  a t t a c h e s  t o  t h e  

v e h i c l e  f rame.  

The t o r q u e  r o d  s p r i n g  r a t e s  (KTR1 and KTR2) a r e  l i n e a r  

s p r i n g  r a t e s  ( I b / i n )  as wou ld  d e r i v e  f r om t h e  expe r imen t  i n d i c a t e d  

i n  F i g u r e  2.14.  

2.1.5 The Four  S p r i n g  Tandem Suspension w i t h  Long Load 

L e v e l e r .  The p a r a m e t r i c  d a t a  necessary  f o r  t h e  use o f  t h e  f o u r  

s p r i n g  tandem suspens ion  w i t h  l o n g  l o a d  l e v e l e r  (FSS-LLL) i s  v e r y  

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

F i g u r e  2.15 i l l u s t r a t e s  t h e  suspens ion  and i n d i c a t e s  a l l  t h e  

needed geome t r i c  parameters .  A1 1  d imens i  ons shown i n  t h i s  f i g u r e  

have a  p o s i t i v e  sense. F i g u r e  2.16 c o n t a i n s  a  program-produced 

d a t a  echo and a l s o  serves  as an example l i s t i n g  o f  t h e  r e q u i r e d  

i n p u t .  N o t i c e  t h a t  i n  a d d i t i o n  t o  t h e  parameters  shown i n  F i g u r e  

2.15, t h i s  l i s t  a l s o  i n c l u d e s  v i s c o u s  and coulomb f r i c t i o n ,  and 

s p r i n g  r a t e  e n t r i e s .  

There a r e  some f o u r  s p r i n g  suspensions i n  use whose o p e r a t i o n  

i s  s i m i l a r  t o  t h e  FSS-LLL shown i n  F i g u r e  2.15 ( i . e . ,  l o a d  l e v e l -  

i n g  t akes  p l a c e  between t h e  r e a r  c o n t a c t  p o i n t s  o f  t h e  l e a d i n g  

and t r a i l i n g  s p r i n g s ) ,  b u t  wh i ch  use a  d i f f e r e n t  l o a d  l e v e l i n g  

mechanism, p o s s i b l y  as shown i n  F i g u r e  2.17. Such a  suspens ion  

may be s i m u l a t e d  by  u s i n g  t h e  va lues  o f  AA4 and AA5 such t h a t  

( 1 )  t h e i r  sum i n d i c a t e s  t h e  p r o p e r  span f r o m  s p r i n g  c o n t a c t  p o i n t  

t o  s p r i n g  c o n t a c t  p o i n t ,  and ( 2 )  t h e i r  r a t i o  i n d i c a t e s  t h e  

a p p r o p r i a t e  l e v e r  r a t i o .  For  example, u s i n g  t h e  n o t a t i o n  o f  

F i g u r e  2.17: 







F O U R S P R I N G  TANDEM S IJSPkNSTON N I T H  
LOVG LOAD L F V F L F R S  

AVERAGE L E A F  S P R I N G  L E N G T h l  
W O R f Z O N T b L  D I S T A N C E  FROM FRONT T O  REAR 
L E b F / F R A M E  CONTACT P O I N T ( I N 1  
H Q R I Z O N T A L  D I S T A N C E  f R n M  F O R F H n S T  LEAF/ 
FRAMF CONTACT T O  A X L E  CENTER;  
LEADIhG A X L E  ( I N )  
H O R f 7 O N T b L  D I S T A M C E  F R Q M  REARPOST L E A F /  
FRAME COYTACT TO A X L F  C E N T E R l  
T R A I L I N G  A X L E  ( I N 1  
AVERAGE V E R T I C A L  O I S T n F R O M  L E A P / C R A M E  
CONTACT TO A X L E  CENTEN ( I N )  
DIST, FROM FRONT L E A F / L O A D  L E V E L E R  
CONTACT TO LOAD L E V E L E R  P I N  ( I N )  
D I S T ,  F R O M  R E A R  L E A F / L O A D  L E V E L E R  
CONTACT TO L O A D  L E V E L E R  PIN(1N) 
V E R T I C A L  D I S T A N C E  F R O M  A X L E  CENTER 
UP TO TORQUE R O D #  L E A D I N G  A X L E  ( I N )  
V E R T I C A L  D I S T A N C E  F R O M  4 X L E  CENTER 
UP Tn T O R Q U E  ROC! T R A I L I N G  A X L E ( I N 1  
AVERAGE ANGLE RETMFEN TORQUE R O D 3  
AND H O R I Z O N T ~ L ;  Lf A D I N G  A X L E  ( D f G )  
AVFRAGF ANGLE BETWEEN TORQUE R n D S  
AND H O R f Z O N T A L t  T R A I L I N G  AXLE(DEG1 
H O R I Z O N T A L  D I S T A N C E  F R Q M  A X L E  CENTER 
F O R W A R P  t o  rnRour  R O ~ I  
L E A D I N G  A X L E ( 1 N )  
H O R I Z O N T A L  D I S T A N C E  FROM A X L E  C E M T E R  
F O R W A R D  TQ TORQUE ROD1 
T R A I L I N G  A X L E ( 1 N )  
V I S C O U d  D A M P I N G 1  JOUNCE ON L E A D I N G  A X L E  
( L P * S E C / T N )  
v I scnus  ~ A ~ P I N G I  R E R O U N O  O N  L E A D T N G  A X L E  
( L B * S E C / T h )  
V I S C O U S  D A M P I N G !  JOUNCE Oh T R A I L I N G  A X L E  
( L R * S E C / I N )  
V I S C O U S  D A M P I N G ;  R E R Q U N D  OE T R A I L I Y G  A X L E  
( L R * S E C / I N )  
M A X ,  COULOMB F R I C T I P Y ,  L F A P I Q G  A X L E  ( ~ 8 )  
M A X ,  COULOMB F R I C T I O N ,  T R A I L I N G  AXLE (18) 
S P R I N G  R A T E  nP L E A F  S P R I N G 1  
L E A D I N G  AXLE ( L B / I N )  
S P R I N G  R A T E  OR L E A F  S P R I N G ¶  
T R A I L I N G  A X L E  ( L R / I N )  
UNSPRUNG WEIGHTILEADING AXLE ( L H I  
UNSPRUNG W E I G H T I T R A I C I Y G  A X L E  ( L 8 )  

Figure 2 .16 .  Four spring suspension with long load leveler  
d a t a  echo. 
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2 .1 .6  The M u l t i p l e  Torque Rod Four S p r i n g  Suspension. 

A l though much o f  t h e  p a r a m e t r i c  d a t a  r e q u i r e d  f o r  use i n  t h e  

mu1 ti p l  e  t o rque  r o d  fou r  s p r i  ng suspension (MTRFSS) i s  s  i m i  1  a r  

t o  t h a t  r e q u i r e d  by t h e  p reced ing  f o u r  s p r i n g  suspensions,  t h e r e  

a r e  s e v e r a l  s i g n i f i c a n t  d i f f e r e n c e s .  These d i f f e r e n c e s  r e s u l t  

f rom t h e  d i f f e r i n g  mechanisms by which t h i s  suspension r e a c t s  

b rake  t o r q u e . *  A ske tch  o f  t h e  MTRFSS showing many o f  t he  

r e q u i r e d  i n p u t  parameters appears i n  F i g u r e  2.18.  F i g u r e  2.19 

shows a  c o n c e p t u a l i z a t i o n  o f  t h e  suspension r e f 1  e c t i n g  t h e  manner 

i n  which i t  i s  modeled i n  t h e  s i m u l a t i o n .  F i g u r e  2.20 p resen ts  

an example s e t  o f  i n p u t  f o r  t h e  MTRFSS by d i s p l a y i n g  t h e  i n p u t  

d a t a  echo which i s  o u t p u t  by t h e  computer p r o g r m .  

The t h r e e  f i g u r e s  shou ld  adequately d e s c r i b e  t o  t h e  reade r  

a1 1  t h e  necessary i n p u t  parameters w i t h  t h e  f o l l o w i n g  excep t i ons  :** 
AA6 and AA8, t h e  parameters which l o c a t e  t h e  " c e n t e r  o f  t o r s i o n a l  

compl iance" o f  t h e  t o r q u e  r o d  mechanism; KTQ, t h e  t o r s i o n a l  o r  

* D e t a i l s  o f  t h e  model ing o f  t h i s  mechanism a re  g i v e n  i n  
Appendix B .  

**Parameter s u b s c r i p t s  are dropped s i n c e  t h e  f o l l  owing comnents 
are  a p p l i c a b l e  t o  e i t h e r  l e a d i n g  o r  t r a i l i n g  ax les .  



+ Forward 
AA8(2) 

F i g u r e  7 . 1 I .  The n ~ u l t i p l e  t o r q u e  r o d  f o u r  s p r i n g  suspens ion .  





H U L T I P L F  TORQIIE R O D  FOUR QPRING 
TANDEM SUSPEN9ION 

A V F R I G E  l EAF S P R I N G   LENGTH^ 
HORIZOIJTAL  DTSTANCF FROM F R O N T  T O  REAR 
L f A F / F R A U E  CnNTACT P O I N T ( 1 N )  
H f i P 1 7 C 4 ~ T A L  DTSTANCF F H O H  FOR€MOST LEAF/ 
FRAU€ CONTACT TO AXLE CENTER1 
L E A D I N G  AXLE ( I N )  
HORI~O~ITAL D I S T A U C E  FROM REA!MbST LEAF/ 
F U A q r  CONTACT TO AXLE CENTER1 
T H A I L I N G  AXLF ( I N )  
A V E R A G E  V E R T I C A L  DIST,FRnM LEAF/FRAME 
C O Y T A C T  r n  A X L E  C E ~ ~ T F A  (IN) 
P I S T ,  F a n M  FROVT L F A F / L O A D  LEVELER 
C ~ J ~ ~ T A C T  T O  LOAD LEVELER P I N  ( I N )  
D I S T ,  FROM qEAR L E A F / L Q A D  LEVELER 
CpNTACT TO LOAD L E V t L E R  p I N ( 1 N )  
V E P T l C A L  D ISTANCE FRnW AXLE CEYTER,  
LIP 1 0  TflRO[!€ R O D  C!'lMPLIAYCE CENTER# 
L E A V I k t  AXLE (11) 
V E R T I C A L  D I S T A N C E  F R O M  AXLE C E N T E R ,  
I l P  10 TORQIlF R O D  COMPLIANCE CENTER; 
T k A I L I h G  A x L F  ( I N )  
AVFnAGF AhGLF Q E T k F t Y  TOR3UE RODS 
AtvP HORIZOYTAL! L E A D I N G  AXLE I D E G )  
AVEYAGE AAIGLF H E T h F E Q  TOROUE RODS 
A k C  W P I Z O Y T A L :  T R A I L I N G  AXLE(DEG1 
u C P I t o h T A L  PTSTANCF F R n H  b Y L E  C E N T E R  
F r . F * A a P  Tn 1 r ) R n l ~ F  COMPLIANCE 
C E b T F Q r  L E A D I h G  AXLE ( I N )  
h l ; F I Z P Y T A L  P I S T A U C E  F R O M  AXLE CENTER 
F O n * A f i n  T C  T P k R U E  ROD t O U P L I A k C E  
C t k T F R 1  T R A T L I h G  AXLE ( I N )  
V I ~ C O J S  D A ~ P T ~ J G ;  JnVVCE O N  L E A D I N G  AXLE 
( L R - S E C / I N )  
V I S C C i J S  P A V P I t J C :  R E B O l l Y D  ON L E A D I N G  AXLE 
( L r - . S E f / I N )  
V I S C P U S  D A U P I A G :  JnUNCE Oh T R A I L I N G  AXLE 
( L R - S E C / I N I  
V I S C O u S  O A p P I N t t  REROUND ON T R A I L I N G  AXLE 
( L R - S E C / I N )  
P A X ,  CDULOMF F Q I C T I O N ,  L E A O I N G  AXLE (LB)  
" A X ,  COLJLO"P F P I C T T O ~ J ,  T R A I L I N G  AXLE ( L B )  
S P R I h G  RATE O F  L E A F  SPRING;  
L E A b I N C  AXLE ( L 9 / I i 4 )  
S P R I N G  RATE PR L E A F   SPRING^ 
T R A I L I N G  AXLE ( L B / I N )  
TORSIONAL S P R I N G  RATE OF L E A F   SPRING^ 
L E A D I h C  AXLE ( I N - L B / D E G )  
T D R S J O Q A L  SPRING R A T E  OF LEAF  SPRING^ 
T R A I L I N G  AXLE ( I N - L P / D E G l  
T o Q S I o V A L  SFRIh!G RATE OF TOROUE 
a o n  A S ~ E M B L Y I  LEADING A X L E  ( Y N - L B / O E G )  
1 O R S ~ O I J A L  S P R I Y G  RATE OF T  ORBUE 
R O D  ASSEMPLY; T R A I L I N G  AXLE ( I W - L B / O E G  
MOMINAL AXLE ANGULbR P D S r T I O N  
C O t F F I C I F N T ;  L E A D I N G  AXLE ( D E G / f N )  
N O u j N A L  AXLE ANGULAR P O S I T I O N  
C O E F F I C I E h T ;  T R A I L I A J G  AXLE ( D E G I I N )  
S T A T I C  NORMAL LOAD PERCkNTAGEt  
I t A b T l d G  AXLE 
UVSPRUVG ~ E I C H T I L E A D I N G  AXLE ( L @ )  
UNSPRUNG W E I G H T I T R A I L I N G  AXLE ( L 8 )  

Figure 2.20. MTRFSS d a t a  echo. 



"wrap-up" spring ra te  of the leaf spring; KTRTQ, the torsional 

spring ra te  of the torque rod mechanism; NACOEF, the nominal 

axle angular coefficient;  and PRCTN1, the percentage of total  

s t a t i c  normal t i r e  load carried by the leading axle. To c la r i fy  
the meaning of these parameters, f i r s t  consider the model of 

Figure 2.19. Brake torques which are applied to  e i the r  of the 
sprung masses wi 11 be reacted by two mechanisms--one, the "wrap- 

up" reaction of the leaf spring conceptualized by the torsional 

spring KTQ, and two, the torsional reaction of the torque rod 

assembly embodied in the conceptual element KTRTQ. The d i s t r i -  
bution of the brake torque reaction between these two mechanisms 

i s  dependent on the re la t ive  rates of the torsional springs and 

on various positions assumed by elements throughout the suspension. 

(The distr ibution of brake torque reaction i s  most important in 

determining inter-axle load transfer .  ) 

KTRTQ, then, i s  the effective torsional spring rate of the 

torque rod assembly, or ,  using the notation of Figure 2.21 : 

KTRTQ = 
d T 

T;o 

As shown in Figure 2.19, th i s  spring produces a moment reaction 

between the torque rod assembly and the sprung mass a t  the i r  

conceptual attachment point which i s  the center of torsional 

compliance of the torque rod assembly. I n  a physical sense, t h i s  

point i s  the center of rotation of the sprung mass which resul ts  
from the application of a torque as shown in Figure 2 . 2 1 .  ( In 
the program input,  th i s  point i s  located by AA6 and AA8.) 

KTQ i s  the torsional spring ra te  of the suspension's leaf 
spring. This parameter may be determined experimentally or  may 
be estimated by the equation: 





where K i s  t h e  v e r t i c a l  s p r i n g  r a t e  o f  t h e  l e a f  s p r i n g  i n  

l b / i n ,  AA1 i s  t h e  l e n g t h  o f  t h e  s p r i n g  i n  inches and KTQ i s  i n  

i n - 1  b/deg. 

The nominal a x l e  a n g u l a r  p o s i t i o n  c o e f f i c i e n t  i s  used by 

t h e  model t o  de termine t h e  ang le  eSN o f  F i g u r e  2.19. Fo r  t h e  

u s e r ' s  purposes, i t  i s  d e f i n e d  as 

as i l l u s t r a t e d  i n  F i g u r e  2.22. (The mo t ions  i n d i c a t e d  i n  t h e  

f i g u r e  shou ld  be determined under ze ro  l o a d  c o n d i t i o n . )  

deSN NACOEF - dZSP 

F i n a l l y ,  t h e  parameter  PRCTN1, t h e  percentage o f  t h e  t o t a l  

s t a t i c  normal l o a d  c a r r i e d  a t  t h e  f r o n t  a x l e ,  may be cons idered.  

The MTRFSS model, as shown i n  F i g u r e  2.19, i s  i n d e t e r m i n a t e  w i t h  

r e s p e c t  t o  s t a t i c  t i r e  normal l oads  un less  i n f o r m a t i o n  d e s c r i b -  

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

PRCTNl p r o v i d e s  t h i s  i n f o r m a t i  on. I n  e n t e r i  ng t h i s  parameter ,  

two o p t i o n s  a r e  a v a i l a b l e  t o  t h e  use r .  F i r s t ,  he may e n t e r  a  

va lue  between ( 0 )  and (100)  and t h e  s t a t i c  normal t i r e  l oads  w i l l  

be d i s t r i b u t e d  between t h e  two a x l e s  acco rd ing  t o  t h i s  e n t e r e d  

va lue .  Second, t h e  u s e r  may e n t e r  any va lue  o u t s i d e  t h i s  ( 0 )  t o  

(100) p e r c e n t  range, and t h e  program w i l l  assume t h a t  t h e  " p r e s e t "  

o f  t h e  KTRTQ s p r i n g s  i s  zero .  I n  t h i s  case, t h e  s t a t i c  t i r e  

normal l oads  w i l l  be c a l c u l a t e d  i n  a  manner which i s  i d e n t i c a l  t o  

t h a t  which would be used f o r  t h e  b a s i c  f o u r  s p r i n g  suspension.  

zsp.0 



Axle  h o u s i n g  a n g l e  
a t  s t a t i c  l o a d  

P a t h  o f  upper  
t o r q u e  r o d  ik- D i s p l a c e d  a x l e  

Axle c e n t e r  p o s i t  
a t  s t a t i c  l o a d  

t o r q u e  rod  4 --;+- 
 isp placed a x l e  
c e n t e r  p o s i t i o n  

Figure 2 . 2 2 .  De tem i  n i  nc NACOEF. 
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2 . 1 . 7  The Mu1 t i p l e  Torque Rod Four Spring Suspension with 

Spring-Type Lower Torque Rod. This suspension option i s  a 
modification of the MTRFSS option (described in the previous 

sect ion) ,  which includes the use of spring-type lower torque rods. 

Figure 2.23 i 1 lus t ra tes  the suspension and Figure 2 . 2 4  presents 

an example of the required input by showing the input d a t a  echo 

which i s  o u t p u t  by the computer program, 

A1 1 parametric da ta  required i s  virtual ly identical t o  t h a t  
of the MTRFSS with the addition of the geometric parameters AA9(1) 

and AA9(2) (see Figure 2.23) a n d  the torque rod spring ra tes ,  KTRl 

and KTR2. These KTR parameters are the 1 inear spring rates of the 

leading and t ra i l ing axle lower torque rods, as would be determined 

by the method i l lus t ra ted previously in Figure 2 . 1 4 .  

2.1.8 The Air Suspension. From the user ' s  point of view, 

the a i r  suspension option i s  more complex than the other suspen- 

sions. I n  addition t o  the parameters needed t o  describe the 

mechanical system (similar t o  the parameters needed for other 

suspensions), several other parameters are required t o  describe 

the pneumatic system, including the a i r  spring and  the a i r  delivery 

network. Also, a variety of sub-options allow selection of single- 

axle or tandem suspensions and four-bar or trailing-arm 

suspension linkages. 

Starting with a description of the mechanical system 

parameters, l e t  us consider f i r s t  a tandem suspension composed of 

two, four-bar linkage-type axles, as shown in Figure 2.25. The 

figure i 11 ustrates a1 1 the geometric parameters required by the 

model t o  describe th i s  type of suspension. Note t h a t  a l l  the 

dimensions are shown in th i s  figure with a positive sense. 

Using this  suspension as a baseline, l e t  us now consider 

possi ble variations. 



AA8(1) 4-- Forward 

F igu re  2 . 2 3 .  The MTRFSS w i t h  sp r i ng - t ype  lower to rque  r o d s .  



M l l L T I P L E  TOROllE ROO FOUR SPRIbJG 
T A N P E P  S U S P E h S I O N  N I T H  S P R I N G - T Y P E  
L O k F R  TORQUF ROO 

AVERAGE L F b F  S P R I N G   LENGTH^ 
h D R 1 Z n N T b L  PTSTALJCE F R n H  FRONT 1 0  R E A R  
LEAF/FWAUE Cnt.TACT P n I N T C  I N )  
b P R I 7 C l J T A L  D I S T  b v C F  FROY FOREPOST L E A F /  
T R A b 4 E  C O ~ T A I T  Tn AYLE CENTEPI 
L E L D T h G  AXLE ( T b )  
~ n R I Z O ~ ! T b L  r T S T A r J C F  F R n r  REARHnST L E l f /  
F k A r F  r O Y T A C T  Ti1 AYLF CENTER! 
TRAIL ING A X L F  ( I ' d )  
AVEkAGF V E F T T C A L  D I S T I F R @ M  L E A F / F R A H E  
CDblTACT TO AYLE CELJTFR ( I h )  
P I S T ,  F R n h  FRONT L F A F / L O A D  L E V F L E R  
C O ~ T A C T  L n A p  L E V E L L S  PIN ( I M )  
o I S T ,  FROu P F A Q  L E A F / L n A D  L E V E L E R  
CPNTACT TO LOAD C t V t L E R  P I N ( I N )  
V t F T T C A L  D I S T A N C E  FRnM AXLE C t Y f p R ,  
UP TP T O R o ' l t  R f lP  Cn t 'PL IANCE CEhTER;  
L E b D I h G  AXLL  ( I N )  
V L P T T C A L  P l b T A N C F  FM@P AYLE CLKTER 
I l P  T n  TOQ(i \ lE ROD C O k P L I A h C E  CEYTER'I 
T F A I L I N G  AYLF ( l k )  
A v F k A G E  ANGLE Q F T N F E ~ ~  TOROUE R O D S  
A c D  H O P 1 7 0 L I T A L :  L E A D I N G  A X l E  (DEG)  
AVERAGF ANf -LF  P f T k E t l J  TOQOl lE  HnDS 
A t i D  H O F I 7 0 h T b L t  T P A I L I h G  A X l E L D E G )  
r O R I Z 0 4 T A L  C l ISTA l lCE F R I I M  AXLF CENTER 
F o n d  ARD TO TOROi lF 900  C O ~ ' P L 1 A N C E  
C E N T E k t  L E A P I I J G  AXLE ( I N )  
~ O R I I O ~ I T A L  D I S T A N C F  F R n "  AXLE CENTER 
F o Q b t R P  T o  TnFOuF Ron C O P P L I A N C E  
CEhTFs:  T a a l L 7 1 . G  A X 1  E ( T h )  
H O P I 7 0 k T A L  D J S T A N C F  F R O M  AXLE CENTER 
FOWwAHn TO L O W E R  TOROUE Q00 F R A F E  P I N 1  
L E A D l b C  A X L t  ( I h )  
b P Q I 7 O ' J T A L  D I S T A N C E  FROM AXLE CENTER 
F q F k b R P  TO L n k F R  T O H ~ ~ J E  QOD F R A v E  P I N 1  
T P A I L I L I G  AXLE ( I N )  
VISCOIJS 9 A M P T N C t  JnUVCE Oh L E A D I N G  AXLE 
( L P - S E C / i N )  
v I s c n u s  D A M P I N G 1  RFHOUND ~4 LEADIM A X L E  
( L P - S F C / I N )  
V I S C n U S  P A u P I N G l  JOUNCE Oh T R A I L I N G  A X L E  
( L R - S € C / l Y )  
v I S C n u S  D A M P I N G t  PEROUND ON T R A I L I N G  AXLE 
( L R - q L C / I  N) 
PAX, COULOMB F R I C T I ~ N I  L E A F I N G  AXLE ( L B )  
M A X ,  C0lJLr)"H F R I t T I f l N ,  T R A I L I b J G  A X L E  ( L R )  
S P U I V G  R 4 T E  O F  L E A F  S P R I V G I  
L E A D I V G  AXLE ( L e / I N )  
S P Q I W G  R A T E  nu L E A F  SPRINGI 
T R A I L I t I G  AXLF ( L R / r t l )  
T n R S I O h A L  S P Q I N G  RATE OF L E A F   SPRING^ 
L E A D I h l G  AXLE ( 1 f r - ~ e / D E G )  
T 3 R S l O b A L  S F R I k l t  RATE OF L E A F   SPRING^ 
T R I  I1 I N G  AXLE ( I h I - L B / O E G )  
S P R I h t G  HATE OF L o H E Q  TORQUE ROO: 
L E A D I N G  AXLE ( L B / I N )  
S P R I N G  R A T F  OF LONER TORQUE ROD: 
T R A I L I ~ J G  AXLE ( L q / I N )  
T O R S I O N A L  S P P I F J G  R A T F  OF TORQUE 
ROD A S S E M S L Y 1  L E A 3 I Y G  AXLE ( IN= i .R /bEG)  
T P Q S T D ~ I ~ L  S P R I N G  H A T F  OF TORQUE 
R O D  A S S E P b L Y t  T R A I L I N G  AXLE ( I N - L O / D E G  
Y O M I N 4 L  AXLE ANGIICAR P O S I T I O N  
C O E F F I C I F N T !  LLADIbdG A X L L  ( D E G / I Y )  
N O p I b 4 (  A X C t  ALJGULIP P n S l T l O N  
C O E F F I C I F N T I  T R A I L I N G  P X L E  ( O E G / I N )  
S T A T I C  NOqMAL LOAD PERCENTAGE1 
L E A D I N G  AXLE 
UhSPRUNG k E I G H T t L E A D I N G  A X L E  ( L B )  
UYSPRIJVG # E I G H T  I T R ~ I L I N G  A X L E  (La)  

F i g u r e  2.24. MTRFSS w i  t h  s p r i  ng- type t o r q u e  rods  d a t a  echo. 





E i t h e r  o r  bo th  o f  t h e  ax les  o f  t h e  suspension niay be con- 

v e r t e d  f rom t h e  f o u r - b a r  t y p e  t o  t h e  t r a i l i n g - a m  type .  The 

geometry o f  t h e  t r a i l i n g - a r m  a x l e  i s  shown i n  F igu re  2.26. (The 

s u b s c r i p t s  ( 1 )  and ( 2 )  have been d e l e t e d  f rom t h i s  f i g u r e  s i n c e  

i t  i s  a p p l i c a b l e  t o  e i t h e r  l ead ing  o r  t r a i l i n g  a x l e s . )  Note t h a t  

t h e  d e f i n i t i o n s  o f  AA2 and AA3 remain unchanged, t h e  d e f i n i t i o n  

o f  AA4 has been a l t e r e d ,  and t h e  parameters AA5, AA7A and AA7B 

a r e  no l o n g e r  needed. I n  o r d e r  t o  cue t h e  computer program t h a t  

a  p a r t i c u l a r  a x l e  i s  t o  be o f  t h e  t r a i l i n g - a r m  type,  t h e  parameter 

AA5 f o r  t h a t  a x l e  i s  en te red  as 0.0. When t h i s  i s  done, t h e  p r o -  

gram w i l l  d e l e t e  f rom t h e  i n p u t  f l o w  t h e  AA7A and AA7B parameters 

f o r  t h a t  same a x l e .  For example, i f  AA5(1) i s  en te red  as 0.0,  

AA7A(1) and AA7B(1) w i l l  n o t  be read,  and t h e  l e a d i n g  a x l e  w i l l  

be t r e a t e d  as a  t r a i l i n g - a r m  t ype .  I f ,  i n  t h e  u n l i k e l y  even t  

t h a t  t h e  use r  wishes t o  e n t e r  a  t r u e  va lue o f  ze ro  f o r  t h e  

parameter AA5 on a  f o u r - b a r  t ype  a x l e ,  a  ve ry  smal l  non-zero 

number should be en te red  i n s t e a d .  

The b a s e l i n e  suspension may a l s o  be conver ted t o  a  s i n g l e -  

a x l e  suspension. T h i s  i s  accomplished s imp ly  by e n t e r i n g  a  va lue  

o f  0 .0  f o r  t h e  parameter AA1. Therea f te r ,  a l l  mechanical and 

pneumatic parameters p e r t a i n i n g  t o  t h e  second a x l e  w i l l  au to-  

m a t i c a l l y  be d e l e t e d  f rom t h e  i n p u t  f l o w .  The pneumatic system 

parameter,  CINTR ( t o  be d iscussed l a t e r ) ,  w i l l  a l s o  be d e l e t e d .  

A s i n g l e - a x l e  suspension may be o f  e i t h e r  t h e  f o u r - b a r  o r  t r a i l i n g -  

a m  type .  

I n  a d d i t i o n  t o  t h e  geometr ic  parameters,  t h e  mechanical 

system parameters a l s o  i n c l u d e  t h e  unsprung weights  o f  t h e  l e a d i n g  

and t r a i l i n g  a x l e s  (WS1 and WS2, r e s p e c t i v e l y )  and t h e  v iscous 

damping c o e f f i c i e n t s ,  C1, C2, C3, and C4. As i n  o t h e r  suspensions, 

C1 and C2  app ly  t o  t h e  l e a d i n g  a x l e ,  C3 and C4 t o  t h e  t r a i l i n g  

ax le ;  C1 and C3 a r e  f o r  jounce and C2 and C4 a r e  f o r  rebound. 

Coulomb f r i c t i o n  i s  n o t  i n c l u d e d  i n  the. a i r  suspension. 



Figure 2 .26 .  The t r a i l  i ng-arm a i r  suspension. 



We w i l l  now c o n s i d e r  t h e  pneumatic elements o f  t h e  a i r  

suspension model. Each a x l e  of t h e  a i r  suspension r e q u i r e s  f i v e  

parameters t o  desc r ibe  i t s  a i r  s p r i n g .  U n l i k e  t h e  case f o r  

o t h e r  suspensions, these parameters a r e  f o r  one s p r i n g  o n l y ,  n o t  

t h e  sum o f  b o t h  s p r i n g s  on t h e  a x l e .  The f i v e  parameters a r e :  

1 .  A,-: t h e  e f f e c t i v e  a i r  s p r i n g  area w i t h  r e s p e c t  

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

2.  AV: t h e  e f f e c t i v e  a i r  s p r i n g  area w i t h  r e s p e c t  

t o  volume a t  t h e  nominal o p e r a t i n g  h e i g h t  

3. ho: t h e  nominal o p e r a t i n g  h e i g h t  o f  t he  a i r  

s p r i n g  

4. K : t h e  a i r  s p r i n g  cons tan t  p ressu re  s p r i n g  
P  

r a t e  a t  t h e  nominal o p e r a t i n g  p ressu re  

5. Lo: t h e  nominal o p e r a t i n g  a i r  s p r i n g  l o a d  

6. Po: t h e  nominal o p e r a t i n g  a i r  s p r i n g  (gauge) 

p ressu re  

7 .  V o :  t h e  nominal o p e r a t i n g  a i r  s p r i n g  volume 

where i n  these d e f i n i t i o n s  



h  i s  t h e  h e i g h t  o f  t h e  a i r  s p r i n g  

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

P i s  t h e  gauge a i r  p ressu re  o f  t h e  a i r  s p r i n g  

V i s  t h e  i n t e r n a l  volume o f  t h e  a i r  s p r i n g  

These seven parameters may be determined f rom manufac turers  ' 
pub l i shed  d a t a .  Consider  F i g u r e  2.27. T h i s  f i g u r e  c o n t a i n s  a  

p l o t  o f  an example a i r  s p r i n g  c h a r a c t e r i s t i c  [19 ]  as p u b l i s h e d  

by t h e  manu fac tu re r .  

To determine t h e  necessary i n p u t  parameters f o r  t h e  a i r  

s p r i n g ,  f i r s t  de termine t h e  nominal o p e r a t i n g  p o i n t  o f  t h e  a i r  

s p r i n g .  I t i s  most conven ient  f o r  t h e  u s e r  t o  des igna te  t h e  

s t a t i c  a i r  s p r i n g  c o n d i t i o n  as t h e  nominal  c o n d i t i o n ,  a l t hough  

somewhat b e t t e r  r e s u l t s  may be ob ta ined  i f  t h e  nominal c o n d i t i o n  

i s  d e f i n e d  as a  " m i d p o i n t "  i n  t h e  o p e r a t i n g  range wh ich  t h e  s p r i n g  

w i l l  exper ience i n  a  s i m u l a t i o n  run . *  E i t h e r  way, t h e  user  must  

de termine t h e  nominal h e i g h t ,  ho, and nominal load,Lo. (Note  

t h a t  Lo i s  t h e  a i r  s p r i n g  l o a d ,  n o t  t h e  a x l e  l o a d . )  Then f rom 

da ta  such as g i v e n  i n  F i g u r e  2.27, nominal  p ressure ,  Po, and 

volume, V may be determined t o  complete t h e  d e f i n i t i o n  o f  t h e  
0 ' 

nominal o p e r a t i n g  p o i n t .  The parameter  Av i s  t h e  s l o p e  o f  t h e  

" V o l "  p l o t  ( F i g u r e  2 .27 )  a t  ho. The c o n s t a n t  p ressu re  s p r i n g  r a t e ,  

K i s  t h e  n e g a t i v e  o f  t h e  s lope  o f  t h e  c o n s t a n t  p ressu re  p l o t  
P ' 

f o r  P=Po a t  t h e  o p e r a t i n g  p o i n t ,  (ho, L o )  The e f f e c t i v e  area 

w i t h  r e s p e c t  t o  load,  AL, i s  t h e  r a t e  o f  change o f  l o a d  w i t h  

r e s p e c t  t o  p ressu re  a t  t h e  o p e r a t i n g  p o i n t  and a long  a  l i n e  o f  

c o n s t a n t  h e i g h t  (see F i g u r e  2 . 2 7 ) .  

Besides t h e  a i r  s p r i n g ,  t h e  a i r  suspension model i n c l u d e s  

accommodation f o r  an a i r  d e l i v e r y  system. The model a l l o w s  t h e  

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

ax les  and i n t e r - a x l e  a i r  f l o w  pa th .  A  schemat ic  o f  t h e  modeled 

a i r  d e l i v e r y  system i s  g i v e n  i n  F i g u r e  2.28. 

*Fu r the r  d i s c u s s i o n  i s  g i v e n  i n  Appendix B, S e c t i o n  B.9.3. 
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The Operat ing P o i n t  i s  de f i ned  by: 

Nominal Volume ; V o  = 870 i n 3  

Nominal He igh t  ; h o = 7.0 i n  

Nominal Load ; Lo = 8800 l b  

Nominal Press ; Po = 80 p s i g  

The Dynamic C h a r a c t e r i s t i c s  are :  

E f f e c t i v e  Area, Volume: 

E f f ec t i ve  Area, Load; 

Constant Pressure Spr ing  Rate; 

*This p l o t  app l i es  t o  volume vs. h e i g h t  axes 
on ly .  A l l  o t h e r  p l o t s  app ly  t o  t h e  l oad  
vs. h e i g h t  axes on ly .  

Height, in. 

F igure  2.27. Example a i r  s p r i  ng data  and model c h a r a c t e r i s t i c s .  
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N o t i c e  t h a t  each o f  t h e  seve ra l  a i r  f l o w  paths  a r e  

c h a r a c t e r i z e d  as a  "lumped" r e s t r i c t i o n  , each w i t h  a  c h a r a c t e r -  

i s t i c  f l o w  c o e f f i c i e n t .  Flow paths  th rough t h e  h e i g h t  c o n t r o l  

va l ves  a r e  c h a r a c t e r i z e d  by an exhaust  f low c o e f f i c n e t  ( C E X )  and 

an i n p u t  f l o w  c o e f f i c i e n t  ( C I N )  . An a d d i t i o n a l  f l o w  c o e f f i c i e n t  

(CINTR) desc r ibes  t h e  a i r  l i n e  i n t e r c o n n e c t i n g  t h e  two sp r ings . *  

The h e i g h t  r e g u l a t o r  va l ves  a l s o  possess a  t i m e  l a g  f u n c t i o n  

(TLAG). That  i s ,  t h e  v a l v e  w i l l  exhaust  ( o r  f i l l )  t h e  a i r  s p r i n g  

o n l y  i f  t h e  s p r i n g  h e i g h t  has been g r e a t e r  ( o r  l e s s )  than  ho f o r  

TLAG seconds. On t h e  o t h e r  hand, t h e  v a l v e  w i l l  r e t u r n  t o  i t s  

c losed  p o s i t i o n  immedia te ly  when s p r i n g  h e i g h t  equal s  ho. 

Each o f  t h e  f l o w  c o e f f i c i e n t s  may be determined by exper iment .  

E i t h e r  a  " cons tan t  p ressu re "  o r  " cons tan t  volume" exper iment  m i g h t  

be used. 

F i  gure 2.29 i 11 us t r a  t e s  , i n  concept ,  an a p p r o p r i a t e  cons tan t  

v o l  ume exper imen ta l  se tup.  

The e q u a t i o n  : 

where 

V i s  t h e  enc losed volume 

P i s  t h e  gauge p ressu re  w i t h i n  t h e  volume 

Pe i s  t h e  c o n s t a n t  exhaust  ( s u p p l y )  gauge 

C i s  t h e  f l o w  c o e f f i c i e n t  o f  t h e  network 

exhaus t ing  ( s u p p l y i n g )  t h e  volume 

t i s  t i m e  

* L i k e  t h e  a i r  s p r i n g  parameters, a l l  o f  t h e  f l o w  c o e f f i c i e n t s  
a r e  f o r  one s i d e  o f  t h e  v e h i c l e ,  n o t  t h e  sum o f  bo th  s i d e s .  

5 2 



C :  f l o w  c o e f f i c i e n t  

Pe:  cons tan t  exhaust  p ressure  

V : cons tan t  volume 

P : pressure  

P=P1 a t  t i m e  to 

P=P2 a t  t ime to+At  

F i g u r e  2.29. Determining f l o w  c o e f f i c i e n t  w i t h  a  cons tan t  
v o l  ume exper iment . 



applies t o  th i s  arrangement of apparatus, and may be used, with 

experimental data, t o  calculate the flow coefficient. Equation 
( 2 . 1 1 )  may also be used in i t s  integrated form: 

where P = P a t  time to 1 - 

P2 = P a t  time to + ~t 

A similar expression which may serve as the basis for a 

constant pressure experiment i s  

or in i t s  integrated form 

where the new symbol, Pat, i s  atmospheric pressure and 

V, = V a t  time to 

V 2  = V a t  time to + ~t 

A conceptualization of an appropriate constant pressure 
experimental arrangement appears in Figure 2.30.  

The a i r  delivery system described in the preceding para- 
graphs may be much more complex than i s  generally needed. Often 

the characteristic time l a g  of real height control valves will 
be longer than the total time of a simulated stop. I n  such cases, 
i t  behooves the user t o  simply enter a large value for TLAG (and 



C : f l o w  c o e f f i c i e n t  

P : c o n s t a n t  p r e s s u r e  

e  
: c o n s t a n t  exhaust  p r e s s u r e  

V : enc losed volume 

V = V, a t  t i m e  to 

V = V2  a t  t i m e  to + A t  

Constant 
Force 

F i g u r e  2.30.  Determin ing  f l o w  c o e f f i c i e n t  w i t h  c o n s t a n t  
p ressu re  exper iment .  



any v a l u e  f o r  t h e  v a l v e  f l o w  c o e f f i c i e n t s )  o r  ze ro  va lues  f o r  t h e  

v a l v e  f low c o e f f i c i e n t s ,  t hus  e f f e c t i v e l y  e l i m i n a t i n g  t h e  va l ves  

f r o m  t h e  s i m u l a t i o n . *  A i r  f l o w  between t h e  a x l e s  o f  a  tandem 

suspension may, however, p e r f o r m  an i m p o r t a n t  1 oad - leve l  i n g  

f u n c t i o n  and may, t h e r e f o r e ,  r e q u i r e  a c c u r a t e  de termi  n a t i o n  o f  

CINTR. 

I n  a d d i t i o n  t o  t h e  parameters d iscussed above, one o t h e r  

i n p u t  parameter  may be r e q u i r e d  f o r  t h e  a i r  suspension.  I f  a  

tandem suspension i s  t o  be used, and t h e r e  i s  no i n t e r - c o n n e c t i n g  

a i r  l i n e  between t h e  two a x l e s  ( i  .e.,  CINTR=O), t hen  t h e  s t a t i c  

d i s t r i b u t i o n  o f  l o a d  between t h e  two a x l e s  i s  i n d e t e r m i n a t e .  I n  

t h i s  case, t h e  i n p u t  parameter PRCTNl must be entered.  The va lue  

o f  PRCTNl i s  t h e  percentage o f  t h e  t o t a l  suspension s t a t i c  l o a d  

wh ich  i s  c a r r i e d  by t h e  l e a d i n g  a x l e .  PRCTNI i s  o m i t t e d  f rom t h e  

i n p u t  f l o w  i f  a  s i n g l e - a x l e  suspension i s  employed o r  i f  CINTR # 0.  

F igu res  2.31 th rough 2.33 p r e s e n t  exampl es o f  r e q u i r e d  i n p u t  

f l o w  f o r  t h r e e  v a r i a t i o n s  o f  t h e  a i r  suspension o p t i o n .  The f i r s t  

example i s  o f  o u r  s e l e c t e d  base1 i n e  suspension,  i .e., a  tandem 

suspension composed o f  two f o u r - b a r  t y p e  a x l e s .  N o t i c e  t h a t  

CINTR # 0  and, t h e r e f o r e ,  PRCTNl does n o t  appear. I n  t h e  second 

example, ano the r  tandem suspension,  t h e  l e a d i n g  a x l e  i s  o f  t h e  

t r a i l i n g - a r m  t ype .  AA5(1) has been en te red  as 0.0 t o  i n d i c a t e  t o  

t h e  program t h e  use o f  a  t r a i l i n g - a r m  a x l e  and t h e  parameters 

AA7A(1) and AA7B(1) have consequent ly  been d e l e t e d  f rom t h e  i n p u t  

f l o w .  I n  t h i s  example, CINTR = 0.0 has a l s o  been en te red ,  

r e q u i r i n g  t h e  e n t r y  o f  t h e  parameter  PRCTN1. The f i n a l  example 

i s  o f  a  s i n g l e - a x l e ,  f o u r - b a r  t y p e  suspension.  The parameter  AA1 

has been g i v e n  t h e  v a l u e  0.0 t o  i n d i c a t e  a  s i n g l e - a x l e  suspension,  

and a l l  parameters a s s o c i a t e d  w i t h  t h e  second a x l e  have been 

d e l e t e d .  

*The use o f  zero  v a l v e  f l o w  c o e f f i c i e n t  i s  a l s o  t h e  a p p r o p r i a t e  
method f o r  removing one o f  t h e  two h e i g h t  c o n t r o l  va l ves  f rom 
t h e  network ,  i f  d e s i r e d .  







' A I R  S U S P F N Q I O N i  S I N G L E  AXLE 

H O R I Z O N T A L  D I S T A N C E  F R O M  A X L E  CENTER 
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A B O V E  THE AXLE C E N T t R  Q k  THE L I N E  OF 
A C T I O N  OF THF TOROIJE P00,DOUN T O  THE 
A X L E  CENTER ( I N l t L E A D I N G  A X L E  
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E F F E C T I V E  A I R  S P R I N G  A R E A  W I T H  
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Figure 2.33.  Single four-bar a i r  suspension data echo. 
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2.2  The Sprung Masses 

The t h i r d  group ing o f  da ta  i n  t h e  i n p u t  f l o w  o f  t h e  Phase 

I 1 1  program descr ibes  t h e  sprung masses o f  t h e  v e h i c l e  t o  be 

s imula ted.  T h i s  i s  t r u e  f o r  b o t h  t h e  s t r a i g h t  t r u c k ,  t r a c t o r -  

t r a i l e r ,  and doubles combinat ion  programs. I n  t h e  f o l l o w i n g  

sec t i ons ,  t h e  a p p r o p r i a t e  i n p u t  f l o w  f o r  t h e  sprung mass d a t a  group 

f o r  each o f  t hese  programs w i l l  be descr ibed.  The mathemat ical  

models of t h e  sprung masses a r e  desc r ibed  i n  Appendix C. 

2.2.1 The S t r a i g h t  Truck Sprung Mass. F i g u r e  2.34 

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

t r u c k  program t o  d e s c r i b e  t h e  v e h i c l e ' s  sprung mass. F igu re  2.35 

g i v e s  an example o f  t h e  sprung mass s e c t i o n  o f  t he  i n p u t  d a t a  echo 

which  i s  o u t p u t  by t h e  program. Note t h a t  t h e  o r d e r  o f  t h e  da ta  

i s  i d e n t i c a l  t o  t h e  r e q u i r e d  o rde r  f o r  i n p u t  o f  t h i s  d a t a  group.  

I n  a d d i t i o n  t o  t h e  sprung mass pa ramet r i c  da ta ,  t h r e e  o t h e r  

v a r i a b l e s ,  GRADE, TIMF, and VEL, a r e  i n c l u d e d  i n  t h e  data .  GRADE 

i s  t h e  s l o p e  ( i n  pe rcen t )  o f  t h e  roadway w i t h  a  p o s i t i v e  e n t r y  

i m p l y i n g  " u p h i l l "  and nega t i ve ,  " d o w n h i l l . "  The v a r i a b l e  TIMF i s  

t h e  maximum r e a l  t i m e  t h a t  t h e  s i m u l a t i o n  w i l l  be a l l owed  t o  run .  

I n  a  b r a k i n g  s i m u l a t i o n  run,  t h e  program w i l l  be ha1 t e d  whenever 

t h e  v e h i c l e  comes t o  a  s t o p  o r  when t h e  t ime  reaches TIMF seconds, 

whichever occurs f i r s t .  The parameter VEL i n d i c a t e s  ( i n  f t / s e c )  

t h e  i n i t i a l  v e l o c i t y  o f  t h e  v e h i c l e .  

Most o f  t h e  sprung mass parameters a r e  s e l f - e x p l a n a t o r y  

f rom t h e  i n f o r m a t i o n  p rov ided  by F igures  2.34 and 2.35. Reca l l  

t h a t  t h e  "Suspension Reference P o i n t s "  r e f e r r e d  t o  i n  these f i g u r e s  

have been d e f i n e d  e a r l i e r  f o r  each o f  t h e  suspension o p t i o n s  

a v a i l a b l e .  

N o t i c e  t h a t  t h e  we ight ,  p i t c h  moment o f  i n e r t i a ,  and c e n t e r  

o f  g r a v i t y  p o s i t i o n  o f  the  v e h i c l e ' s  own sprung mass and o f  t h e  

payload mass a r e  desc r ibed  s e p a r a t e l y  i n  t h e  i n p u t  data .  T h i s  

a l l o w s  t h e  user  t o  change payloads on t h e  v e h i c l e  more e a s i l y .  

I f  t h e  use r  wishes t o  s i m u l a t e  an empty v e h i c l e ,  t h e  payload 
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F i g u r e  2.35.  S t r a i g h t  t r u c k  sprung mass d a t a  echo. 



weight (PW)  i s  simply entered as 0 .0 .  When th i s  i s  done, the 

other parameters describing the payload (PJ,  PX, and  P Y )  wi 1 1  

be omitted from the input flow. 

2 . 2 . 2  The Tractor-Trai 1 e r  Sprung Masses. The parameters 

required by the program t o  describe the two sprung masses of a 
t rac tor - t ra i le r  are i l lus t ra ted in Figure 2.36. I n  Figure 2.37, 

a n  example of the input d a t a  flow i s  given by showing the input 

echo output of the computer program. As was described in Section 

2.2.1, the parameters GRADE, TIMF, a n d  VEL are a1 so included in 

th i s  input group. 

Several of the geometric parameters referred t o  in the 

figures locate the various centers of gravity relative t o  the 

"Suspension Reference Points. " These poi nts have been defined 

ea r l i e r  in Section 2 . 1  for each of the various suspension options. 

Data describing the vehicle's payload (PW, PJ, PX,  a n d  P Y )  

are entered separately from similar parameters which describe the 

iner t ia l  properties of the t r a i l e r  i t s e l f .  Thus the user may 

easily change vehicle loading from run t o  run. If a n  empty vehicle 

i s  desired, the user enters a payload weight of zero (PW = 0 .0 )  

and the remaining payload parameters (PJ, PX, and  PY) are omitted 

from the input flow. 

2.2.3 The Doubles Combination Sprung Masses. The input 

required to describe the sprung masses of the doubles combination 

i s  similar to ,  but, of course, more extensive than  t h a t  required 

for  the straight truck and  t rac tor - t ra i le r  simulations. The doubles 

input d a t a  are described in Figures 2.38 and  2.39. The iner t ia l  

properties of the payloads for both t r a i l e r s  are again entered as 

separate values from those of the t r a i l e r s  themselves. Either or 

b o t h  t r a i l e r s  may be run "empty" by setting the appropriate pay- 

1 oad weight(s) to zero and omitting the remaining parameters 

describing the payload(s) . 
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Figure 2.37, Tractor-trai ler sprung mass data echo. 





SPRUNG MASS : 
A 1 

DELTA 1 

DELT A5 

GRADE 
J 1 
J 2  

T I  tlP 
VEL 
I3 1 
w2 
9 3 
w4 

HORIZONTAL DISTANCE F R O B  TRACTOR CG TO 
REFERENCE POINT OF TRACTOR FRONT 
SUSPENSION (IN) 3 5 . 9 0  
RORIZONTAL DISTANCE P R C f l  TRACTOX CG TO 
REFERENCE POINT OF TRACTOR REAR 
SUSPENSION ( I N )  106 .10  
HORIZONTAL DISTANCE PRCH FIRST 
TRAILER CG TO FIRST TRAILER 
K I N G  PIN ( IN)  2 2 2 . 0 0  
HORIZONTAL DISTANCS PFCU PIRST 
TRAILER CG TO RSF3aENCE POINT OF FIRST 
TRAILER SUSPENSIOh ( I S )  1 4 4 . 0 3  
RORIZONTAL DISTANCE FRCH PIRST TRAILER 
K I N G  PIN TO DOLLY X X G L ' Z  HITCH ( I N )  376  .oo 
HORIZONTAL DISTANCE FRCF SECOND 
TRAILER CG T3 SECOXD TZAILEZ 
K I N G  PIN (IY) 2 2 2 . 0 0  
BORIZOHTAL DISTANCE FBC3 SECOND 
TRAILER CG TO REFSRENCZ FCINT 
OP SECOND TRAILER SUSPZNSICN ( I N )  1 4 4 . 0 0  
AORIZONTAL DISTANCZ FIRCF CCLLY . 
TONGUE HITCH '?O DOLLY 5TH ?HEEL ( I F )  7 2 . 0 0  
HORIZONTAL DISTANCC FRO!! T 3 A C X 3  5TH HHEEL 
REARWARD TO RZPERENCE POINT OF TRACTOR L Z A a  
SUSPEN SION (Ib) 0 .0  
HORIZONTAL DISTANCE FPCY COLLY 
5TH WHEEL RE!.RWARD TO DOLLY SUSPENSION 
REFERENCE P O I N ? ( I N )  6.00 
VERTICAL DISTANCS DOh'Y W A R D  FFOf! 
TRACTOR 5TH UHEZL TO T3ACTOR CG ( I R )  - 4 . 5 0  
VERTICAL DISTAYCX DO'dYiAPD F2OE 
DOLLY FIFTH GHEZL TO DCLLY SUSPZNSI3N 
REFEFENCX POINT (It!) .- 2 9 . 5 0  
VERTICAL DISTANC2 9OFNWAFD FRO?! 
DOLLY TONGUE HITCH ?O PIIRST T2AILER 
SUSPENSION SEFEB2tiCE POINT ( I F )  26 .00  
STATIC VE'TICAL DISPBYCE, 'TRACTOR CG TO 
TRACTOR PSONT A X L E  ( I N )  3 3 . 3 0  
STATIC VERTICAL DISTANCE, FIRST IRAILZB 

CG TO FIRST TRAILEII AXLE(S) (2s)  (13.50 
STATIC VESTICAL DISTANCE, SECOLlD TFAILZB 
CG TO SECOND TRAILTR AXLX(S) ( I N )  G5.50 

PERCENT GSADE (POSIT IVZ I S  UPHILL) 5 .00  
TRACTOR POLAR HOnZNT (IN-La-SEC**2) 5 3 3 7 4 . 0 0  
PIRST TRAILER POLAR ZCCENT OF INERTIA 
(IN-LB-SEC**2) 7 0 6 2 0 0 . 0 0  

SECOND TRAILER POLA2 IOHEBT OP INE2TIA 
(IN-LB-SEC**2) - - 7 0 6 2 0 0 . 0 0  
WEIGHT OF FIRST T5AILZR PAYLOAD (LBS) 0 . 0  
UEIGHT OF SZCOND TSAILER PAYLOAD (LB) 3 5 0 0 3 . 0 3  
POLAR WOXENT OF SECOND T3AILER 
PAYLOA C (IN-LB-SEC**2) 7 5 0 0 0 . 0 0  
HORIZONTAL DISTANCE FROB REFERENCE POINT 

O F  SECOND TRAILE? SUSPENSIOII ;O SECOSD. - 

TRAILER PAYLOAD !?ASS CENTER (I!i) 144 .00  
VERTICAL DISTANCE FBOK G R C U N D  TO 
SECOND TRAILER PAYLOAD NASS CEYTER ( I N )  7 5 . 0 0  
? I A X I M U M  REAL TIYE FOR SICULATION (SSC) 2 .00  
INITIAL VELOCITY (FT/SEC) 4 4 . 0 0  
SPRUKG W2IGHT OF TEACTOR (LB) 9245 .00  
SPRUNG WEIGHT OF FIRST SRAILEE (LB) 8120,OO 
SPRUNG W!?IGHT O F  SZCOND TRAILEE. (LB) 8 1 2 0 . 0 0  
SPRUNG WEIGHT OF DOLLY (LB) 1.00 

Figure 2.39. Double combinat ions sprung mass d a t a  echo. 



The do1 l y  r e q u i r e s  or11.y one i n e r t i a l  paranieterY - - i t s  w e i g h t .  

The s i n i u l a t i o n  assunies t h e  d o l l y  t o  have zero  nio~iient o f  i n e r t i a  

and t o  have i t s  c e n t e r  o f  g r a v i t y  l o c a t e d  a t  t h e  f i f t h  wheel .  

As i n  t h e  t r u c k  and t r a c t o r - t r a i l e r  programs, t h e  parameters 

GRADE, TIMF, and VEL a r e  a l s o  i n c l u d e d  i n  t h e  sprung mass d a t a  

group.  

2 .3  The Brake Models 

The s t o p p i n g  d i s t a n c e  c a p a b i l  i t y  o f  any commercial v e h i c l e  

has f i  r s t - o r d e r  dependence on t h e  b rake  to rque .  U n f o r t u n a t e l y ,  

t h e  r e 1  a t i o n s h i p  between brake 1  i n e  p r e s s u r e  and b rake  t o r q u e  i s  

ex t reme ly  d i f f i c u l t  t o  q u a n t i f y .  There a r e  two f a c t o r s  u n d e r l y i n g  

t h i s  d i f f i c u l t y ,  namely, ( 1 )  t h e  c h a r a c t e r i s t i c s  o f  t h e  brakes 

o f t e n  change w i t h  t ime ,  and ( 2 )  a p p r o p r i a t e  b rake  t o r q u e  versus 

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

I n  s p i t e  o f  t hese  o b s t a c l e s ,  reasonab le  c a l c u l a t i o n s  can and 

have been made. Fo r  example, t i m e  averaged t o r q u e  va lues ,  f r o m  

s p i  n-down dynamometer d a t a  o r  f rom t h e  d e c e l e r a t i o n  h i  s t o r y  

measured d u r i n g  v e h i c l e  t e s t i n g ,  may be used t o  p r e d i c t  b r a k i n g  

per formance.  A1 though f l u c t u a t i o n s  i n  d e c e l e r a t i o n  due t o  f ade  

a r e  i g n o r e d  i n  t h i s  p rocedure ,  reasonab le  p r e d i c t i o n s  o f  s t o p p i n g  

d i s t a n c e  may w e l l  r e s u l t .  Consider ,  f o r  example, F i g u r e  2.40 i n  

wh ich  s imu l  a ted  and measured d e c e l e r a t i o n  t i m e  h i  s t o r i e s  a r e  

p resen ted  f o r  a  s t r a i g h t  t r u c k . *  Note t h a t  a l t h o u g h  t h e  s i m u l a t i o n  

i gno res  b rake  fade,  t h e  t ime  average d e c e l e r a t i o n ,  and thus  s t o p p i n g  

d i s t a n c e ,  i s  q u i t e  accu ra te .  

The f i r s t  two b r a k i n g  subsec t i ons  o f  t h i s  r e p o r t  w i l l  con- 

c e r n  t h e  s i m u l a t i o n  o f  t i m e  average b rake  t o r q u e .  T h i s  may be 

done u s i n g  brake modules o r  t a b u l a r  "dynamometer curves , "  as 

d i scussed  i n  Subsec t i on  2.3 .l. The n e x t  two subsec t i ons  d i scuss  

t h e  s i m u l a t i o n  o f  b rake  imbalance and h y s t e r e s i s ,  b o t h  o f  m a j o r  

*A more d e t a i l e d  d e s c r i p t i o n  o f  t h i s  t e s t  i s  g i v e n  i n  Reference 
3 .  
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-- 
- - - - measured 

s i m u l a t e d  

T i m e  ( s e c )  

F i g u r e  2.40.  S i m u l a t e d  and measured d e c e l e r a t i o n  
t i m e  h i s t o r i e s .  



i n t e r e s t  i n  a n t i l o c k  system mode l i ng .  F i n a l l y ,  a  methodology 

f o r  t h e  p r e d i c t i o n  o f  b rake  fade w i l l  be d iscussed i n  sub- 

s e c t i o n  2 .3 .4 .  I t  w i l l  be shown t h a t  t h e  newly developed fade 

a l g o r i t h m  w i  11 a l l o w  c a l c u l a t i o n s  v e r y  much s i m i l a r  i n  c h a r a c t e r  

t o  t h e  TEST c u r v e  p resen ted  i n  F i g u r e  2 .40 .  

2.3.1 Time-Averaged Brake Torque. The t ime-averaged b rake  

t o r q u e  i s  assumed t o  be a  un ique*  f u n c t i o n  o f  t h e  l i n e  p ressu re  

a t  t h a t  b rake.  I n  t h e  absence o f  t h e  i n t e r v e n t i o n  o f  an a n t i -  

l o c k  system, t h e  l i n e  p r e s s u r e  a t  each b rake  i s  a f u n c t i o n  o f  t h e  

t i m e  h i s t o r y  o f  t h e  t r e a d l e  v a l v e  p ressu re  and t h e  t i m e  de lays  

i n h e r e n t  i n  t h e  a i r  system. I n  t h e  n e x t  subsec t i on  t h e  computa- 

t i o n  o f  t h e  l i n e  p r e s s u r e  w i t h o u t  an a n t i l o c k  system i s  d iscussed.  

The a n t i l o c k  b rake  a l g o r i t h m  i s  e x p l a i n e d  i n  S e c t i o n  2.5. 

Brake Timing_. 

I n  t h e  absence o f  i n t e r v e n i n g  a n t i l o c k  l o g i c ,  t h e  response 

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

i s  c h a r a c t e r i z e d  by two parameters ( p e r  a x l e )  : t h e  t i m e  de lay ,  

and t h e  r i s e  t ime .  The t ime  d e l a y  i s  d e f i n e d  as t h e  t ime  e lapsed  

f rom t h e  i n s t a n t  t h a t  t h e  p ressu re  s t a r t s  t o  r i s e  a t  t h e  o u t p u t  

o f  t h e  t r e a d l e  v a l v e  t o  t h e  i n s t a n t  t h a t  p ressu re  s t a r t s  t o  r i s e  

i n  a  g i v e n  b rake  a c t u a t o r .  Fo r  t h e  purposes o f  t h i s  program, r i s e  

t i m e  o f  t h e  b rake  i s  d e f i n e d  as t h e  t i m e  e lapsed f r o m  t h e  i n s t a n t  

t h a t  p r e s s u r e  s t a r t s  t o  i nc rease  i n  t h e  brake chamber t o  t h e  

i n s t a n t  t h a t  t h e  p ressu re  reaches 63% o f  t h e  commanded v a l u e ,  as 

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

The s i m u l a t e d  p ressu re  response a t  any g i v e n  a x l e  i s  g i v e n  by t h e  

e q u a t i o n  

*With one p o s s i b l e  exception-1 i ne p ressu re / to rque  h y s t e r e s i s  
as e x p l a i n e d  i n  S e c t i o n  2.3.3.  



where 

P  i s  t h e  t r e a d l e  v a l v e  p r e s s u r e  a t  t i m e  t 

P (1 )  i s  t h e  p r e s s u r e  a t  t h e  a x l e  

T Q ( 1 , l )  i s  t h e  t i m e  d e l a y  

T Q ( I , 2 )  i s  t h e  r i s e  t i m e .  

E q u a t i o n  (2 .15)  can be s o l v e d  f o r  a  s t e p  a p p l i c a t i o n  o f  

t r e a d l e  p r e s s u r e  Po a t  t i m e  to. The p r e s s u r e  response a t  t h e  
t h  I a x l e i s  

where 

- 
t = t-t - T Q ( 1 , l )  

0 
( 2 .19 )  

The response  a t  t h e  a x l e  t o  a s t e p  p r e s s u r e  a t  t h e  

t r e a d l e  v a l v e  i s  de layed  b y  t i m e  d e l a y  TQ(1  ,I). The p r e s s u r e  ' 

w i  11 t hen  r i s e  t owa rd  Po, r e a c h i n g  .63Po a p p r o x i m a t e l y  

T Q ( 1 , l )  + T Q ( I , 2 )  seconds a f t e r  t h e  s t e p  a p p l i c a t i o n  a t  t h e  

t r e a d l e  v a l v e .  Thus, t h e  t i m e  d e l a y  i s  T Q ( 1 , l )  and t h e  r i s e  

t i m e  i s  c h a r a c t e r i z e d  by  T Q ( I , 2 ) .  

I n  gene ra l ,  t h e  p r e s s u r e  a t  t h e  t r e a d l e  v a l v e  v a r i e s  w i t h  

t i m e .  Thus, p r o v i s i o n  i s  made i n  t h e  program f o r  t h e  u s e r  t o  

s p e c i f y  a  t a b l e  o f  va l ues  f o r  p r e s s u r e  versus  t i m e .  

An example i s  g i v e n  f o r  i l l u s t r a t i o n .  T y p i c a l  b rake  

p r e s s u r e  response  cu rves  a r e  g i v e n  i n  F i g u r e  2.41.  The cu rves  

c a l c u l a t e d  u s i n g  Equa t i on  (2 .15 )  above a r e  g i v e n  i n  F i g u r e  2.42. 



- - - T R E A D L E  V A L V E  OUTPUT 
* - T R A C T O R  F R O N T  A X L E  
* . . - . . . . * T R A C T O R  R E A R  A X L E  
- T R A I L E R  A X L E  

T I M E  ( S E C )  

, I )  

F i g u r e  2.41. T y p i c a l  e m p i r i c a l  b r a k e  p r e s s u r e  a p p l i c a t i o n  
response  c u r v e s .  



A X i E  

F i g u r e  2.41. T y p i c a l  e m p i r i c a l  b r a k e  p r e s s u r e  app l  i c a t i o n  
response  c u r v e s .  



The t ime-p ressu re  p o i n t s  used t o  produce t h e  t r e a d l e  v a l v e  c u r v e  

i n  F i g u r e  2.42 were: 

Time, sec Pressure,  p s i  

0.0 0  

0 .1  100 

The b rake  t i m e  response parameters used were: 

The T Q ' s  a r e  en te red  f o l l o w i n g  t h e  sprung mass da ta  group. 

The e n t r i e s  a r e  two p e r  r e c o r d  i n  2F10.4 format.  One s e t  o f  TQ 

must be e n t e r e d  f o r  each a x l e .  For  example, f o r  a  t h r e e - a x l e  

v e h i c l e :  

Note t h a t  t h e  number o f  TQ d a t a  p a i r s  must  equal t h e  number o f  

a x l e s  on t h e  v e h i c l e .  

The l a s t  TQ e n t r y  i s  f o l l owed  by t a b u l a r  e n t r i e s  o f  t i m e  

versus  t r e a d l e  v a l v e  p ressu re .  The i n i t i a l  e n t r y  f o r  t h e  t a b l e  

i s  t h e  number o f  p o i n t s  i n  t h e  t a b l e  i n  I 2  f o rma t .  T h i s  shou ld  

be f o l  1  owed by  p a i r e d  (p ressu re ,  t o rque )  v a l  ues , two p e r  r e c o r d .  

i n  2F10.4 fo rma t .  The l i n e  p ressu re  h i s t o r i e s  shown i n  F i g u r e  

2.42 were genera ted u s i n g  t h e  i n p u t  d a t a  p resen ted  i n  Tab le  2 .6 .  



Table 2 .6 .  I n p u t  Data Used t o  Generate Figure 2.42. 

Data 

O., .23 

O . ,  .23 

.15, .23 

03 

o . ,  0 .  

. l ,  100. 

I . ,  100. 

TQ values 

Number of pairs in 
tab1 e  

Table of treadle 
valve pressure vs. 
time in the format 
time, pressure 

Calculation of Brake Torque 

Brake torque may be generated by means of torque-line 

pressure curves, such as would be obtained from a  brake dyna- 

mometer, or by means of brake modules in which detailed design 

parameters for  the brakes on each axle must be specified. I n  

e i the r  case,  the input data follows the treadle valve pressure 

versus time table.  

If dynamometer curves are  used, one table of values of l ine  

pressure versus torque must be supplied for each axle. Then, in 

the course of the integration process during the simulation, a 
l inear  interpolation i s  made t o  produce the value of brake torque 

for the given instantaneous value of brake l ine  pressure a t  each 

axle.  

I f ,  on the other hand, brake modules are specif ied,  the 

brake torque i s  calculated using the brake system parameters 

specified by the user. Brakes must be specified on an axle-by- 
axle basis. Options include: no brakes, S-cam, dual or single 
wedge, duo-servo self-actuati  ng , dupl ex, and disc.  



The data  should be input  as  fol lows:  

I f  t ab l e s  a r e  t o  be used, the data  f o r  -- each brake should 

be entered s t a r t i n g  with the  f r o n t  brakes. This data  should 

immediately fo l  low the  time versus t r ead le  valve pressure tab1 e .  

Each t ab l e  should be headed by an in teger  i n  I2 format ind ica t ing  

the  number of tabular  e n t r i e s  f o r  t h a t  ax le  in  2F10.4 format. Up 

t o  25 pa i r s  per ax le  may be input .  The data  l i s t e d  in Table 2.7 

i nd ica t e  dynamometer curves f o r  a th ree-axle  s t r a i g h t  t ruck .  

- - 

Table 2.7.  Line Pressure Versus Brake Torque 
f o r  a Three-Axle Truck 

Data Expl anation 

Follows the l a s t  t r e a d l e  
valve vs .  time en t ry  

o . ,  0 .  

1 5 . ,  0. 

l o o . ,  150000. 

0 3 S t a r t  of data  f o r  ax le  2 

o . ,  0. 

15 . ,  0. 

100. , 250000 

03 

15 . ,  0 .  

100. , 25000 

S t a r t  of data f o r  ax l e  3 

Note t h a t  t he  torque values a r e  the  t o t a l  f o r  one s i d e  of 

the  vehicle  in in- lbs .  The above t ab l e  ind ica tes  a pushout 

pressure of 15 psi a t  each ax le ,  with a maximum of 150,000 in - lb s  

f r o n t  and 250,000 in-1 bs on each r e a r  ax le .  

I f  modules a r e  t o  be used, the  in t ege r  -1 should be entered 

immediately following the  t r e a d l e  valve pressure versus time t a b l e .  



Then t h e  parameters d e s c r i b i n g  t h e  b rake  a r e  en te red .  A 1 i s t  

o f  t h e  brake o p t i o n s  and t h e  i n p u t  v a r i a b l e s  f o r  each o p t i o n  a re  

p resen ted  i n  Appendix C .  (These modules a r e  t h e  same as those 

p resen ted  i n  t h e  Phase I r e p o r t  [ l ]  . )  

2 .3 .2  Brake Imbalance. Brake imbalance i s  n o t  u s u a l l y  

cons ide red  i n  s t r a i g h t - l i n e  b r a k i n g  s i m u l a t i o n s ,  s i n c e  t h e  model 

i s  a  " b i c y c l e , "  and yaw moments a r e  n o t  c a l c u l a t e d .  The normal 

course  o f  a c t i o n  i s  t o  c a l c u l a t e  t h e  brake f o r c e s  and normal f o r c e s  

f o r  o n l y  one wheel p e r  ax le ,  and then  m u l t i p l y  by two t o  f i n d  t h e  

f o r c e s  t o  use i n  t h e  d i f f e r e n t i a l  equat ions  d e s c r i b i n g  t h e  v e h i c l e  

mo t ion .  There a r e  cases, however, when i t  i s  u s e f u l  t o  pe r fo rm 

c a l c u l a t i o n s  s e p a r a t e l y  f o r  each s i d e ,  as w i l l  be shown below. 

The p r e s e n t  s i m u l a t i o n  i s  i n tended  t o  be u s e f u l  b o t h  f o r  

t h e  s tudy  o f  b rake  fade and t h e  s tudy  o f  a n t i l o c k  systems. Brake 

imbalance i n t e r a c t s  w i t h  b rake  fade  by caus ing  a  d i f f e r e n t  h e a t  

f l u x  t o  be a p p l i e d  t o  t h e  brakes on t h e  l e f t  and r i g h t  s i d e .  More 

i m p o r t a n t ,  b rake imbalance d i r e c t l y  a f f e c t s  a n t i l o c k  o p e r a t i o n  

s i n c e  t h e  i n p u t  s i g n a l  t o  t h e  a n t i l o c k  l o g i c  i s  dependent on t h e  

s p i n  r a t e  o f  each wheel on t h e  a x l e .  

S i d e - t o - s i d e  imbalance may be s imu la ted  i n  t h e  f o l l o w i n g  

way. The u s e r  shou ld  e n t e r ,  immedia te ly  f o l l o w i n g  t h e  l a s t  e n t r y  

o f  t h e  dynamometer t a b l e s  o r  b rake modules, t h e  parameters XMAC(I), 

one f o r  each a x l e .  

The brake to rque ,  T, wh ich  has been c a l c u l a t e d  f rom t h e  

dynamometer t a b l e s  o r  modules, w i l l  t hen  be e n t e r e d  i n  t h e  

f o l l o w i n g  way: 

XMAC TL = T ( l  + -) 100 

XMAC TR = T ( l  - 



where TL and TR w i  11 be assunied t o  be l e f t  and r i g h t  s i d e  va lues ,  

r e s p e c t i v e l y .  Note  t h a t  XMAC = 10 w i l l  r e s u l t  i n  a  l e f t  s i d e  

t o r q u e  about  twenty  p e r c e n t  h i g h e r  t han  t h e  r i g h t  s i d e  t o r q u e .  

S ince t h e  b rake  to rque  i s  d i f f e r e n t  f r o m  s i d e  t o  s i d e ,  

sepa ra te  wheel s p i n  c a l  c u l  a t i  ons and brake f o r c e  c a l c u l a t i o n s  

must  be per formed. T h i s  w i l l  be r e f l e c t e d  i n  t h e  o u t p u t  by an 

a d d i t i o n a l  page o f  i n f o r m a t i o n  f o r  each a x l e .  I n  t h i s  case, one 

page f o r  each a x l e  w i l l  be l a b e l e d  r i g h t  s i d e  and one page w i l l  be 

l a b e l e d  l e f t  s i de ,  and t h e  normal l oads  and b rake  f o r c e s  p r i n t e d  

on those  pages w i l l  be one s i d e  va lues  r a t h e r  t han  t h e  sum o f  t h e  

l e f t  s i d e  and r i g h t  s i d e  va lues  n o r m a l l y  p r i n t e d .  

The XMAC parameters a r e  en te red  one t o  a  r e c o r d  i n  F10.4 

fo rma t .  Note i f  XMAC(1) i s  e n t e r e d  as a  n e g a t i v e  number, XMAC(2) 

th rough XMAC(N), where N  i s  t h e  number o f  a x l e s  on t h e  v e h i c l e ,  

a r e  n o t  t o  be en te red ,  and imbalance w i l l  be i gno red .  

2.3.3 H y s t e r e s i s .  A1 though h y s t e r e t i c  e f f e c t s  a r e  found 

i n  many mechanical  systems, i t  i s  o n l y  r e c e n t l y  t h a t  h y s t e r e s i s  

o f  comnerc ia l  v e h i c l e  brakes has been a  s u b j e c t  o f  c o n s i d e r a b l e  

i n t e r e s t ,  T h i s  i n t e r e s t  i s  a  by -p roduc t  o f  t h e  i n t e n s e  s tudy  now 

b e i n g  a p p l i e d  t o  a n t i  l o c k  b r a k i n g  sys terns. 

Some data  i 1  l u s t r a t i  ng h y s t e r e s i s  i n  commercial v e h i c l e  

brakes has been p resen ted  i n  Reference 10. I t  i s  shown t h a t  

h y s t e r e s i s  may be more pronounced i f  t h e  wheel s p i n s  down t o  a  

l o c k e d  c o n d i t i o n  and back up aga in ,  r a t h e r  t han  c y c l i n g  f r o m  low  

t o  h i g h  s l i p  va lues  w i t h o u t  wheel l ockup .  T h i s  i s  i l l u s t r a t e d  i n  

F igu res  2.43 and 2.44 wh ich  a r e  reproduced f rom Reference 10. 

I n  F i g u r e  2.43, measured brake t o r q u e  versus 1  i n e  p ressu re  

da ta  a r e  shown f o r  an S-cam b rake  s u b j e c t  t o  s l o w l y  v a r y i n g  b rake  

l i n e  p ressu re .  These d a t a  were measured a t  c o n s t a n t  s p i n  r a t e  

on t h e  HSRI m o b i l e  b rake  dynamometer. I n  F i g u r e  2.44, f u r t h e r  

measured data  a r e  g i v e n  f o r  t h e  same brake.  I n  t h i s  case, however, 



'" t B R A K E  
TORQUE 

F i g u r e  2.43.  Measured br,ake t o r q u e  vs .  l i n e  p r e s s u r e  f o r  an S-cam 
b r a k e .  No wheel l o c k u p .  
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Figure 2 . 4 4 .  Mtasured brake torque vs. l i n e  pressure for an S-cam 
brake, with wheel lockup. 

, 80 



s u f f i c i e n t  l i n e  p r e s s u r e  was s u p p l i e d  t o  l o c k  t h e  wheel ,  r e s u l t i n g  

i n  t h e  i n c r e a s e d  h y s t e r e s i s  i n d i c a t e d  by t h e  h o r i z o n t a l  s o l i d  

l i n e s  i n  t h e  f i g u r e .  

P r o v i s i o n  has been made t o  s i m u l a t e  h y s t e r e s i s  i n  t h e  

b rake  t o r q u e / l  i n e  p r e s s u r e  r e l a t i o n s  h i p .  For  each b rake  t h e  u s e r  

may e n t e r  t h e  parameters  HY and HYL. The b rake  t o r q u e  w i l l  t hen  

c y c l e  o v e r  t h e  l o o p  shown i n  F i g u r e  2.45a i f  wheel l o c k  does n o t  

occu r  and o v e r  t h e  l o o p  shown i n  F i g u r e  2.45b i s  wheel l o c k  does 

occu r .  Note t h a t  t h e  l o w e r  t o r q u e  va lues  i n  t hese  f i g u r e s  d e r i v e  

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

modules, and t h e  upper  t o r q u e  va lues  i n  t h e  f i g u r e s  a r e  l i n e a r l y  

r e l a t e d  t o  t h e  l o w e r  va lues  by a  f a c t o r  o f  HY and HYL, 

r e s p e c t i v e l y .  

A  f l o w  c h a r t  f o r  t h e  h y s t e r e s i s  a l g o r i t h m ,  wh i ch  i s  i n  

s u b r o u t i n e  OUTPUT, i s  p resen ted  i n  F i g u r e  2.46. The HY and HYL 

va lues  a r e  e n t e r e d  on sepa ra te  r e c o r d s  i n  F15.5 f o rma t  as shown 

i n  Tab le  2.8. Note t h a t  t h e  HY and HYL e n t r i e s  f o l l o w  t h e  XMAC 

imbalance i n p u t .  F u r t h e r ,  n o t e  t h a t  i f  HY(1) i s  s e t  t o  ze ro ,  

t h e  rema in ing  HY and HYL w i l l  n o t  be read ,  and h y s t e r e s i s  w i l l  be 

n e g l e c t e d .  

Data 

Tab le  2 .8 .  E n t r y  o f  t h e  H y s t e r e s i s  Data.  

E x p l a n a t i o n  

XMAC Torque i mbal ance c o e f f i c i e n t  

I f  (HY( l ) .EQ.O)  d o n ' t  e n t e r  
any more HY o r  HYL 

A d d i t i o n a l  e n t r i e s  f o r  up t o  
n i n e  ax1 es ( d o u b l e s )  . E n t e r  
o n l y  s u f f i c i e n t  d a t a  f o r  number 
o f  a x l e s  on s imu l  a ted  v e h i c l e .  

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

ILOCK 
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Figure 2.45a.  Brake to rque  c y c l e ,  no lockup. 

Torque 
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I 
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Figure 2.45b.  Brake to rque  c y c l e  with lockup. 

les 



Sub r o u t  i n c  
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E n t r y  "TORQUE" 

Compute T ( 1 )  L-r' 

Save TOLD 

Figure 2.46. A flow chart o f  the hysteresis algorithm. 



2 . 3 . 4  ---- Brake Fade. A survey o f  the l i t e r a t u r e  or a  cursory 

examination of germane empirical data will  indicate tha t  the 

f r i c t iona l  forces generated a t  the 1 i  ning-drum interface should 

be expected to be a function of brake geometry. The choice of 

leading and/or t r a i l i n g  shoes, for  example, a f fec ts  the pressure 

d is t r ibut ion  between l ining and drurn, and resul t s  in various 

levels  of so-called "self-actuat ion" [ I ] .  This information i s  

input t o  the simulation through the modules or tables of dyna- 

mometer da ta ,  as discussed in Section 2.3.1. 

Other, more sub t l e ,  i  nteract i  ons between the geometry and 

the  f r i c t i o n  forces ,  such as changes in l inings and drums due t o  
temperature, a re  a1 so important [20] . These 1 a t t e r  in terac t ions  

give r i s e  t o  time-dependent torque changes a t  a  constant l i n e  

pressure which have come t o  be called "brake fade. " 

To date ,  i t  i s  not within the s t a t e  of the a r t  to  

accurately predict brake fade under a1 1 conditions. Nevertheless, 

useful estimations of brake fade a re  feasible using the exis t ing  

technology. These estimations wi 11 be based on computed tempera- 

tures of the 1 ining-drum in ter face  coupled with routinely avail able 

"average" torque-1 ine pressure information. 

Accordingly, in the following subsection, the method of 

temperature calculat ion as a  function of an a r b i t r a r i l y  varying 

wheel spin r a t e  and brake torque will be explained. I t  will  then 

be shown how a  reasonable estimation of brake torque and brake 

fade may be modeled on the basis of calculated temperature and 

conventional dynamometer d a t a .  

Brake Temperature Calculations 

This subsection contains a  detai led analysis including the 

physical assumptions and the mathematical considerations leading 

t o  a  means of calculat ing drum surface temperature. The resu l t -  

ing computational scheme can be programmed conci sely fo r  incorpora- 

t ion in simulations of vehicle braking performance. 



The d e s c r i p t i o n  o f  t empera tu re  w i t h i n  a  body w i t h  no h e a t  

sou rce  i s  g i v e n  by t h e  h e a t  f l o w  o r  d i f f u s i o n  e q u a t i o n  

s u b j e c t  t o  t h e  boundary c o n d i t i o n  

where 

u  = t empera tu re  w i t h i n  t h e  body 

k = d i f f u s i v i t y  o f  t h e  body 

a = c o n d u c t i v i t y  o f  t h e  body 
- 
q  = h e a t  f l u x  a t  t h e  body su r face .  

To f a c i l i t a t e  t h e  c a l c u l a t i o n s  o f  t h e  t empera tu re  a t  t h e  

1 i ning-drum i n t e r f a c e ,  Equa t i on  (2 .20)  may be simp1 i f i e d  

a c c o r d i n g  t o  t h e  f o l l o w i n g  assumpt ions  ( see  F i g u r e  2 .47 ) :  

( 1 )  S ince  b rake  drums have r a d i i  w h i c h  a r e  l a r g e  

compared w i t h  t h e  drum t h i c k n e s s ,  t h e  drum may 

be modeled as a  f l a t  s t r i p .  

( 2 )  S ince ,  i n  t h e  cou rse  o f  one b r a k i n g  maneuver, 

we expec t  no a p p r e c i a b l e  h e a t  l o s s  t h r o u g h  

t h e  drum d u r i n g  t h e  b r a k i n g  a p p l i c a t i o n ,  t h e  

o u t e r  drum s u r f a c e  i s  assumed t o  be i n s u l a t e d .  

( 3 )  The r a t e  o f  energy  i n p u t  p e r  u n i t  a rea  a t  t h e  

drum-1 i n i  ng i n t e r f a c e  i s  c o n s t a n t  o v e r  t h e  

r u b b i n g  a rea  o f  t h e  drum. 

(4) A c o n s t a n t  p r o p o r t i o n  o f  t h e  h e a t  gene ra ted  

a t  t h e  drum 1  i n i  ng i n t e r f a c e  i s  assumed t o  

f l o w  i n t o  t h e  drum. 



1 L = Drum Thickness 

'Interface 

HEAT FLOW 
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Figure 2.47. Schemat ic  d iagram, b rake  drum and l i n i n g .  



Under t h e s e  f o u r  assumpt ions,  wh i ch  have been p r e v i o u s l y  

used i n  t h e  a n a l y s i s  o f  t h e  t empera tu re  i n  b rake  drums [ 2 1 ] ,  

E q u a t i o n  (2 .20 )  may be s i g n i f i c a n t l y  s i m p l i f i e d ,  v i z :  

under  t h e  boundary c o n d i t i o n s  

a u  - ( L ,  t )  = 0  ax 

and w i t h  t h e  i n i t i a l  t empera tu re  p r o f i l e  

where 

u  = drum tempera tu re  

t = t i m e  

x = s p a c i a l  c o o r d i n a t e ,  x=O a t  t h e  d r u m - l i n i n g  

i n t e r f a c e ,  x=L a t  t h e  o u t s i d e  o f  t h e  drum 

= drum m a t e r i a l  c o n d u c t i v i t y  

k = d i f f u s i v i t y  o f  drum m a t e r i a l  

A = t o t a l  drum a rea  wh ich  c o n t a c t s  t h e  l i n i n g  

d u r i n g  a  wheel r o t a t i o n  

L = drum t h i c k n e s s  

B = p r o p o r t i o n  o f  t h e  h e a t  genera ted  wh i ch  

e n t e r s  t h e  drum 

T = b rake  t o r q u e  

n = wheel s p i n  r a t e  



A good app rox ima t ion  f o r  B (see 1211) i s  g i v e n  by 

where 

C = s p e c i f i c  heat  o f  t h e  drum 
P 

p = c o n d u c t i v i t y  o f  t h e  drum 

and t h e  q u a n t i t i e s  s u b s c r i p t e d  w i t h  L a r e  t h e  co r respond ing  

p r o p e r t i e s  f o r  t h e  1 i n ing .  Fo r  most  drum-shoe combinat ions ,  t h e  

va lue  o f  B i s  about  .95.  

A s o l u t i o n  t o  Equa t i on  (2 .21 )  may be found i n  t h e  fo rm 

where X s a t i s f i e s  t h e  homogenous boundary c o n d i t i o n s  

where t h e  pr ime i n d i c a t e s  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  x .  

S u b s t i t u t i o n  i n t o  Equat ion  (2.21 ) y i e l d s  

where t h e  d o t  i n d i c a t e s  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t ime .  

Thus 

X i '  + 1 2  x = 0 

The s o l u t i o n  t o  (2.26)  i s  



Appl i c a t i  on o f  boundary c o n d i t i o n s  (2 .24 )  t o  Equa t i ons  

( 2 . 2 7 )  y i e l d s  

and A n  - - -  " n = O,1,2, . . .  
L 

Thus 

where t h e  sumnat ion  i s  a  F o u r i e r  s e r i e s  s o l u t i o n  f o r  u  v a l i d  o v e r  

t h e  i n t e r v a l  [0 ,  L ] .  The F o u r i e r  c o e f f i c i e n t s  A n ( t )  a r e  g i v e n  b y  

D i f f e r e n t i a t i n g  An w i t h  r e s p e c t  t o  t i m e  y i e l d s  



t hus  

I n t e g r a t i n g  by parts t w i c e  g i v e s  

- - ; 1% cos Anx + Anu s i n  Anx I: 

N o t i n g  t h a t  

a u  - (L,  t )  = - ax 

and 

2 J u ( x ,  t )  cos A,X dx = 
0 



t h e  f o l l  owing o r d i  nary d i f f e r e n t i a l  equat ions a re  generated:  

w i t h  i n i t i a l  c o n d i t i o n s  f rom Equat ion (2 .30)  

The s o l u t i o n  o f  Equations (2.37) f o r  t h e  An may be handled 

n u m e r i c a l l y  f o r  a r b i t r a r y  f ( t ) .  F u r t h e r ,  i t  should  be noted 

t h a t  t h e  c o e f f i c i e n t  o f  t h e  An term increases w i t h  n2, an i n d i c a -  

t i o n  t h a t  t h e  An w i l l  r a p i d l y  approach zero w i t h  i n c r e a s i n g  n .  

The numerical  s o l u t i o n  o f  Equat ion (2.37a) may be f a c i l i t a t e d  

by c o n s i d e r a t i o n  o f  a  cons tan t  f o r c i n g  f u n c t i o n  f i t o )  f o r  

t 2 to. I n  t h a t  case 

S u b s t i t u t i n g  i n t o  Equat ion (2.29) and n o t i n g  t h a t  

y i e l d s  



where ~t = t - to 

and t h e  temperature  a t  t h e  i n t e r f a c e  i s  then 

Equat ion (2.41) i s  a l s o  u s e f u l  f o r  t h e  numer ica l  c a l c u l a -  

t i o n  of u as a f u n c t i o n  o f  t i m e - v a r y i n g  f o r c i n g  f u n c t i o n s  f ( t ) .  

Consider F i g u r e  2.48 i n  which f ( t )  i s  approximated by a s e r i e s  

o f  s teps ~t wide.  The temperature  u ( x ,  t )  may be found by up- 

d a t i n g  to, f ( t o )  , and An( to )  a t  t h e  beg inn ing  o f  each new t i m e  

s t e p ,  and r e a p p l y i n g  Equa t ion  (2 .41 ) .  

O f  course,  i t  i s  p o s s i b l e  t o  f i n d  u by s o l v i n g  Equat ion 

(2.37a) n u m e r i c a l l y  f o r  t h e  f i r s t  few c o e f f i c i e n t s  An and n e g l e c t -  

i n g  t h e  h i g h e r  o r d e r  terms. ( T h i s  s o l u t i o n  c o u l d  be mechanized 

e i t h e r  be r e p e t i t i v e  s o l u t i o n  o f  Equat ion (2.39) across i n t e r v a l s  

~t wide, o r  th rough t h e  use o f  some more t r a d i t i o n a l  i n t e g r a t i o n  

techn iques such as t h e  HPCG package [22 ]  . )  Thus we would have 

? ! n ~ x  
u ( x ,  t )  ; A n ( t )  cos - 

1 L 

and t h e  e r r o r ,  E, would be 



F i g u r e  2.48. An app rox ima t ion  f o r  f ( t ) .  



Use o f  t h e  f i r s t  N terms o f  Equat ion  (2.41) r a t h e r  than 

(2 .43) ,  however, i s  t h e  f a r  s u p e r i o r  method, s i n c e  t h e  e r r o r  i s  

1  i m i  t e d  t o  t h e  neg lec ted  e x p o n e n t i a l l y  decaying t e m s  on t h e  

r i g h t - h a n d  s i d e  o f  (2 .43) ,  r a t h e r  than t h e  e n t i r e  sum l i s t e d  i n  

(2 .44 ) .  

Confidence i n  t h i s  procedure has been gained by a  compari- 

son w i t h  t h e  c losed- form s o l u t i o n s  g i ven  by Newcomb and Spur r  

i n  Reference 21, where t h e  s o l u t i o n  f o r  t h e  temperature r i s e  a t  

t h e  l i n i n g - d r u m  i n t e r f a c e  f o r  a  cons tan t  spin-down r a t e  i s  

presented.  Computations employing o n l y  t h e  f i r s t  t h r e e  t e m s  

i n  the  sum i n  Equat ion  (2.41) l e a d  t o  numerical  r e s u l t s  v i r t u a l l y  

i d e n t i c a l  t o  those g i ven  i n  [21 ]  . 

The Use o f  Brake Temperature t o  P r e d i c t  Brake Torque 

Equat ion  (2.41) may be used t o  p r e d i c t  b rake temperature  

as a  f u n c t i o n  o f  a r b i t r a r i l y  v a r y i n g  brake to rque  and wheel s p i n ,  

i . e . ,  f o r  any f o r c i n g  f u n c t i o n ,  f ( t ) .  Al though f ( t )  may be 

known - a p r i o r i ,  as when t h e  to rque  and s p i n  r a t e  have been 

recorded as a  f u n c t i o n  o f  t i m e  i n  a  dynamometer t e s t ,  and i t  i s  

d e s i r e d  t o  compute t h e  t ime-va ry ing  temperature,  t h i s  i s  n o t  a  

necessary c o n d i t i o n .  To c a l c u l a t e  temperature,  u, a t  t h e  end o f  

any a t  wide t i m e  i n t e r v a l ,  i t  i s  o n l y  necessary t h a t  f ( t )  be 

known a t  t h e  beg inn ing  o f  t h e  i n t e r v a l .  C l e a r l y ,  then,  t h e  

s o l u t i o n  presented i n  Equat ion  (2.41) i s  i d e a l  f o r  use i n  t h e  

s i m u l a t i o n  where c a l c u l a t i o n s  take  p lace  a t  a t  = .0025 second 

i n t e r v a l  s  . 
The comp lex i t y  o f  t h i s  procedure i s  i n v o l v e d  m a i n l y  i n  t h e  

temperature  c a l c u l a t i o n - f q u a t i o n  (2.41) must be so l ved  (d ropp ing  

h i g h  o r d e r  te rms)  f o r  each brake.  However, t h e  success o f  t h e  

procedure  a1 so depends on t h e  assumed re1 a t i o n s h i p  between t h e  

computed temperature  and brake torque.  Research a t  H S R I  has l e d  

t o  t h e  somewhat s u r p r i s i n g  f i n d i n g  t h a t  a  l i n e a r  r e l a t i o n s h i p  i s  

ex t remely  u s e f u l ,  i .e. ,  



where 

t i s  t ime 

T i s  t h e  brake to rque  

Ti i s  c a l l e d  t h e  "unfaded brake torque ' '  

u  i s  t h e  computed temperature  change, a t  t h e  

l i n i n g - d r u m  i n t e r f a c e ,  assuming a  u n i f o r m  

i n i  f i a1 temperature  

e f  i s  a  user  i n p u t  cons tan t  c a l l e d  t h e  " fade  

f a c t o r .  " 

The va lues o f  Ti w i  11 be computed e i t h e r  f rom use r  i n p u t  

t a b l e s  o f  Ti versus 1  i n e  pressure ,  o r  f rom t h e  brake modules. 

T h i s  Ti va lue  w i l l  then be m o d i f i e d  downward t o  r e f l e c t  t h e  

assumed l i n e a r  e f f e c t  o f  t h e  i n c r e a s i n g  temperature  a t  t h e  

1  i n i  ng-drum i n t e r f a c e .  The amount o f  t h i s  m o d i f i c a t i o n  w i  11 

depend on t h e  use r  i n p u t  " fade  f a c t o r , "  e f .  

As an example, cons ide r  a  r u n  i n  wh ich  a  cons tan t  l i n e  

pressure ,  Pi, o f  60 p s i  i s  a p p l i e d  which r e s u l t s ,  th rough a 

t a b l e  lookup c a l c u l a t i o n ,  i n  brake to rque  Ti = 100,000 i n - 1  bs. 

I n  a d d i t i o n ,  assume t h e  user  has i n p u t  a  fade f a c t o r  e f  = 800°F. 

The brake torque,  T ( t ) ,  would then be computed u s i n g  Equat ion  

(2 .45) ,  e .g . ,  i f  uit)  reached 200°F, t h e  brake to rque  would drop 

t o  75,000 i n - 1  bs. 

Several  s p i  n-down dynamometer t i m e  t r a c e s  have been exami ned 

t o  a s c e r t a i n  t h e  range o f  v a l i d i t y  o f  Equat ion  (2 .45) .  I t  has 

been found t h a t  f o r  t e s t  da ta  i n  t h e  fo rm g i v e n  by t h e  s o l i d  l i n e  

i n  F i g u r e  2.49, t h i s  model w i l l  work v e r y  w e l l  .* The cons tan ts  

*Note t h a t  t h e  to rque  t i m e  h i s t o r y  shown i n  F i g u r e  2.49 y i e l d s  
a  s i n g l e  v a l u e  o f  Ta a t  t h e  a p p l i e d  pressure .  T y p i c a l l y ,  
dynamometer r e s u l t s  a r e  s u p p l i e d  as graphs o f  Ta versus pressure .  
The t i m e - h i s t o r y  da ta  used t o  make these graphs a r e  n o t  g e n e r a l l y  
a v a i l a b l e ,  
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Figure 2.49. Data from a spin-down dynamometer test. 



Ti and e f  can be determined wh ich  w i l l  y i e l d  a  to rque - t ime  

r e l a t i o n s h i p  i n  c l o s e  agreement t o  dynamometer r e s u l t s  f o r  a  

g i v e n  i n i t i a l  v e l o c i t y  and i n e r t i a 7  l o a d .  However, i t  shou ld  

be no ted  t h a t  t h e  v a l u e  o f  Ti may vary  w i t h  t h e  i n i t i a l  speed o f  

t h e  spin-down t e s t ,  w i t h  h i g h e r  va lues  o f  Ti cor respond ing t o  

l o w e r  i n i t i a l  speeds. 

I n p u t  Data f o r  t h e  Brake Fade A l g o r i t h m  

The i n p u t  da ta  r e q u i r e d  f o r  b rake  fade c a l c u l a t i o n s  

i m n e d i a t e l y  f o l l o w s  t h e  l a s t  h y s t e r e s i s  parameter ,  XMAC. There 

a r e  e i g h t  parameters p e r  a x l e  t o  be entered,  f i r s t  t h e  i n i t i a l  

tempera ture ,  F10.4, t hen  seven more parameters on one reco rd ,  

7F10.4. A  sample d a t a  l i s t i n g  f o r  a  t h r e e - a x l e  s t r a i g h t  t r u c k  

i s  p resen ted  i n  Tab le  2.9.  

Note t h a t  i f  t h e  f i r s t  e n t r y  f o r  t h e  f i r s t  a x l e  i s  nega t i ve ,  

no brake fade  parameters shou ld  be en te red ,  and tempera ture  and 

brake fade  c a l c u l a t i o n s  w i l l  n o t  be per formed. I n  a d d i t i o n ,  i f  

t h e  fade  f a c t o r ,  e f ,  i s  s e t  t o  zero ,  tempera ture  w i l l  be 

c a l c u l a t e d  b u t  f a d i n g  w i l l  be neg lec ted .  

A Sample Run 

The data  p resen ted  i n  Table 2.9 were en te red  f o r  use i n  t h e  

s i m u l a t i o n  o f  a  165- inch wheel base, t h r e e - a x l e  s t r a i g h t  t r u c k .  

The t o t a l  w e i g h t  o f  t h e  v e h i c l e  was 45,825 I b s ,  w i t h  a x l e  l oads  

11,936, 17,594, and 16,295, r e s p e c t i v e l y .  The t i m i n g  parameters, 

TQ, were those  p resen ted  i n  Table 2.6, and t h e  l i n e  p ressu re /  

b rake  t o r q u e  r e l a t i o n s h i p  was taken  f rom t h e  t a b l e s  p resen ted  i n  

Tab le  2.7. The t r e a d l e  v a l v e  p ressu re  r o s e  t o  85 p s i  i n  .05 

second, and t h e  i n i t i a l  speed was 60 mph. The f o r c e  l e v e l s  

genera ted a t  t h e  t i r e - r o a d  i n t e r f a c e  were s u f f i c i e n t  t o  p r e v e n t  

l ockup  o f  any wheels. 



Data 

1.5 

Table 2.9.  I n p u t  Data t o  t h e  Brake Fade A lgor i thm.  

Expl anat i on 

The l a s t  h y s t e r e s i s  e n t r y  

I n i t i a l  temperature, f r o n t  
brake, OF. (Note, i f  t h i s  i s  
< 0, d o n ' t  e n t e r  the  r e s t  o f  
t h e  data  i n  t h i s  t a b l e . )  

F ron t  brake data, 7F10.4, i n  
the  f o l l o w i n g  o rde r :  

Drum c o n d u c t i v i t y ,  1  b/OF sec 
Beta ( p o r t i o n  o f  heat  f l u x  

i n t o  drum) 
Drum d i f f u s i v i  t y ,  i n2 /sec  
Drum th ickness,  i n .  
Width o f  rubb ing  area, i n .  
Drum r a d i u s ,  i n .  
Fade f a c t o r ,  o f ,  OF 

I n i t i a l  temperature, l e a d i n g  
tandem 

Leading tandem brake data 

I n i t i a l  temperature, t r a i l i n g  
tandem 

T r a i l i n g  tandem brake data  



Some resu l t s  from t h i s  run a re  presented in Figure 2.50. 

Several comments on the figure are in order. 

1 )  The "non-faded" brake torque i s  indicated by the 
dashed l ines .  Note t h a t  the front  axle torque 

was much lower than the leading tandem axle brake 

torque, as would be expected from an inspection 

of Table 2.7. The t r a i l i n g  tandem axle time history,  

which i s  v i r tua l ly  identical to  the leading tandem 

axle time history,  i s  n o t  shown in the f igure.  

2) Note tha t  the calculated temperature a t  the lining- 
drum interface reached a b o u t  230°F f o r  the f ront  

axle, a n d  abou t  300°F fo r  the leading tandem axle. 

(The t r a i l i n g  tandem also reached about 300°FF.) 

This r e f l ec t s  the lower brake torque applied a t  

the f ront  ax1 e .  

3) The temperature a t  b o t h  the f ront  axle brakes and 
the leading tandem axle brakes reaches a maximum 

about mid-way through the run. Thus brake fade, 

as indicated by the difference between the unfaded 

torque, T i ,  and the brake torque, T,  i s  a  maximum 

a t  t h i s  point.  

4) The shape of the deceleration trace i s  typical of 
vehicle t e s t  d a t a .  I n  t h i s  case, the resulting 

stopping distance was 290 f ee t .  

2.4 The Tire Models 

The relat ionship between the longitudinal forces a t  the 

t i re-road interface and  longitudinal s l i p  i s  normally t h o u g h t  

of as characterized by so-called "u-s l ip"  curves which may be 

expected t o  vary with load and speed. This may be done in e i t h e r  
of two ways: ( 1 )  a  closed-form solution based on the mechanics 

of the  shear force generation a t  the t i re-road in ter face ,  or 

( 2 )  tabular  input of p-s l ip  data. The closed-form solut ion ,  
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which was based on a well-known t i r e  model [23] ,  has been used 

with scme success since the inception of the M V M A  truck braking 

analysis .  (See, for  example, [ I ] .  ) However, recently procured 

t i r e  data [ l l ]  has indicated tha t  the model i s  of limi ted accuracy 

in sane cases. T h u s  provision has been made for d i rect  entry of 

p - s l i p  data t o  the program. 

In the following two subsections the use of the closed- 

form solution and the tabular  input options are  discussed. 

2.4.1 The Analytical Tire Model. The analytical t i r e  model 

used in t h i s  program i s  adapted from a more general model developed 

fo r  use in a previous study. I n  th i s  model, the t i re-road shear 

force i s  generated on the basis of equations which approximately 

describe the deformation f i e l d  over the t i  re-road contact patch. 

The location of the point on the t i r e  carcass associated with 

the point in the contact patch where sl iding s t a r t s  in a braking 

maneuver i s  evaluated as a function of longitudinal s l i p  between 

the t i r e  and  the road, vert ical  load, and  s l id ing velocity. A 

thorough discussion of these equations, including comparisons of 

predicted t i r e  force d a t a  t o  experimental data,  have been reported 

in Reference 23. The t i r e  parameters needed fo r  the model (which 

in t h i s  program considers longitudinal and rotational motion of 

the t i r e  only) a re  CS, the ra te  of change of brake force with s l i p  

a t  zero s l i p ,  M U Z E R O ,  the low-speed locked-wheel f r i c t ion  coeffi-  

c ien t ,  and FA, the f r i c t i on  reduction parameter. 

The brake force versus s l i p  equations are  summarized 

as follows: 

FX = -CS(SLIP) f ( A )  1 - SLIP  

f ( ~ )  = ( 2 - X ) X  x < 1 (high SLIP) 

= 1 X > 1 (low SLIP) 



A = 
-MUZERO ( N )  (1-FA*XDOT*SLIP) ( 1  -SLIP) 

2CS(SLIP) 

where 

CS i s  l o n g i t u d i n a l  s t i f f n e s s ,  i n  pounds 

FA i s  t he  f r i c t i o n  r educ t i on  parameter, i n  s e c / f t  

MUZERO i s  the  1  ow-speed f r i c t i o n  c o e f f i c i e n t  

RR i s  t h e  r o l l  i ng rad ius  

N i s  t h e  normal f o r c e  a t  t h e  t i r e - r o a d  i n t e r f a c e  

The normal f o r ce ,  N, on t h e  t i r e  f rom the  road through t he  

con tac t  patch i s  a  f u n c t i o n  o f  t h e  S t a t i c  load, the  t i r e  s p r i n g  

r a te ,  and v iscous damping i n  t h e  t i r e .  Values f o r  t h e  r o l l i n g  

s p r i n g  r a t e s  o f  va r ious  t r u c k  t i r e s ,  as determined f rom experiment, 

have been presented i n  [I]. Although no s i m i l a r  data i s  a v a i l a b l e  

on values f o r  t r u c k  t i r e  v iscous damping c o e f f i c i e n t s ,  i t  i s  

reasonable t o  assume ( f o r  example, see References 8 and 10) t h a t  

t h e  t i r e  damping c o e f f i c i e n t  i s  o f  the  o rder  o f  2% c r i t i c a l .  Thus 

the  user must i n p u t  o n l y  the  r o l l i n g  s p r i n g  r a t e ,  KT; t he  damping 

a t  t h e  t i r e - r o a d  i n t e r f a c e  i s  ca l cu l a ted  based on t he  unsprung 

mass and t h e  t i r e  sp r ing  r a t e .  

The normal f o r c e  on t he  r o l l i n g  t i  r e  i s  

where A i s  t h e  change from the  s t a t i c  d is tance  between t he  t i r e  

and t h e  road. 

The i n p u t  data r e l a t e d  t o  t h e  t i r e s  f o l l o w s  t h e  l a s t  

b rak i ng  data.  When the  a n a l y t i c a l  t i r e  model i s  used, t h e  data 

must be i n p u t  i n  t h e  form shown i n  Table 2.10. 



Parameter 

Table 2.10. I n p u t  Data R e l a t i n g  t o  T i r e s .  

Comments 

S t a t i c  r o l l i n g  r a d i u s ,  f r o n t  t i r e s  
( i n c h e s )  

S t a t i c  r o l l i n g  r a d i u s ,  a x l e  2  

Notes: 1 )  e n t e r  o n l y  t h e  r a d i u s  o f  
t h e  t i r e s  on t h e  l e a d  
tandem f o r  tandem ax les  

2)  e n t e r  a minus s i g n  b e f o r e  
t h e  r a d i u s  i f  dual  t i r e s  a r e  
t o  be s imu la ted  on an a x l e  

Note: T h i s  i s  a  "one t i r e v a l u e "  

Func t ion  r e d u c t  i o n  parameter 

Spin moment o f  i n e r t i a ,  i n c l u d e s  

bo th  s ides ,  i n  1 b .  sec2 

T i r e  s p r i n g  r a t e  ( 1  b s / i n )  

Note t h i s  i s  a  one t i r e  va lue  

Low speed f r i c t i o n  c o e f f i c i e n t  



Several notes, called out i n  Table 2.10, will be 

el aborated upon here. 

1 )  Since the t i r e  model i s  nonlinear, brake force 
calculations must be made fo r  one t i r e ,  then 

multiplied by the number of t i r e s  on the axle. 

Thus i t  i s  necessary t o  cal l  out dual t i r e s  

wherever they occur. The cal lout  mechanism i s  

the sign of the ALPHA entry;  the negative sign 

will cal l  fo r  dual t i r e s .  

2 )  As a convenience to  the user,  the radius of the 

t i r e s  on a t r a i l i ng  tandem axle i s  assumed equal 

t o  the radius on the leading tandem. Thus an 

A L P H A  value for  a t r a i l i ng  tandem must not be 

entered. 

3 )  I t  i s  important t o  note that  a l l  of the t i r e  

data entered into the Phase I11 simulation i s  

data fo r  one t i r e .  This includes the longi- 
tudinal s t i f f ne s s ,  Cs, and the t i r e  spring r a t e ,  

KT. 

4 )  JS i s  considered an ine r t i a l  parameter rather 

than a t i r e  parameter. I t  has been grouped 

with the t i r e  parameters since i t  f i t s  into 

the wheel spin equations with the t i r e  

parameters. Thus the JS value, l ike  a l l  ine r t i a l  

descriptors in the program, includes the ent i re  

spinning mass assembly, rather than only one side. 

2 . 4 . 2  Tabular Input Data. Truck t i r e  t e s t  data recently 
procured in a study a t  HSRI [ I l l  has indicated that  a substantial 
peak-to-slide brake force r a t i o  may occur a t  low speeds as well 
as high speeds. Since the analytical model assumes the peak-to- 
s l ide  r a t i o  i s  a function of the product o f  the speed and the 
input " f r ic t ion reduction parameter," FA, the model i s  inadequate 



i n  some cases. Consider,  f o r  example, F i g u r e  2 . 5 1  i n  wh ich  

measured data  i s  presented a long  w i t h  " b e s t  f i t "  curves genera ted 

u s i n g  t h e  t i r e  model t o  match t h e  da ta  gathered a t  40 mph. 

Since t h e  model i s  o f  1  i m i t e d  u t i l i t y  i n  some cases, p r o -  

v i s i o n  has been made f o r  t h e  d i r e c t  e n t r y  o f  p - s l i p  t a b l e s .  The 

t a b u l a r  e n t r i e s ,  wh ich  may be a  f u n c t i o n  o f  b o t h  speed and load,  

shou ld  be i n p u t  i n  t h e  f o l l o w i n g  way: 

The f i r s t  CS i n  Tab le  2.10 shou ld  be s e t  t o  a  n e g a t i v e  

number. The remainder o f  t h e  parameters f o r  t h e  a n a l y t i c a l  model, 

i n c l u d i n g  CS, FA, and po,  shou ld  n o t  be en te red .  

A f t e r  t h e  l a s t  KT e n t r y ,  t h e  t a b l e s  shou ld  be entered,  f i r s t  

f o r  t h e  f r o n t  a x l e ,  n e x t  f o r  a x l e  2, e t c .  The f i r s t  e n t r y  i n  t h e  

t a b l e  i s  t h e  number o f  speeds, i n  I 2  fo rma t .  The second e n t r y  

i s  t h e  f i r s t  speed and t h e  number o f  l oads  a t  t h a t  speed, F10.4, 

12. The n e x t  e n t r y  i s  t h e  f i r s t  l o a d  and t h e  number o f  u - s l i p  

p a i r s  a t  t h a t  l o a d ,  F10.4, 12. The n e x t  e n t r i e s  a r e  t h e  p - s l i p  

p a i r s  a t  t h a t  speed and load,  f i r s t  s l i p  then  p ,  2F10.4. 

Up t o  f i v e  speeds and f i v e  l oads  may be e n t e r e d  f o r  each 

a x l e ,  and t h e  a p p r o p r i a t e  p v a l u e  w i l l  be found by i n t e r p o l a t i o n s  

ove r  b o t h  l o a d  and speed. I f  t h e  speed o r  l o a d  i s  below t h e  

l o w e s t  e n t r y  i n  t h e  t a b l e ,  t h e  p - s l i p  p a i r  cor respond ing t o  t h e  

l o w e s t  v a l u e  w i l l  be used. I f  t h e  speed o r  l o a d  i s  h i g h e r  than  

t h e  h i g h e s t  e n t r y  i n  t h e  t a b l e ,  t h e  p - s l i p  p a i r  cor respond ing t o  

t h e  h i g h e s t  p a i r  w i l l  be used. 

An example i s  g i v e n  i n  Tab le  2.11. Note t h a t  t h i s  t a b l e  

i s  f o r  a  two-ax le  v e h i c l e .  The f r o n t  wheels have p - s l i p  t a b l e s  

a t  two loads,  5,000 and 10,000 1  bs, and two speeds, 10 f t / s e c  and 

50 f t / s e c .  The second a x l e  has a  p - s l i p  cu rve  a t  one speed and 

one load ,  i . e . ,  a  c o n s t a n t  p - s l i p  cu rve .  Note t h a t  t h e  l o w e s t  

speeds must be en te red  f i r s t  and t h e  l o w e s t  l oads  must  be e n t e r e d  

f i r s t .  
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Table  2.11. E n t r y  o f  l ~ - S l i p  Tables 

Data 

9500. 

Comment 

The l a s t  KT (see Tab le  2.10) 

Two speeds i n  t h e  f r o n t  a x l e  t a b l e  

Ten f t / s e c ,  two loads  

5000 I b ,  t h r e e  p a i r s  t o  come 

T h i s  i s  t h e  p - s l i p  cu rve  f o r  

10 f t / s e c ,  5000 l b s .  

10000 1  bs , t h r e e  p a i  r s  t o  come 

T h i s  i s  t h e  p - s l i p  cu rve  f o r  

10 f t / s e c ,  100000 1 bs. 

50 f t / s e c ,  two loads  

5000 1  bs. , t h r e e  p a i  r s  t o  come 

T h i s  i s  t h e  u - s l i p  cu rve  f o r  

50 f t / s e c ,  5000 1  bs. 

T h i s  i s  t h e  u - s l i p  curve f o r  

50 f t / s e c ,  10000 1  bs. 

One speed f o r  a x l e  2 

10 f t / s e c ,  one l o a d  

5000 1  bs,  t h r e e  p a i r s  t o  come 

T h i s  i s  t h e  p - s l i p  cu rve  f o r  

a x l e  2 



I t  i s  apparent  f rom Tab le  2.11 t h a t  t h e  i n p u t  d a t a  can 

become q u i t e  t e d i o u s .  There i s  no r e s p i t e  f rom t h i s  prob lem i f  

t h e  t i r e s  on each a x l e  r e q u i r e  d i f f e r e n t  u - s l i p  d a t a .  However, 

p r o v i s i o n  has been made t o  a v o i d  unnecessary r e p e t i t i o n  o f  i n p u t  

da ta .  I f  t h e  "number o f  speeds e n t r y "  i s  s e t  t o  a  n e g a t i v e  

number, say -I, then  t h e  U - s l i p  da ta  w i l l  be t h e  same as t h e  da ta  

f o r  a x l e  I. T h i s  o p t i o n  may be used f o r  any a x l e  number, IA ,  as 

l o n g  as I A  i s  g r e a t e r  t han  I. Thus da ta  f o r  t h e  f i r s t  a x l e  must 

be en te red .  

An e x p l a n a t o r y  example w i  11 be u s e f u l  here .  Consider a  

n i n e - a x l e  v e h i c l e  w i t h  t h e  t i r e s  on t h e  f r o n t  a x l e  and t h e  t i r e s  

on t h e  l a s t  f o u r  a x l e s  hav ing i d e n t i c a l  u - s l i p  data ,  and t h e  

t i r e s  on a x l e s  2, 3, 4, and 5 hav ing i d e n t i c a l  p - s l i p  da ta .  These 

d a t a  may be e n t e r e d  i n  t h e  fo rm shown i n  Tab le  2.12. Note  we have 

e n t e r e d  u - s l i p  da ta  a t  o n l y  one speed and one l o a d  f o r  

convenience h e r e - u p  t o  f i v e  speeds and f i v e  l oads  may be used 

f o r  any a x l e .  

2.5 A n t i  l o c k  S i m u l a t i o n  

The documentat ion p resen ted  i n  t h i s  s e c t i o n  r e p r e s e n t s  a  

ma jo r  e x t e n s i o n  and r e v i s i o n  o f  t h e  p r e v i o u s  a n t i l o c k  s i m u l a t i o n  

used w i t h  t h e  Phase I11 t r u c k  and t r a c t o r - t r a i l e r  programs. The 

g r e a t e r  f l e x i b i l i t y  now a v a i l a b l e  i s  p r i m a r i  l y  t h e  r e s u l t  o f  

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

parameters p e r t i n e n t  t o  a n t i l o c k  system o p e r a t i o n .  A d d i t i o n a l  

f e a t u r e s  and o p t i o n s ,  such as genera l  purpose coun te rs  and one- 

sho ts ,  were added f o r  extended f l e x i b i l i t y .  The s i m u l a t i o n  con- 

c e n t r a t e s  on t h e  t h r e e  areas common t o  most  a n t i l o c k  systems: 

( 1 )  wheel speed sensor,  ( 2 )  c o n t r o l  l o g i c  module, and ( 3 )  p r e s s u r e  

modu la to r .  Axle-by-ax1 e  systems a r e  a1 lowed f o r ,  as  w e l l  as  t h r e e  

s i d e - t o - s i d e  o p t i o n s :  ( 1 )  w o r s t  wheel, ( 2 )  b e s t  wheel, and 

( 3 )  average wheel. 



T a b l e  2 . 1 2  

Axle  1  d a t a  

Axle  2 d a t a  

Axle  3 d a t a  = a x l e  2 d a t a  

Axle 4 d a t a  = a x l e  2  d a t a  

Axle 5 d a t a  = a x l e  2 d a t a  

Axle 6 d a t a  = a x l e  1  d a t a  

Axle 7 d a t a  = a x l e  1  d a t a  

Axle 8 d a t a  = a x l e  1  d a t a  

Axle  9 d a t a  = a x l e  1  d a t a  



A b l o c k  d iagram showing t h e  r e l a t i o n s h i p  between t h e  

a n t i l o c k  e le~ i i en ts  and t h e  niairi proqrani i s  shown i n  F i g u r e  2.52. 

The wheel speed s i g n a l ,  (0, i s  r e c e i v e d  fro111 t h e  niain prograni and 

processed by t h e  wheel sensor where in  an e f f e c t i v e  t in ie d e l a y  

occurs  r e s u l t i n g  i n  de layed wheel speed and a c c e l e r a t i o n  s i g n a l s  

ud and Ld. These s i g n a l s ,  a long  w i t h  v e h i c l e  v e l o c i t y ,  k ,  
v e h i c l e  a c c e l e r a t i o n ,  x,  and feedback f r o m  t h e  p ressu re  modula tor ,  

a r e  i n p u t  t o  t h e  c o n t r o l  l o g i c  module. The c o n t r o l  l o g i c  module 

o u t p u t s  an ON/OFF s o l e n o i d  command s i g n a l  t o  t h e  p ressu re  modu la to r  

wh ich  i n  t u r n  generates t h e  brake p ressu re ,  P, r e t u r n e d  t o  t h e  

main program. 

A complete d e s c r i p t i o n  o f  t h e  a n t i l o c k  s i m u l a t i o n  and 

e x p l a n a t i o n  o f  i t s  use i s  presented i n  t h e  f o l l o w i n g  s e c t i o n s .  

Appendix E c o n t a i n s  t h r e e  i n p u t  1  i s t i n g s  and c h a r a c t e r i s t i c  t i m e  

h i s t o r y  t r a c e s  which can be used f o r  r e p r e s e n t i n g  b a s i c  f e a t u r e s  

e x h i b i t e d  by t h r e e  a n t i l o c k  systems i n  use today.  

2.5.1 User D i c t i o n a r y  o f  V a r i a b l  es/Parameters. I n  o r d e r  

t o  o f f e r  much g r e a t e r  f l e x i b i l i t y  t o  t h e  program u s e r  as regards  

v a r i a b l e  and parameter p r o g r a m i n g  cho ices ,  a  t a b l e  o r  d i c t i o n a r y  

o f  such va r iab les /pa ramete rs  has been added. Th is  d i c t i o n a r y ,  

as shown i n  F i g u r e  2.53, i s  s i m p l y  a  l i s t i n g  o f  v a r i o u s  v a r i a b l e s  

and parameters wh ich  m i g h t  be cons ide red  t o  be o f  some impor tance 

o r  i n t e r e s t  t o  an a n t i l o c k  system. A use r  s e l e c t s ,  f o r  p r o -  

gramning purposes , a  p a r t i c u l a r  v a r i a b l e l p a r a m e t e r  by r e f e r r i n g  

t o  i t s  v a r i a b l e  I .D. numeral shown i n  F i g u r e  2.53. Each o f  t hese  

va r iab les /pa ramete rs  a r e  d e f i n e d  i n  Tab le  2.1 3  and F i g u r e  2.54. 

I f  a  u s e r  has need f o r  a d d i t i o n a l  v a r i a b l e s  o r  parameters n o t  

i n c l u d e d  i n  t h e  d i c t i o n a r y ,  t h e y  can be added by  r a t h e r  s imp le  

add i  t i  ons t o  t h e  FORTRAN code. 

The purpose o f  t h e  d i c t i o n a r y  i s  t o  a l l o w  t h e  program u s e r  

t o  s e l e c t ,  from a  wide v a r i e t y  o f  p o s s i b l e  a n t i l o c k  v a r i a b l e s /  

parameters,  o n l y  t h o s e  which  a r e  o f  i n t e r e s t  t o  t h e  p a r t i c u l a r  







Table  2.13. Var iab le IPararneter  D e f i n i t i o n s  

I . D .  
Sym bo 1  Code D e f i n i t i o n  U n i t s  

Constant ;  U n i t y  Parameter 

Time i n  s i m u l a t i o n  TIMF 2 

OMEGA 3 Wheel speed a t  t i  r e - r o a d  
i n t e r f a c e  (expressed as an 
e q u i v a l e n t  t r a n s l a t i o n a l  
v e l o c i t y  ) 

Wheel a c c e l e r a t i o n  a t  t i  r e - r o a d  
i n t e r f a c e  (expressed as an 
e q u i v a l e n t  t r a n s l a t i o n a l  
a c c e l e r a t i o n )  

OMEGADOT 

XDOT 

XDDOT 

POFFl 

POFF2 

PON 1  

PON2 

TOFFl 

TON 1  

XDOFF 

XDON 

WOFF 

WON 

WDOFF 

WDON 

W DMAX 

WDMIN 

V e h i c l e  v e l o c i t y  

Veh i c l  e  acce l  e r a t i  on 

Brake p ressu re  a t  l a s t  "OFF" 
s i g n a l  

Brake p r e s s u r e  a t  "OFF" s i g n a l  
i n  n e x t  t o  l a s t  c y c l e  

Brake p r e s s u r e  a t  l a s t  "ON" 
s i g n a l  

Brake p ressu re  a t  "ON" s i g n a l  
i n  n e x t  t o  l a s t  c y c l e  

Time a t  l a s t  "OFF" s i g n a l  

Time a t  l a s t  "ON" s i g n a l  

V e h i c l e  v e l o c i t y  a t  l a s t  
"OFF" s i g n a l  

V e h i c l e  v e l o c i t y  a t  l a s t  
"ON" s i g n a l  

Wheel speed a t  l a s t  "OFF" 
s i g n a l  

Wheel speed a t  l a s t  "ON" 
s i g n a l  

Wheel a c c e l e r a t i o n  a t  l a s t  
"OFF" s i g n a l  

Wheel a c c e l e r a t i o n  a t  l a s t  
"ON" s i g n a l  

Maximum wheel a c c e l e r a t i o n  
i n  l a s t  c y c l e  

Minimum wheel a c c e l e r a t i o n  
i n  l a s t  c y c l e  



Table  2.13 (Cont. )  

I .D. 
Code -- 

2 1 

Symbol 

TPMAX 1 

D e f i n i t i o n  

Time o f  maximum pressure  i n  
l a s t  c y c l e  

U n i t s  

(set) 

Time o f  minimum p ressu re  i n  
l a s t  c y c l e  

TPMINl 

WLOCK Parameter hav ing va lue  1.0 i f  
wheel i s  locked;  o the rw ise  
hav ing va lue  o f  0.0 

TLOCK Time ramp beg inn ing  a t  s t a r t  
o f  any wheel l o c k  

Wheel s l i p  a t  l a s t  "ON" s i g n a l  SLON 

SLOFF 

PMAX 1 

PMAX2 

Wheel s l i p  a t  l a s t  "OFF" s i g n a l  

Maximum pressure  f rom l a s t  c y c l e  

Maximum p ressu re  f rom c y c l e  
b e f o r e  l a s t  

PMINl 

PM I N2 

Minimum pressure  f rom l a s t  c y c l e  

Minimum pressure  f rom c y c l e  
b e f o r e  l a s t  

Tread1 e  p ressu re  

Parameter h a v i  ng va l  ue o f  1.0 
d u r i n g  "ON" s i g n a l  ; o the rw ise  
0.0 

TMOD Time o f  modu la t i on  f o r  t h e  pu lse-  
w i d t h  modul a ted  square wave 

SLIP 

P 

CY CNT 

Wheel s l  i p 

Brake p ressu re  

Cycle coun te r  beg inn ing  a t  0  
and inc remen t ing  i t s  count  by 
1  every  "OFF" s i g n a l  

SQUARE Pul se-wi d t h  modulated square 
wave hav ing  v a l  ue 1.0 o r  0.0 

SQUARN 

TOFF2 

SQUARE - 1.0 

Time o f  "OFF" s i g n a l  i n  c y c l e  
b e f o r e  l a s t  

Time o f  "ON" s i g n a l  i n  c y c l e  
b e f o r e  l a s t  

FOSl F i r s t  one-shot  v a r i a b l e  hav ing 
va lue  1 .0  d u r i n g  one-shot f i r i n g ;  
o the rw ise  hav ing  va lue  o f  0.0 



Table  2.13 (Con t . )  

Sym bo 1  

FOS 2  

FOS3 

GPCNT 

WMAXl 

TWMAX 1  

TWMIN 

TPM I N2 

I . D .  
Code Def i n i  t i  on 

4  2  Second one-shot  v a r i a b l e  

4  3 T h i r d  one-shot  v a r i a b l e  

44 General purpose c o u n t e r  

45 Maximum wheel speed i n  l a s t  
c y c l  e  

46 Maximum wheel speed i n  c y c l e  
b e f o r e  l a s t  

4  7 Time o f  maximum wheel speed 
i n  l a s t  c y c l e  

48 Time o f  maximum wheel speed 
i n  c y c l e  b e f o r e  l a s t  

49 Minimum wheel speed i n  l a s t  
c y c l  e  

5 0 Time o f  minimum wheel speed 
i n  l a s t  c y c l e  

5 1  Time o f  maximum brake p r e s s u r e  
i n  c y c l e  b e f o r e  l a s t  

5 2 Time o f  minimum brake p ressu re  
i n  c y c l e  b e f o r e  l a s t  

U n i t s  





system he i s  a t t e m p t i n g  t o  s i m u l a t e .  Those f a m i l i a r  w i t h  t h e  

p r e v i o u s  a n t i l o c k  s i m u l a t i o n  may r e c a l l  t h a t  such v a r i a b l e /  

parameter cho ices  were f i x e d  and l i m i t e d  t o  wheel speed, 

a c c e l e r a t i o n ,  and f o u r  o r  f i v e  o t h e r  v a r i a b l e s .  Thus, t h e  

p r e s e n t  approach shou ld  e l i m i n a t e  most problems where t h e  use r  

was handicapped w i t h  t h e  p r e v i o u s  program because a  p a r t i c u l a r  

v a r i a b l e  o r  parameter was n o t  a v a i l a b l e .  

W i t h i n  t h e  a n t i  l o c k  va r iab les /pa ramete rs  a r e  s t o r e d  i n  an 

a r r a y  o f  d imension 60 c a l l e d  VARIB(J), J=1,60. There fore ,  

VARIB(1) con ta ins  t h e  c o n s t a n t  1.0, VARIB(2) c o n t a i n s  t h e  p r e s e n t  

v a l u e  o f  t h e  t ime,  t, and so on as d e f i n e d  i n  Tab le  2.13. V a r i a b l e s  

VARIB(53) th rough VARIB(60) a r e  n o t  d e f i n e d  b u t  can be used as 

s t o r a g e  l o c a t i o n s  f o r  a1 t e r n a t e  v a r i a b l  e/parameter d e f i n i t i o n s  

s p e c i f i e d  by t h e  use r  and added t o  t h e  FORTRAN code. Such a  t a b l e  

o r  a r r a y  i s  p rov ided  f o r  each a x l e  o f  t h e  v e h i c l e .  

2.5.2 General Express ion Form. Throughout t h e  remai nder 

o f  t h i s  chap te r  a  p a r t i c u l a r  a l g e b r a i c  exp ress ion  w i l l  be 

encountered repea ted ly .  I t  would t h e r e f o r e  be h e l p f u l  beforehand 

t o  d e f i n e  each term i n  t h e  exp ress ion  and then  d iscuss i t s  

purpose. The exp ress ion  r e f e r r e d  t o  i s  o f  t h e  genera l  form: 

The Ci (i.1,. . . ,5) a r e  cons tan t  c o e f f i c i e n t s  f o r  each term. 

Any o f  t hese  c o e f f i c i e n t s  may be adap t i ve  t o  as many as two 

d i f f e r e n t  v a r i a b l e s .  T h i s  a d a p t i v e  f e a t u r e  w i l l  be d iscussed 

i n  d e t a i l  i n  Sec t i on  2.5.4. The xi, ( i = l , .  . . , 5 )  and yi, ( i=4 ,5)  

a r e  v a r i a b l e s  o r  parameters a v a i l a b l e  i n  t h e  user  d i c t i o n a r y .  

Note t h a t  t h e  f o u r t h  and f i f t h  terms a r e  q u a d r a t i c  i n  form. Dur ing  

e x e c u t i o n  o f  t h e  program t h e  xi and yi,  which t h e  use r  has 

s e l e c t e d  from t h e  d i c t i o n a r y  t o  fo rm some r e l a t i o n s h i p ,  a r e  

a c t u a l l y  ass igned va lues f rom t h e  a r r a y  VARIB(J). 



The purpose o f  these expressions i s  t o  allow the user t o  
form various algebraic relationships between the variables and 
parameters available i n  the dictionary, subject to  the form of 
the general expression (2.50). A form of t h i s  general expression 

appears in almost every section of the program from control logic 
inequality expressions to evaluation of one-shot conditions. Only 
those terms necessary to form a desired expression are  required. 

Some simple examples i l l u s t r a t i ng  the use of these general 

expressions are presented in the following sections. 

2 .5 .3  Wheel Sensor Module. The primary e f fec t  of a 
wheel sensor i s  a  phase s h i f t  and/or time delay between the actual 
wheel ra te  and the derived wheel ra te .  This input-output relat ion- 
ship can often be described adequately by t ransfer  functions of 

various order and/or transport time delay expressions. The 
present version assumes a general f i r s t -o rder  f i l t e r  of the form 

1 / ~  p + 1 re la t ing actual wheel ra te  to  derived wheel r a t e ,  where 
W 

T i s  the time constant o f ' t h e  f i l t e r  and p i s  an operator 
W 

denoting di f ferent ia t ion with respect t o  time. 

Many antilock systems make use of wheel acceleration derived 
from the output of the wheel sensor. This normally involves 

additional delays along with a d i f ferent ia t ion process. The 
assumed t ransfer  function here was taken as p/rUdp + 1 re la t ing 

derived wheel ra te  t o  derived wheel accelerat ion,  The derived 

wheel acceleration calculation normally takes place within the 

electronic control uni t .  However, since i t ,  along w i t h  wheel 
r a t e ,  i s  a  primary input t o  the control unit  logic,  i t  i s  included 
here within the wheel sensor module so that  the control unit  can 

be characterized by logical or  decision-making processes only. 
The wheel sensor module can then be described by the input-output 
relat ionships shown in Figure 2.55. 





The delayed wheel speed and acceleration signals, u and d 

W d '  are used as the primary inputs t o  t h e  control logic module. 

The assumed wheel sensor and  derivative circui t  input-output 

relationships are therefore described by two input parameters, 

T and T ~ ~ ,  which represent the first-order f i l t e r  time constants 
W 

of the wheel sensor and  i t s  derivative circui t .  The variables, 

Wd and Ld, appear in the user dictionary as OMEGA a n d  OMEGADOT, 

I .  D. codes 3 and 4. (The symbols w and ; are used interchangeably 

throughout this  section for wd a n d  kd.)  

Other variables are provided as possible inputs t o  the 

control logic module, however, no similar operations are attempted 

on these other input variables. 

3.5.4 Control Logic Module. The control logic i s  

characterized by a se t  of eight inequality expressions which the 

user forms as conditions for generating "ON" and "OFF" signals. 

Associated with each arithmetic inequal i ty expression i s  a 

logical variable. These logical variables, reflecting the s ta te  

or polarity of the inequality expressions, are logically combined 

t o  generate the "ON" and "OFF" signals. "ON" i s  defined here as 

a i r  being applied to ,  or "ON," the brake a i r  chambers. Figure 

2 .56  summarizes the overall structure of the control logic module. 

Inequality Express jons. 

Each of the eight arithmetic inequalities has the general 

form: 

where 



Inequality Expression Logical Variable Logical Operator 
Solenoid 
Command 

I OFF 

F igure  2 .56 .  Control l o g i c  module. 



'i j , ( j=1 ,5 )  a re  t he  constant  c o e f f i c i e n t s  o f  each 

term. 

vij, Wik Y ( j=1,5 ;  k=4,5) a re  t h e  va r i ab l es /  

parameters se lec ted  from the  user 

d i c t i o n a r y .  

The f i r s t  f o u r  i n e q u a l i t i e s ,  F1 through F4, a re  used f o r  

generat ing t h e  "OFF" s igna l  ; the  l a s t  f o u r  i n e q u a l i t i e s  f o r  t he  

"ON" s i g n a l .  

As an example, suppose t he  c o n d i t i o n  

was used as the  f i r s t  "OFF" cond i t i on .  Then F1 would become 

w i t h  -1.0 and -100. r equ i r ed  as cll and CIEv OMEGADOT, (;), 

would be se lec ted  from t h e  user  d i c t i o n a r y  f o r  vll and t he  u n i t y  

parameter, 1.0, would be se lec ted  as v 12. As w i l l  be descr ibed 

i n  d e t a i l  i n  Sect ion 2.5.7, f i v e  numbers would be requ i r ed  as 

program i n p u t  f o r  forming t h i s  expression: ( a )  the  number o f  terms 

i nvo l ved  i n  the  expression, ( 2 ) ;  ( b )  two c o e f f i c i e n t s ,  ( -1  - 0 )  

and (-100.); and ( c )  two v a r i a b l e  I .D .  codes f rom the  user  

d i c t i o n a r y ,  ' 4 '  and ' 1  ' f o r  OMEGADOT and t h e  u n i t y  parameter, 

r espec t i ve l y .  

- - -  - 

*See d e f i n i t i o n  o f  OMEGADOT on page 113. 



A s imp le  d e s c r i p t i o n  o f  t h e  sequence o f  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  as f o l l o w s :  

Du r ing  a  b r a k i n g  maneuver, t h e  va r i ab les /pa ramete rs  

s e l e c t e d  by t h e  u s e r  a r e  s u b s t i t u t e d  i n  t h e  u s e r - d e f i n e d  i n e q u a l i t y  

exp ress ions .  These exp ress ions  a r e  eva lua ted ,  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  modu la to r .  A t  t h e  b e g i n n i n g  o f  t h e  b r a k i n g  maneuver, 

e v a l  u a t i o n  o f  t h e  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  

"OFF" s i g n a l  takes  p l a c e  u n t i l  an "OFF" s i g n a l  i s  generated.  

A t t e n t i o n  then  i s  focused on t h e  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  an "ON" s i g n a l  u n t i l  an "ON" s i g n a l  i s  genera ted.  T h i s  

sequence con t i nues  u n t i l  e i t h e r  t h e  t r e a d l e  v a l v e  p ressu re  demanded 

by t h e  d r i v e r  f a l l s  t o  nea r  zero ,  o r  u n t i l  t h e  v e h i c l e  v e l o c i t y  

decreases t o  below some c u t - o f f  v e l o c i t y .  

L o g i c a l  V a r i a b l e s  

Each o f  t h e  e i g h t  i n e q u a l i t i e s  has ass igned t o  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 i e d  

as shown; FALSE i f  n o t .  I n  o t h e r  words, i f  F. > 0, t hen  t h e  
1 - 

l o g i c a l  v a r i a b l e  Li a s s o c i a t e d  w i t h  Fi assumes t h e  va lue  TRUE. 

I f  Fi < 0, t h e n  Li assumes t h e  v a l u e  FALSE. S ince  t h e r e  a re  f o u r  

i n e q u a l i t i e s  f o r  t h e  g e n e r a t i o n  o f  t h e  "OFF" s i g n a l ,  t h e r e  a r e  

f o u r  l o g i c a l  v a r i a b l e s  a s s o c i a t e d  w i t h  t h e  "OFF" s i g n a l .  The 

purpose o f  t hese  l o g i c a l  v a r i a b l e s  i s  t o  f a c i l i z a t e  t h e  genera- 

t i o n  o f  an "OFF" s i g n a l  by a l l o w i n g  them t o  be "ANDH-ed and "ORN-ed 

t o g e t h e r  by t h e  program use r .  I f ,  f o r  example, t h e  u s e r  had 

dec ided t h a t  F1 and F2 must be s a t i s f i e d  o r  e l s e  F3 o r  F4 be 

s a t i  s f i  ed (F1 , F2, F3, dnd F4 hav ing  been p r e v i  o u s l y  d e f i n e d  by  

t h e  d a t a  s e t  s e l e c t e d  by t h e  u s e r ) ,  t h e  p r o p e r  "OFF" s i g n a l  wou ld  

be d e f i n e d  by t h e  f o l l o w i n g  exp ress ion :  

OFF = (L1  AND L2)  OR (L3  OR L4) 



The sanie 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 assoc ia ted  

l o g i c a l  v a r i a b l e s  L5, L6, L7 ,  and L8. 

The use r  s p e c i f i e s  t h e  l o g i c a l  o p e r a t i o n s  between L1 and 

L2, L j ,  and L4, and between t h e  bracketed express ions by means 

o f  t h r e e  1  og i  c a l  o p e r a t o r  swi tches , OP, 2, OP34, and 

r e s p e c t i v e l y .  I n p u t  values o f  0  imp ly  l o g i c a l  "OR" ope ra t i ons ;  

values o f  1  i m p l y  l o g i c a l  "AND" o p e r a t i o n s .  The same r u l e s  a p p l y  

t o  l o g i c a l  v a r i a b l e s  L5, L6, L,, L8 and t h e i r  l o g i c a l  o p e r a t o r  

swi tches OP56, OP78, and OP6,. The general  forms o f  t hese  

l o g i c a l  equat ions  a re :  

and 

The u s e r  i s  r e q u i r e d  t o  i n p u t  data  o n l y  f o r  t h e  number o f  

i nequal i t y  express ions needed. The d e t a i  1s r e 1  a t i  ng t o  d a t a  

i nput  f o r  t h e  i nequal i t y  express ions and 1  o g i  c a l  ope ra to rs  a r e  

e x p l a i n e d  i n  S e c t i o n  2.5.7. 

Time Delays 

Four p r o g r a m a b l e  t i m e  de lays  a r e  a v a i l a b l e  i n  t h e  c o n t r o l  

l o g i c .  The f i r s t  t i m e  de lay ,  rl, i s  t h e  de lay  between t h e  

e v a l u a t i o n s  of F, and t h e  e v a l u a t i o n s  o f  e i t h e r  F2, F3, o r  F4. 

The second t ime  de lay ,  ;2, i s  t h e  de lay  between t h e  t ime  o f  

g e n e r a t i o n  o f  t h e  "OFF" s i g n a l  and t h e  t i m e  t h a t  F5 may be 

eva lua ted  i n  t h e  genera t i on  o f  t h e  n e x t  "ON"  s i g n a l .  r3  i s  

t h e  de lay  between t h e  t i m e  o f  e v a l u a t i o n  o f  F5 and t h e  t i m e  o f  

e v a l u a t i o n  o f  e i t h e r  F6, F,, o r  F8. 4 i s  t h e  de lay  between t h e  

t i m e  o f  genera t i on  o f  t h e  "ON" s i g n a l  and t h e  t i m e  t h a i  F1 may 

be eva lua ted  i n  t h e  g e n e r a t i o n  o f  t h e  n e x t  "OFF" s i g n a l .  For  

t i m e  de lay  e f f e c t s  o t h e r  than those desc r ibed  here, t h e  one-shot  

v a r i a b l e s  ( S e c t i o n  3.5.6)  may be employed. 



Example 

A brief  example covering the above out1 ined features should 
prove helpful.  Consider an anti  lock system which generates an 
" O F F "  signal subject to  the following laws: 

1 )  - -50 f t / secY 
and 2 )  a t  a  time .05 second a f t e r  ( 1 )  i s  s a t i s f i e d ,  

w - < .9  must also be s a t i s f i ed .  

Suppose the corresponding "ON" signal must s a t i s fy  the 
following requirements 

3 )  > - - . 5 f t / s e c 2  

and 4 )  a t  a  time -02 second a f t e r  ( 3 )  i s  s a t i s f i e d ,  - 
u - > .8  i must also be s a t i s f i ed .  

Suppose also that  once the "ON" signal i s  generated during any 
cycle, the t e s t  fo r  the next " O F F "  signal must not take place 
fo r  a t  l e a s t  0.1 second, guaranteeing a  cer ta in  amount of brake 
on-time. 

Rewriting (1 )  as 

The variable I .D .  codes for  v l l  and v12 
would be "4"  and "1 ," corresponding t o  
OMEGADOT and the unity parameter from 
the user dictionary. 

Simil a r ly ,  fo r  ( 2 ) ,  



The v a r i a b l e  I . D .  codes f o r  vZ1 and vll 

would be " 3 "  and " 5 " .  

Since F and F4 a r e  n o t  requ i red ,  no i n p u t  f o r  these expressions 3 
would be needed. OP12 should  be entered as 1  s i n c e  OFF = L1 - AND 

L2. OP23 and OP24 have no meaning here and can t h e r e f o r e  be 

e i t h e r  0  o r  1.  The t ime  de lay between F, and F2 imp1 i e s  

'1 = 0.05. Since t h e r e  i s  no t ime  de lay s p e c i f i e d  between t h e  

generat ion o f  t h e  "OFF" s i g n a l  and t h e  e v a l u a t i o n  f o r  t h e  n e x t  

"ON" s i g n a l ,  r 2  = 0.0. 

S i m i l a r l y ,  f o r  t h e  "ON" c r i t e r i a ,  ( 3 )  may be r e w r i t t e n  as 

With v a r i a b l e  I . D .  codes f o r  v 5 i  and ~ 5 2  

o f  "4" and "1" .  

L i  kewi se 

C6, = 1.0 

c62 = -.8 

With v a r i a b l e  I . D .  codes f o r  vsl  and v 6 p  
o f  " 3 "  and "5" .  

Since F, and F8 a r e  n o t  r e q u i r e d ,  no i n p u t  f o r  these 

expressions would be needed. OPS6 should be en te red  as 1  f o r  

t h e  r e q u i r e d  "AND' opera t ion ,  w h i l e  OP6, and CP78 are meaning- 

1  ess here and can be e i t h e r  0 o r  1. The t ime de lay between F5 

and F6 r e q u i r e s  r 3  = 0.05. The t i m e  de lay between t h e  "ON" 

s i g n a l  and t h e  t e s t  f o r  t h e  n e x t  "OFF" s i g n a l  r e q u i r e s  r4  = 0.10. 



Adap t i ve  C o e f f i c i e n t s  

Many a n t i  l o c k  systems possess a d a p t i v e  capabi  1 i t i e s  f o r  

changing 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  l o g i c .  Fo r  

t h i s  reason, and inc reased  programni ng f l e x i  b i  1  i t y ,  an a d a p t i v e  

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

c o e f f i c i e n t ,  Ci j ,  i n v o l v e d  i n  t h e  i n e q u a l i t y  express ions may be 

a l t e r e d  t o  change i t s  v a l u e  as a  f u n c t i o n  o f  one o r  two 

d i c t i o n a r y  v a r a i  b l e s  i n  t h e  manner shown i n  F igu res  2.57 and 

2.58. 

I n  F i g u r e  2.57, t h e  v a l u e  o f  Cij i s  A  ( i t s  i n i t i a l  v a l u e ) ,  
0 

if ui j  < bl. I f  uij, t h e  a d a p t i v e  v a r i a b l e ,  i s  g r e a t e r  - than 

i t s  b r e a k p o i n t  va lue  o f  bl , C .  . i s  equal t o  Al . 
1 J  

I f  two a d a p t i v e  v a r i a b l e s  a r e  i n v o l v e d ,  as i l l u s t r a t e d  i n  

F i g u r e  2.58, 

A  i f  ui j  < b  and zi j  5 b2 - 1 

'i j 

= I A1 i f  ui j  > bl and zi j  5 b2 

A2 i f  z i j  > b2 

By i n c l u d i n g  an a d d i t i o n a l  numer ica l  s w i t c h  i n  t h e  i n p u t ,  

t h e  two a d a p t i v e  v a r i a b l e  case may be a1 t e r e d  t o :  

A. i f  u i j 2 b l  

- 
'i j 

- A1 i f  uij > bl and zi j  5 b 2  

A2 i f  uij > bl and zij > b2 

as i l l u s t r a t e d  i n  F i g u r e  2.59. 

The d e t a i l s  o f  t h e  numer ica l  i n p u t  format a r e  e x p l a i n e d  

i n  S e c t i o n  2.5.7. 









Side - to -S ide  Opt ions  

Three 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  p e r  a x l e  a r e  a v a i l a b l e .  

One a n t i l o c k  system i s  a l l owed  f o r  each a x l e  w i t h  t h e  same 

p ressu re  be ing  r e t u r n e d  t o  bo th  s i d e s  f o r  each o f  t h e  a v a i l a b l e  

o p t i o n s .  These a r e  summarized below: 

OPTION 1  - Worst Wheel. The wheel hav ing  t h e  l o w e s t  

r o t a t i o n a l  r a t e  (omega) 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  as i t s  i n p u t .  The same p ressu re  i s  r e t u r n e d  t o  

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

OPTION 2 - B e s t  Wheel. Same as Op t ion  1  except  t h a t  t h e  

wheel w i t h  t h e  h i g h e 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 i n p u t .  

OPTION 3 - Average Wheel. Both wheel r a t e s  a r e  averaged 

by t h e  c o n t r o l  l o g i c  module and used as i n p u t .  The same p ressu re  

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

See S e c t i o n  2.5.7 f o r  t h e  numer ica l  i n p u t  and fo rma t  

r e q u i r e d  f o r  each o p t i o n .  

Log i c  Sampl i n g  Rate Con t ro l  

The program u s e r  i s  asked t o  s p e c i f y  a  l o g i c  sampl ing  p e r i o d ,  

TSMPLE, wh ich  c o n t r o l s  t h e  r a t e  a t  wh ich  t h e  a n t i l o c k  l o g i c  i s  

i n t e r r o g a t e d .  I f  TSMPLE i s  s p e c i f i e d  t o  be l e s s  t h a n  o r  equal  

t o  t h e  d i g i t a l  s i m u l a t i o n  t ime  s t e p ,  t hen  no sampl ing  r a t e  

c o n t r o l  i s  i n  e f f e c t .  I f ,  however, a  l o g i c  sampl ing p e r i o d  

g r e a t e r  than t h e  d i g i t a l  s i m u l a t i o n  t i m e  s t e p  i s  c a l l e d  f o r ,  

a l l  c o n t r o l  l o g i c  and s p e c i a l  o p t i o n  f e a t u r e s  p e r t a i n i n g  t o  t h e  

c o n t r o l  l o g i c  module a r e  i n t e r r o g a t e d  a t  t ime  i n t e r v a l s  s e t  by 

t h e  1  o g i c  sampl ing  p e r i o d ,  TSMPLE. Wheel sensor computat ions 

and p ressu re  modu la to r  a c t i v i t i e s  a r e  n o t  a f f e c t e d .  

For  v e h i c l e  v e l o c i t i e s  l e s s  than  7 f t l s e c ,  t h e  a n t i l o c k  

s i m u l a t i o n  i s  i n a c t i v a t e d  and l i n e  pressures  w i l l  f o l l o w  t h e  

t r e a d l e  pressure .  



2.5.5 Pressure  Modu la to r .  The p r e s s u r e  n ~ o d u l a t o r  v a l v e  --- 
i s  s i m u l a t e d  by two t i m e  de lays  and s e v e r a l  programmable r i s e  

and f a 1  1  r a t e s  f o r  b o t h  e x p o n e n t i a l  and 1  i n e a r  c h a r a c t e r i s t i c s .  

The p r o g r a m a b l e  r i s e  and f a l l  r a t e s  make p o s s i b l e  t h e  s imu la -  

t i o n  o f  r e l a t i v e l y  complex p r e s s u r e  modu la to r  a c t i v i t y  

i n c l u d i n g  des igns i n v o l v i n g  pneumat ic l o g i c  o r  p u l s e - w i d t h  

modul a t o r s  . 

Time Delays 

The i n p u t  r e c e i v e d  by t h e  p ressu re  modu la to r  i s  s i m p l y  t h e  

"ON" and "OFF" s i g n a l s  genera ted i n  t h e  c o n t r o l  l o g i c  module. 

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

b e f o r e  a c t u a l  p r e s s u r e  r e d u c t i o n  o r  i ncrease takes  p l  ace. These 

t i m e  l a g s  a r e  denoted i n  t h e  s i m u l a t i o n  as rON and rOFF and 

a r e  program i n p u t s  s p e c i f i e d  by t h e  user .  

E x ~ o n e n t i a l  F a l l  and Rise  Rates 

The p ressu re  r i s e  i s  d e f i n e d  t o  be exponen t ia l  i n  t i m e  w i t h  

t h e  ,upper p ressu re  l i m i t  s e t  by t h e  t r e a d l e  v a l v e  o u t p u t  o r  by 

a  p r o g r a m a b l e  l i m i t  PDRSE o f f e r e d  as a  s p e c i a l  o p t i o n  and 

e x p l a i n e d  i n  S e c t i o n  2.5.6.  L i kew ise ,  t h e  p ressu re  f a l l  i s  

e x p o n e n t i a l  i n  t i m e  w i t h  i t s  l o w e r  l i m i t  as ze ro  p r e s s u r e  o r  

by a  p r o g r a m a b l e  l ower  l i m i t ,  PDFALL, o f f e r e d  as a  s p e c i a l  

o p t i o n  and d e f i n e d  i n  S e c t i o n  2.5.6.  As many as t h r e e  p ressu re  

f a l l  r a t e s  and t h r e e  r i s e  r a t e s  can be p r o g r a m e d .  The f a l l  

and r i s e  r a t e s  r e f e r r e d  t o  a r e  d e f i n e d  as t h e  i n v e r s e  o f  t h e  t i m e  

cons tan ts  a s s o c i a t e d  w i t h  t h e  e x p o n e n t i a l  p ressu re  r i s e  and f a l l .  

The t h r e e  e x p o n e n t i a l  f a l l  r a t e s  a r e  denoted as PFE.. , 
( i=1 ,3 ) ;  t h e  t h r e e  e x p o n e n t i a l  r i s e  r a t e s  a r e  d e f i n e d  as PREi, 

( i =1 ,3 ) .  For reasons o f  f l e x i b i l i t y  t hese  f a l l  and r i s e  r a t e s  

a r e  d e f i n e d  t o  be f u n c t i o n s  o f  v a r i a b l e s  denoted as and E ~ ,  

r e s p e c t i v e l y .  and E~ a r e  d e f i n e d  by  t h e  genera l  f o rm 

exp ress i  ons: 



where Hi and 

term, and v 
j 

a v a i l a b l e  i n  

Gi , ( i=1 ,5 )  a r e  t h e  c o n s t a n t  c o e f f i c i e n t s  o f  each 

and wk,  ( j =1 ,5 ;  k=4,5) a r e  va r iab les /pa ramete rs  

t h e  user  d i c t i o n a r y .  

These r e l a t i o n s h i p s  a r e  shown i n  F igu res  2.60 and 2.61. 

The b reak -po in ts  XI, X 2 ,  X3 ,  and X 4  a long  t h e  c1 and c 2  axes 

separa te  t h e  f a l l  and r i s e  r a t e  reg ions .  

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 ,  t h e  above 

r e l a t i o n s h i p s  can be expressed as: 

Pressure  F a l l  : 

Pressure  R i  se: 

PDFALL o r  PFE1 ,2,3 4 ' pFE1 ,2 ¶ 3  
------- P 

where PFE 1,2,3 and PRE1 ,2,3 def ined above a r e  f u n c t i o n s  o f  c1  

and E 3 ,  r e s p e c t i v e l y ,  and p  i s  an o p e r a t o r  deno t ing  d i f f e r e n t i a t i o n  

PDRISE o r  Pd- 

L 

w i t h  r e s p e c t  t o  t ime.  

PRE1 ,2 ¶ 3  

p  PRE1 ,2,3 



Figure 2.60 

E x p o n e n t i a l  P r e s s u r e  R i s e  Rate 

I 
PRE - 

*3 

Figure 2.61 



Linear Fall a n d  Rise Rates 

The pressure f a l l  and r i s e ,  under th is  option, i s  l inear 

in time with an upper limit as treadle pressure, P and a lower d ' 
limit as zero pressure. Three fa l l  rates and three r i se  rates 
may be specified as in the exponential case. The linear f a l l  

and r i se  rates are denoted as PFLi and PRLi , ( i = l , 3 ) ,  

respectively. Again, for  programming f l ex ib i l i ty ,  the 1 inear 

f a l l  and r i se  rates are defined as functions of variables 

denoted as E~ and E ~ ,  respectively. E~ and E~ are defined by 

the general form expressions: 

where R. and S , ( j=1,5)  are the constant coefficients of each 
J j 

term, and v w ( j=1,5 ;  k=4,5) are vari ables/parameters 
j k '  

available in the user dictionary. These relationships are 

i l lus t ra ted  in Figures 2.62 and 2.63. The pressure returned i s  
given simply by the following two equations: 

P(t-to) = [ p F L i ( t 3 ) 1  ( t - to)  + P ( t o )  ; ( f a l l )  

P(t-to) = [ P R L i ( ~ 4 ) ~  ( t - to) + P(tO)  I ( r i s e )  

X,-, X 6 y  X7,  and X8 are the associated break-p~ints similar 

to the exponentkl case. 





Pressure Modul ator  Key 

A pressure modulator key, IPKEY, i s  read during input jus t  

prior to  any data related to  the pressure modulator. The value 

of t h i s  key distinguishes for  the program whether exponential , 
1 inear,  or both exponential and l inear character is t ics  wi 11 be 

computed. The following key defines the IPKEY values required 

for  each case: 

0 3 exponenti a1 

IPKEY = 1 3 1 i near 

2 , exponenti a1 and 1 inear 

The exponential and l inear  option (IPKEY=2) returns a 
pressure representing the summation of the exponential and l inear  

pressure computations. 

Finally, a1 1 coefficients  appearing in the general form 

expressions for  the pressure modulator possess the adaptive 

coefficient  feature.  

Example 

Consider the fol l  owing example of a certain pressure modulator 

having only exponential pressure f a l l  and r i s e  character is t ics :  

1 )  "ON" delay = "OFF" delay = 0.05 seconds. 

2 )  The exponential pressure r'se ra te  assumes an 

approximate value of (0.2)- '  = 5.0 for  

di fferences between tread1 e valve output 

pressure and l ine  pressure of 50 psi or more, 
and an approximate exponential r i s e  ra te  of 
(0.33)" = 3.0 for pressure differences of less  
than 50 psi .  

3 )  The exponential pressure f a l l  r a te  i s  approximately 
constant fo r  a l l  l ine pressure values with a f a l l  
ra te  equal t o  ( 0 . 2 5 ) ~ '  = 4 .0 .  



This could be simulated by the following choice of input 

parameters : 

I PKEY = 0 

Variable I.D. code for  Pd = 31. 
See User Diectionary 

Variable I . D .  code fo r  P = 35. 

The number of terms required for  (1 term) and c2 

( 2  terms) would also be required as input as explained 

in Section 2.5.7. 

2 .5 .6  Special Options. Four special options have been 

included in the model in order t o  f a c i l i t a t e  simulation of 

cer ta in  features displayed in some actual antilock systems while 

a1 so providing increased programni ng f lexi  bi 1 i ty.  The four 

options referred t o  are:  ( 1  ) t readle pressure modul ation/ 

programing , ( 2 )  pul se-width modulated square wave, ( 3 )  three 

programnable one-shots, and (4 )  general purpose counter. Each 

of these options will be explained in the following sections. 

Treadle Pressure Modul a t i  on/Programni ng 

Most pressure valves operating without anti  lock interruption,  

and many under antilock cycling,  follow or are limited above 

by the treadle pressure applicat ion;  while si 'milarly, the o~l tput  

pressure of these valves f a l l  to t readle  pressure or zero 



pressu re  when t read1  e  pressure  i s  decreased o r  removed. However, 

i n  some va lves ,  d u r i n g  a n t i l o c k  c y c l i n g ,  p ressu re  may r i s e  t o  

some l i m i t i n g  p ressu re  l e s s  than t r e a d l e  and/or  f a l l  t o  some 

p ressu re  g r e a t e r  t han  zero .  Such t r e a d l e  modu la t i on  o r  p ro -  

gramning o f  demanded p ressu re  i s  a  f e a t u r e  which i s  a l l owed  f o r  

under t h i s  o p t i o n .  

P r i o r  t o  any i n p u t  f o r  t h i s  o p t i o n ,  a  key, IPDKEY, f o r  

t r e a d l e  pressure  modu la t i on ,  i s  read.  A  va lue  o f  -1 o r  l e s s  

negates t h e  use o f  t h i s  o p t i o n ,  w h i l e  values g r e a t e r  than o r  

equal  t o  0 a c t i v a t e  t h e  o p t i o n .  V a r i a b l e s  PDFALL and PDRISE 

become t h e  demanded p ressu re  d u r i n g  p ressu re  f a l l  and r i s e  p e r i o d s ,  

r e s p e c t i v e l y .  These v a r i a b l e s  a r e  d e f i n e d  by t h e  f o l  l o w i  ng 

genera l  fo rm express ions:  

4 PDFALL - Vlvl + V2v2 + V3v3 + V4v4w4 f V5v5w5 

A PDRISE - Wlvl + W2v2 f W3v3 + W v  w + W5v5w5 4 4 4  

where, 

V .  and W , ( j = 1  ,5) a r e  cons tan t  c o e f f i c i e n t s  
J j 

f o r  each term. The a d a p t i v e  c o e f f i c i e n t  f e a t u r e  

i s  p r o v i d e d  f o r  these c o e f f i c i e n t s .  

v j ,  W k  , ( j=1,5 ;  k=4,5) a r e  var iab 'es/parameters 

s e l e c t e d  f rom t h e  use r  d i c t i o n a r y .  

As an example, suppose an a n t i l o c k  system opera ted so as t o  

always r i s e  t o  t h e  maximum p ressu re  a t t a i n e d  i n  t h e  p r e v i o u s  

c y c l e  r a t h e r  than  t o  t r e c d l e  pressure .  PDRSE would  then  be 

d e f i n e d  as s imp ly  

PDRSE = ( 1  .O)  POFFl 



where 1 .0  i s  W and POFF1, t h e  maximum p ressu re  f rom t h e  l a s t  1 
c y c l e ,  i s  s e l e c t e d  f rom t h e  use r  d i c t i o n a r y  f o r  vl. I n  t h i s  

case, t h e  c o e f f i c i e n t ,  1.0, and t h e  v a r i a b l e  I . D .  code f o r  

POFF1, 7, would be r e q u i r e d  as i n p u t  f o r  t h e  o p t i o n .  

Pu lse-Width  Modulated Square Wave 

A t ime,  o r  pu l se -w id th ,  modulated square wave i s  p r o v i d e d  

as an o p t i o n  f o r  genera l  use. T h i s  o p t i o n  was m o t i v a t e d  by a 

p a r t i c u l a r  a n t i l o c k  system known t o  possess such a f e a t u r e  f o r  

purposes o f  t r e a d l e  p ressu re  modu la t i on .  The square wave 

genera ted under t h i s  o p t i o n  can be used i n  any p o r t i o n  o f  t h e  

program and i s  a v a i l a b l e  i n  t h e  u s e r  d i c t i o n a r y  under t h e  name 

SQUARE. F i g u r e  2.64 i l l u s t r a t e s  t h e  parameter and v a r i a b l e  

r e l a t i o n s h i p s  wh ich  d e f i n e  t h e  square wave. The p e r i o d  o f  t h e  

suqare wave, PERIOD, i s  cons tan t .  The amount o f  t i m e  modu la t i on ,  

rep resen ted  by TMOD, may be v a r i a b l e  and programmable. T h i s  i s  

accompl ished i n  t h e  program by a l l o w i n g  t h e  r a t i o ,  TMOD/PERIOD, 

t o  be a t a b u l a r  f u n c t i o n  o f  a v a r i a b l e ,  E ~ ,  as shown i n  F i g u r e  

2.65. c 5  i s  d e f i n e d  as a genera l  fo rm express ion:  

where 

PWi , ( i = 1 , 5 )  a r e  c o n s t a n t  c o e f f i c i e n t s  f o r  each 

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

p r o v i d e d  f o r  t hese  c o e f f i c i e n t s .  

vi , wk , ( i=1,5;  k=4,5) a r e  v a r i a b l  es/parameters 

s e l e c t e d  f rom t h e  user  d i c t i o n a r y .  

Note t h a t  t h e  FZi va lues i n  t h e  TMODIPERIOD t a b l e  shou ld  

n o t  be g r e a t e r  t han  1.0 o r  l e s s  than  0 .0 .  Values o f  1.0 i d e a l l y  

s i g n i f y  100% modu la t i on ;  va lues o f  0.0, no modu la t i on .  ( I n  







ac tua l i ty ,  the degree of modulation a t ta inable  depends on the 

simulation time step used a n d  the period chosen fo r  the square 

wave. ) 

I n p u t  data required fo r  th i s  option includes: ( a )  f ive  

pairs  of FZi  and Z i ,  ( b )  PERIOD, and ( c )  coefficient  values and  

variable I .  D .  codes used in the general form expression fo r  

E ~ .  
As before, a key fo r  the pulse-width modulation o p t i o n ,  

IPWMKY, i s  read prior  t o  any input f o r  t h i s  option. IPWMKY values 

greater  t h a n  or equal t o  0 enable the option. 

If  desired,  two additional s e t s  of FZi values may be input. 

Each s e t  i s  associated with a speci f ic  variable/parameter chosen 

by the user from the dictionary a n d  a break-point fo r  t h a t  

variable/parameter. If the specified variable exceeds the break- 

point value for  the given FZi  s e t ,  t h a t  FZi  s e t  replaces the 

original o r  previous s e t  used by the program. The purpose of t h i s  

i s  t o  allow fo r  sane adaptive capabil i ty within the FZi  table ,  

i f  desired. The de t a i l s  of the numerical input fo r  th i s  adaptive 

option are explained in Section 2 . 5 . 7 .  

One-Shots 

Three programnabl e one-s hots a re  provided under t h i s  option 

and  can be used fo r  several d i f ferent  purposes. Two common uses 

are:  ( 1 )  simulating time delay e f fec t s  and ( 2 )  as auxil iary 

binary variables fo r  use in any general purpose expressions. 

The three one-shots, as defined in t h i s  document, a re  binary 

variables having the numrical  value of 1.0 or  O . C .  These a re  

available in the user dictionary under the names FOS1, FOS2, 

and FOS3. 

The one-shots used in the program operate according t o  the 

following rule :  If a t r igger  or  input condition ( ineaual i ty)  

changes from negative t o  pos i t ive ,  the one-shot will change 

i t s  value from 0.0 t o  1.0 f o r  a fixed length of time, specified 

by the user, then return t o  0.0. During a one-shot f i r ing  (1 .0  



value),  the t r igger  input i s  disabled and cannot e f fec t  recurrent 

f i r ings  from t h i s  s t a t e .  The one-shot i s  r ese t  for  another 

f i r i ng  by two necessary occurrences: ( 1 )  the time duration of 

the present one-shot f i  ring has been exceeded, followed by o r  

concurrent with, ( 2 )  the t r igger  condition being negative. A 

t r igger  condition value of 0.0 i s  interpreted by the program as 

posit ive.  See Figure 2.66. 

The t r igger  condition i s  defined by the general form 

expression: 

where 

OSi ( i=1,5)  are  constant coefficients  for  each 

term and possess the adaptive coeff ic ient  feature.  

v i  , W k  
( i=1 ,5 ;  .k=4,5) are variables/parameters 

from the user dictionary. 

Each one-shot t r igger  i s  programable by a general form 

expression as shown above. The one-shot time durations are 

denoted as TOS1, TOS2, and TOS3 and a re  required as input for  

each one-shot used. 

General Purpose Counter 

This option allows the user t o  generate a count sequence 
by incrementing a counter by 1 every digi ta l  time s tep ,  i f  a 

par t icular  inequality expression i s  greater  than or equal t o  0. 
The variable contdining the count i s  called GPCNT and i s  in the 
user dictionary with the I .D. code 44. The general form 
expression i s  given by 



Figure 2 .66 .  One-shct operation. 
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where 

GPi , ( i=1,5)  a r e  c o n s t a n t  c o e f f i c i e n t s  f o r  each 

term and can be adap t i ve .  

vi, Wk , ( i=1 ,5 ;  k=4,5) a r e  va r iab les /pa ramete rs  

f r o m  the  user  d i c t i o n a r y .  

I f  t h e  above i n e q u a l i t y  i s  s a t i s f i e d ,  t h e  GPCNT coun t  i s  

incremented -- each t i m e  s tep .  I f  o n l y  a  one coun t  increment  i s  

d e s i r e d  whenever a  p a r t i c u l a r  c o n d i t i o n  i s  s a t i s f i e d ,  t hen  a  one- 

s h o t  c o u l d  be f i r e d  f o r  a  t i m e  p e r i o d  equal  t o  o r  l e s s  than t h e  

d i g i t a l  t i m e  s tep ,  w i t h  t h e  genera l  purpose coun te r  i nc remen t ing  

i t s e l  f every  one-shot  f i r i n g .  

The above d i s c u s s i o n  appl  i e s  whenever t h e  l o g i c  sampl ing 

p e r i o d  i s  s p e c i f i e d  as l e s s  than  o r  equal  t o  t h e  d i g i t a l  

s i m u l a t i o n  t i m e  s tep .  I f  t h e  u s e r  s p e c i f i e s  a  l a r g e r  l o g i c  

sampl i n g  p e r i o d  ( s lower  sampl i n g  r a t e ) ,  then t h e  genera l  purpose 

c o u n t e r  w i l l  be incremented o n l y  each l o g i c  s a n p l i n g  p e r i o d .  

The coun te r  can be r e s e t  t o  zero by a l l o w i n g  t h e  i n e q u a l i t y  

exp ress ion  t o  become l e s s  than  o r  equal  t o  -10,000. 

2.5.7 I n p u t  Data Format - General Form Expressions.  The 

most f r e q u e n t l y  o c c u r r i n g  fo rm encountered by t h e  program Kser 

i s  t h e  genera l  f o r 1  exp ress ion  wh ich  appears i n  a lmos t  every  

program segment and s p e c i a l  o p t i o n .  As d iscussed i n  S e c t i o n  

2.5.2, i t  has t h e  form 

where 

Ci ( i =1 ,5 )  a r e  t h e  cons tan t  c o e f f i c i e n t s  o f  

each term. 



xi, y k  ( i=1 ,5 ;  k=4,5) a r e  va r iab les /pa ramete rs  

a v a i l a b l e  i n  the  u s e r  d i c t i o n a r y .  

The u s e r  d e f i n e s  a  g i v e n  genera l  f o rm exp ress ion  f o r  t h e  

program by i n p u t t i n g  t h r e e  d i f f e r e n t  p ieces  o f  i n f o r m a t i o n :  

( 1 )  t h e  number o f  terms i n  t h e  exp ress ion  r e q u i r e d  ( 1  t o  5 ) ,  

( 2 )  t h e  v a r i a b l e  I .D.  codes cor respond ing t o  t h e  xi, yk f rom 

t h e  u s e r  d i c t i o n a r y  f o r  each v a r i a b l e l p a r a m e t e r  used i n  con- 

s t r u c t i n g  t h e  exp ress ion ,  and ( 3 )  t h e  c o e f f i c i e n t s  o f  each term, 

Ci, used i n  t h e  exp ress ion .  The f o l l o w i n g  d a t a  i n p u t  sequence 

i s  what would be r e q u i r e d  f o r  d e f i n i n g  a  genera l  fo rm exp ress ion :  

NT , number o f  terms ; I 1  fo rma t  

( I . D .  code o f  xl) ; F10.4 fo rma t  

( I . D .  code o f  x 2 )  

( I . D .  code o f  x 3 )  

; F10.4 fo rma t  

; F10.4 f o r m a t  

( I . D .  code o f  x4 ) , ( I .D .  code o f  y 4 )  ; 2F10.4 f o r m a t  

( I . D .  code o f  X~),(I.D. code o f  y,) w ; 2F10.4 fo rma t  

C o e f f i c i e n t  o f  x, ; F10.4 fo rma t  

C o e f f i c i e n t  o f  x2 

C o e f f i c i e n t  o f  x 3  

C o e f f i c i e n t  o f  x4y4 

; F10.4 fo rma t  

; F10.4 fo r r ra t  

; F10.4 fo rma t  

C o e f f i c i e n t  o f  x5y5 ; F10.4. f o rma t  

I f  NT i s  5 ,  t h e  above fo rma t  i s  used. I f  NT = M ; 5, 

o n l y  M I. D. code cards  and M c o e f f i c i e n t  ca rds  a r e  r e q u i r e d .  Note 

t h a t  t h e  second f i e l d s  o f  t h e  I.D. code cards  a r e  used o n l y  

f o r  t h e  4 t h  and 5 t h  terms. The 4 t h  and 5 t h  terms a l l o w  f o r  

q u a d r a t i c  r e p r e s e n t a t i o n s ,  b u t  can be i i n e a r  i f  one o f  t h e  two 

v a r i a b l e  I .D. codes i s  s e l e c t e d  as 1.0 ( u n i t y  parameter ) .  



Constant terms a r e  rep resen ted  by t h e  u n i t y  parameter, 1  .O, 

and t h e  d e s i r e d  cons tan t  c o e f f i c i e n t .  

As an example, c o n s i d e r  t h e  genera l  fo rm express ion,  

- u - 10. The r e q u i r e d  i n p u t  f o r  t h i s  would be: 

3  number o f  terms r e q u i r e d ;  I 1  fo rma t  

5 .  v a r i a b l e  I .D. codes f rom t h e  use r  

3. d i c t i o n a r y  cor respond ing t o  i ,  LO, 

1 .  and t h e  constant ;  F10.4 fo rmat  

t h e  Ci c o e f f i c i e n t s  f o r  each o f  

t h e  terms; F10.4 fo rma t  

Adapt ive  C o e f f i c i e n t  I n p u t  Format- 

As e x p l a i n e d  i n  S e c t i o n  3.5.4, an adap t i ve  c o e f f i c i e n t  

f e a t u r e  e x i s t s  t o  a l l o w  t h e  c o e f f i c i e n t s  appear ing  i n  t h e  genera l  

f o rm express ions t o  change va lue  as a  f u n c t i o n  o f  one o r  two 

v a r i a b l e s  f rom t h e  u s e r  d i c t i o n a r y  and t h e i r  assoc ia ted  break- 

p o i n t s .  The t h i r d  and f o u r t h  f i e l d s  (columns 21-30, 31-40) 

o f  each v a r i a b l e  I .D. i n p u t  c a r d  a r e  used t o  i d e n t i f y  t h e  

v a r i a b l e ( s )  t o  which t h e  cor respond ing t e r m ' s  c o e f f i c i e n t  i s  

adap t i ve .  S i m i l a r l y ,  t h e  f o u r t h  and f i f t h  f i e l d s  (columns 31-40, 

41-50) o f  each c o e f f i c i e n t  c a r d  a r e  used f o r  b p e c i f y i n g  t h e i r  

assoc ia ted  b reak -po in ts .  The a1 t e r n a t e  c o e f f i c i  en tc  a r e  

s p e c i f i e d  i n  t h e  second and t h i r d  f i e l d s  (columns 11-20, 21-30) 

o f  each c o e f f i c i e n t  card .  Consider t h e  example f rom t h e  p r2v ious  

s e c t i o n  and suppose i t  was d e s i r e d  t o  a l t e r  t h e  c o e f f i c i e n t  o f  

i ,  i . e . ,  I., t o  va lues o f  . 5 ,  and . 2  accord ing  t o  t h e  f o l l o w i n g  

r u l e :  



[ 1.0 i n i t i a l  o r  nominal  v a l u e  

C o e f f i c i e n t  o f  i = 1 0.5 whenever ; > 25 and 

The i n p u t  r e q u i r e d  would now become: 

where t h e  numbers 4. and 2. a r e  t h e  I .D.  codes f o r  ; and t, 

r e s p e c t i v e l y ,  and o c c u r  on t h e  I ,D.  c a r d  f o r  i i n  f i e l d s  3 

and 4. 

I f  o n l y  one a d a p t i v e  v a r i a b l e  i s  r e q u i r e d ,  t hen  f i e l d  4 

o f  t h e  I . D .  code c a r d  and f i e l d s  3 and 5  o f  t h e  c o e f f i c i e n t  c a r d  

shou ld  n o t  be used. Negat ive  I .D. codes a r e  p e r m i t t e d  f o r  t h e  

a d a p t i v e  v a r i a b l e s .  T h i s  w i l l  cause t h e  program t o  i n v e r t  t h e  

s i g n  o f  t h e  a d a p t i v e  v a r i a b l e .  I t  would be used i f  one found 

i t  more conven ien t  t o  have t h e  a d a p t i v e  c o n d i t i o n ,  ui > bl , 
i n t e r p r e t e d  as 

-'ij > - b ,  , ( u i j <  b,). 

Reference was made i n  S e c t i o n  2.5.4 t o  a  numer ica l  s w i t c h  

wh ich  a l l o w s  t h e  a d a p t i v e  c o e f f i c i e n t  f e a t u r e  t o  be d e f i n e d  by  

Equa t ion  ( 2 . 5 5 )  r a t h e r  than  by Equat ion  (2 .54) .  I f  t h i s  o p t i o n a l  



d e f i n i t i o n  i s  d e s i r e d ,  any n e g a t i v e  number shou ld  be en te red  

i n  f i e l d  2  (columns 11-20) o f  t h e  v a r i a b l e  I .D.  ca rd .  Normal ly ,  

t h i s  f i e l d  i s  n o t  used excep t  when 4  o r  5  tenns a r e  needed i n  

a  genera l  f o r m  exp ress ion .  I n  t h e  case o f  a  4 t h  o r  5 t h  te rm 

and t h e  o p t i o n a l  d e f i n i t i o n ,  t h e  n e g a t i v e  o f  t h e  v a r i a b l e  I . D .  - 
code shou ld  be used i n  f i e l d  2. 

Pul se-Width M o d u l a t i o n  Tab le  - A d a ~ t i v e  C a ~ a b i l  i t v  

The a d a p t i v e  c a p a b i l i t y  f o r  t h e  FZi t a b l e  i s  implemented 

by t h e  f o l l o w i n g  numer ica l  i n p u t  procedure :  I f  f i e l d  6 

(column 51-60) o f  t h e  f i r s t  FZi c a r d  i s  non-zero,  two more 

FZi cards  a r e  read.  Each o f  these cards  m a i n t a i n  t h e  same f i v e  

f i e l d s  f o r  t h e  a1 t e r n a t e  FZi i n p u t .  However, two a d d i t i o n a l  

f i e l d s  a r e  i n c l u d e d  (columns 51-60, 61-70) and a r e  used t o  s p e c i f y  

t h e  a d a p t i v e  v a r i a b l e  I .  D. code and i t s  a s s o c i a t e d  b r e a k - p o i n t  

f o r  t h a t  c a r d  (a1 t e r n a t e  t a b l e ) .  The second a1 t e r n a t e  c a r d  takes  

precedence o v e r  t h e  f i r s t  a l t e r n a t e  i n  t h e  even t  b o t h  break-  

p o i n t s  a r e  exceeded. The f o l l o w i n g  sample i n p u t  i s  an example: 

Zi ca rd :  -30. -10. 0. 10. 50. 

1 s t  FZi ca rd :  0. .10 .20 - 5 0  .90 99. 

1 s t  a l t e r n a t e  FZi ca rd :  0. .05 .10 .25 .45 5. 50. 

2nd a l t e r n a t e  FZi c a r d :  

The number 99. i n  f i e l d  6  f o r  t h e  1 s t  FZi c a r d  s i m p l y  

causes t h e  n e x t  two cards  t o  be read.  Both  a l t e r n a t e  cards  a r e  

a d a p t i v e  i n  t h i s  case t o  t h e  same v a r i a b l e ,  v e h i c l e  v e l o c i t y  

( I . D .  code 5; f i e l d  6 ) .  The r e s p e c t i v e  b r e a k - p o i n t s  a r e  50. 

f t / s e c  and 70. f t / s e c .  The e f f e c t  o f  t h i s  i n p u t  i s  t o  cause 

t h e  program t o  use t a b l e  3 f o r  speeds above 70 f t / s e c ,  t a b l e  2 

f o r  speeds between 70 f t / s e c  and 50 f t / s e c ,  and t a b l e  1  f o r  

speeds l e s s  than  50 f t / s e c .  The a d a p t i v e  v a r i a b l e s  do n o t  have 

t o  be t h e  same, as i n  t h e  example. 



A n t i l o c k  I n p u t  Stream 

Be fo re  any i n p u t  da ta  f o r  t h e  a n t i l o c k  s u b r o u t i n e  i s  read,  

a key parameter (ILOCK) i s  read  which  determines whether o r  n o t  

any a x l e  o f  t h e  v e h i c l e  possesses an a n t i l o c k  system. I f  any 

o r  a l l  a x l e s  do, t h e  key parameter (ILOCK) i n  t h e  i n p u t  st ream 

shou ld  be s e t  t o  01 ( I 2  f o r m a t ) .  I f  no a n t i l o c k  system a t  a l l  

i s  des i red ,  ILOCK shou ld  be s e t  t o  0.  No a n t i  l o c k  da ta  shou ld  

f o l l o w  ILOCK i f  ILOCK i s  0 .  For  ILOCK s e t  t o  01, t h e  f o l l o w i n g  

key and i n p u t  parameter d i s c u s s i o n  a p p l i e s  f o r  each a x l e .  

IALOPTi i s  a key which must  be e n t e r e d  f o r  each a x l e  on 

t h e  v e h i c l e .  A va lue  o f  l e s s  than  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 .  A1 1 o f  t h e  parameters desc r ibed  below 

must be e n t e r e d  f o r  t h i s  a x l e .  A v a l u e  o f  ze ro  impl  i e s  t h e r e  

w i l l  be no a n t i l o c k  f o r  a x l e  i .  A p o s i t i v e  va lue ,  f o r  example, 

j, e n t e r e d  f o r  IALOPTi impl  i e s  t h a t  a x l e  j w i l l  have t h e  same 

sys tem as a x l e  3. Note t h a t  i must be g r e a t e r  t han  j. Thus, i f  

IALOPT3 = 01, a x l e  3 w i l l  have t h e  same a n t i l o c k  system as a x l e  

The numer ica l  i n p u t s  f o r  OPTION, t h e  s i d e - t o - s i d e  o p t i o n  

key, a r e  as f o l l o w s :  

OPT I ON 

01 => Worst Wheel 

02 => B e s t  Wheel 

03 => Average Wheel 

( I 2  Format) 

The f o l l o w i n g  l i s t  d e f i n e s  a l l  t h e  i n p u t  parameters a v a i l a b l e  

f o r  each a n t i  1 cck  system used (one o r  none p e r  ax1 e )  . The 

parameters r e q u i r e d  shou ld  be e n t e r e d  i n  t h e  o r d e r  g i v e n  below. 

I t  shou ld  be no ted  t h a t  t h i s  complete l i s t i n g  i s  presented 

t o  d e f i n e  t h e  o r d e r  and f o r m a t  o f  any r e q u i r e d  i n p u t  da ta .  The 

program, however, r e q u i r e s  as i n p u t  o n l y  t h a t  q u a n t i t y  o f  da ta  

needed t o  d e f i n e  a p a r t i c u l a r  system. 



Inpu t  

ILOCK 

D e s c r i p t i o n  

g l o b a l  a n t i l o c k  key 

IALOPT f o r  a x l e  1 

s i d e - t o - s i d e  o p t i o n ,  a x l e  1 

No. o f  'OFF' i n e q u a l i t i e s  
t o  fo l low 

No. o f  terms i n  1 s t  i n e q u a l i t y  

Ml v a r i a b l e  I.D. code ca rds  

f o r  l o g i c  i n e q u a l i t y  1 

Format 

M 1  c o e f f i c i e n t  c a r d s  5F10.4 

No. o f  terms i n  2nd i n e q u a l i t y  I 1  

M 2  v a r i a b l e  I.D. code c a r d s  4F10.4 

f o r  l o g i c  i n e q u a l i t y  2 

M2 c o e f f i c i e n t  c a r d s  

No. o f  te rms i n  3rd  i n e q u a l i t y  I1 

For NOFFl i n e q u a l i t y  e x p r e s s i o n s ,  NOFFl - < 4 .  



No. o f  ' O N '  i n e q u a l i t i e s  
t o  f o l l o w  

M 5  No. o f  t e r m s  i n  5 t h  i n e q u a l i t y  I 1  

MS v a r i a b l e  I .D. code c a r d s  4F10.4 

f o r  l o g i c  i n e q u a l i t y  5 

M 5  c o e f f i c i e n t  c a r d s  5F10.4 

No. o f  t e rms  i n  6 t h  i n e q u a l i t y  I 1  

For  NONl  i n e q u a l i t y  e x p r e s s i o n s ,  N O N l  - < 4 .  

' I ,  9 7 T 3 9  T4 Logic  t i m e  d e l a y s  4F10.4 

IPKEY P r e s s u r e  modu la to r  key I  I 

No. o f  t e rms  i n  I 1  

e x p r e s s i o n  (IPKEY=O , 2 )  

I 

N 1  v a r i a b l e  I .D. code c a r d s  4F10.4 

N 1  c o e f f i c i e n t  c a r d s  



No. o f  terms i n  t h e  c 2  
e x p r e s s i o n s  

N2 v a r i a b l e  I.D. code ca rds  

N2 c o e f f i c i e n t  ca rds  

b r e a k - p o i n t s  

X 3  X 4  & 2  
break  - p o i n t s  

P F E l  PFE2 PFE3 e x p o n e n t i a l  f a l l  r a t e s  

PREl  PRE2 PRE3 e x p o n e n t i a l  r i s e  r a t e s  

No. o f  terms i n  c 3  

e x p r e s s i o n  ( I P K E Y = 1 , 2 )  

N3 v a r i a b l e  I .D. cod2 c a r d s  4F10.4 

N3 c o e f f i c i e n t  ca rds  

No. o f  terms i n  E~ 

e x p r e s s i o n  

N4 v a r i a b l e  I ,D. code c a r d s  4 F 1 0 . 4  



N4 c o e f f i c i e n t  c a r d s  

3 b r e a k - p o i n t s  

€ 4  b r e a k - p o i n t s  

PFLl PFL2 PFL3 l i n e a r  f a l l  r a t e s  

P R L l  PRL2 PRL3 l i n e a r  r i s e  r a t e s  

p r e s s u r e  modulator  t ime de lays  

wheel r a t e ,  a c c e l e r a t i o n  
t ime c o n s t a n t s  

oPl22 O P 2 3 ,  op34 l o g i c a l  o p e r a t o r  swi t ches  

0 P 5 6 9  O p G 7 ,  O p 7 *  l o g i c a l  o p e r a t o r  s w i t c h e s  

IPDKEY t r e a d l e  p r e s s u r e  modulator  key 

N 5  No. o f  terms f o r  PDRISE 

N 5  v a r i a b l e  I.D. code ca rds  

N 5  c o e f f i c i e n t  c a r d s  

No. o f  terms i n  PDFALL 
e x p r e s s i o n  

N 6  v a r i a b l e  I . D .  code c a r d s  4F10.4 



IPWMKY 

PERIOD 

N6 c o e f f i c i e n t  ca rds  

p u l s e - w i d t h  modulat ion key I2  

p e r i o d  o f  p u l s e - w i d t h  modulated F10.4 
squa re  wave 

No. o f  terms i n  E~ e x p r e s s i o n  I 1  

N 7  v a r i a b l e  I .D.  code ca rds  4F10.4 

N 7  c o e f f i c i e n t  ca rds  

Z 1 9 Z 2 9 z 3 9 z 4 9 z 5  TMoD lT-mm t a b l e  b r e a k - p o i n t s  5F10.4 

TMoD t a b l e  i n p u t  F Z 1 9 F Z 2  9 F Z 3 9 F Z 4 9 F Z 5  PERIOD 6F10.4 

a l t e r n a t e l a d a p t i v e  FZi inpu t  7F10.4 
( s e e  S e c t i o n  1 7F10.4 

IOSKEY 

N1 

one- sho t  o p t i o n  key I2 

No. of terms f o r  1 s t  one - sho t  I 1  
express ion  

N 1  v a r i a b l e  I .D.  code ca rds  



TOSl 

N 2  

N 1  c o e f f i c i e n t  c a r d s  

t ime  d u r a t i o n  o f  1 s t  o n e - s h o t  F10.4 

No. o f  t e r m s  i n  2nd o n e - s h o t  I 1  
e x p r e s s i o n  

N 2  v a r i a b l e  I.D. code c a r d s  4F10.4 

N 2  c o e f f i c i e n t  c a r d s  5F10.4 

t ime  d u r a t i o n  o f  2nd o n e - s h o t  F10.4 
e x p r e s s i o n  

No. o f  t e rms  i n  3 r d  o n e - s h o t  I1 
e x p r e s s i o n  

N3 v a r i a b l e  I  . D .  code c a r d s  4F10.4 

N3 c o e f f i c i e n t  c a r d s  

t i m e  d u r a t i o n  o f  3 r d  o n e - s h o t  

(N3 a n d / o r  N 2  must b e  e n t e r e d  ( a s  0) i f  o n l y  t h e  f i r s t  
o r  s econd  o n e - s h o t s  a r e  u s e d . )  



TSMPLE 

gene ra l  purpose coun te r  key  I 2  

No. o f  terms i n  g e n e r a l  purpose I 1  
coun te r  express ion  

NG v a r i a b l e  I  .D. code ca rds  

N G  c o e f f i c i e n t  ca rds  5F10.4 

c o n t r o l  l o g i c  sampling p e r i o d  F10.4 

IALOPT f o r  a x l e  2 I2 

OPTION f o r  a x l e  2 

Same i n p u t  format  a s  f o r  a x l e  1 1 
IALOPT IALOPT f o r  a x l e  3 

OPTION3 OPTION f o r  a x l e  3 

End of  a n t i l o c k  i n p u t  

T I N C  
TRUCK 



The fol 1 owing section provides two example problems and 

the i r  associated input l i s t s .  Appendix E contains three an t i -  

lock data se t s  which exhibit  pressure a n d  wheel s l i p  

character is t ics  similar  to  those depicted in Figures E .  1 through 

E;3. 

Example Problems 

EXAMPLE 1 .  

Suppose an antilock system possesses the following 

features:  ( 1 )  a wheel sensor time delay e f fec t  of 10 ms. and 

another 20 ms. delay in the derivation, of wheel acceleration; 

( 2 )  control logic which generates an  "OFF" signal once the 

wheel acceleration f a l l s  below -50.0 f t / sec2  and an "ON" signal 

fo r  wheel accelerations greater  than -10.0 f t / sec2 ;  ( 3 )  pressure 

modulator time delays of 40 ms. fo r  "OFF" signals and 60 ms. 
fo r  "ON" s ignals.  The supposed exponential pressure rates are 

functions of wheel acceleration defined as .follows: 

( 0 . 1 ) - '  = 10.0 for  ; < -100 f t / sec2  - 
Pressure Fall Rate ' 5 

( 0 . 2 ) ~ '  = 5.0 fo r  > -100 f t / sec2  

( 0 . 2 ) ~ '  = 5.0 f o r ;  - < 50 f t / sec2  
Pressure Rise Rate = 

( 0 . 1 ) - '  = 10.0 for k > 50 f t / scc2  

The following choice of input parameters would sa t i s fy  the 

above antilock system: 



I .D.  Code f o r ;  = 4 .  

I.D. Code f o r  1 . 0  = 1. 

P F E l  = 1 0 . 0  



P R E l  = 5.0 

PRE2 = 10.0 

OPIZ = OPZ3 = OP34 = OPS6 = 0 P b 7  = OP78  = e i t h e r  0 o r  1 

Î O N  = 0 . 0 6  

T OFF = 0.04 

The f o l l o w i n g  i n p u t  l i s t  would be r e q u i r e d :  



ILOCK 

IALOPT 

worst-wheel s i d e - t o - s i d e  op t ion  

NOFFl 

1.D. code f o r  ; 
I.D. code f o r  1.0 

1 s t  term c o e f f i c i e n t ,  C l l  

2nd term c o e f f i c i e n t ,  C12 

NON 

M5 

I.D. code f o r  ; 
I.D. code f o r  1 . 0  

1 s t  term c o e f f i c i e n t ,  CS1 

2nd term c o e f f i c i e n t ,  C S 2  

'i 

IPKEY 

I . D .  f o r  ; 
I .D.  f o r  1 . 0  

1 s t  term c o e f f i c i e r - t  f o r  E~ 

2nd term c o e f f i c i e n t  f o r  c1 

I . D .  f o r  ; 
I.D. f o r  1 . 0  

1 s t  term c o e f f i c i e n t  f o r  E~ 

2nd term c o e f f i c i e n t  f o r  c 2  



'ON, 'OFF 

'w' 'WD 

0 P l 2 9  OPZ39 

Ops69 Op679 Op7*  

IPDKEY 

I PWMKY 

IOSKEY 

I GPKEY 

TSMPLE 

TINC 

TRUCK 



EXAMPLE 2. 

S imu la t ion  o f  an a n t i l o c k  system hav ing t he  f o l l o w i n g  

fea tu res  : 

Wheel Sensor: T T = .010 seconds 
w wd 

Contro l  Log ic :  

OFF s i gna l  g i ven  by 

F1 = ; - W -  1 4 ,  - 0, f o r  5 0 f t / s e c  

= i - w - 1 1 > 0 ,  - f o r R ( 5 0  - 

AND - 

F3 = S L I P  - .50 > 0  - 

ON s i gna l  generated when 

AND 



Pressure Modul a to r :  

a )  'ON = ,015 sec. ; 'OFF = .010 sec. 

b )  One exponential fa1 1 ra te  of 14. sec-' . 

C) One exponential r i s e  ra te  of 14. sec-' . 
and one l inear  r i s e  ra te  of 45. sec-' . 

The exponential and l inear  pressure r i s e  regions a re  determined 

by a decaying time ramp from the maximum pressure in the previous 

cycle. For pressure below th i s  time ramp, the pressure r i s e  i s  

exponential; f o r  pressure greater  than the time ramp, the 

pressure r i s e  i s  l inear  (see Figure 2.67). The decaying time 

ramp can be written as 

PMAXl - 85. ( t  - TPMAXl) 

where 

PMAXl i s  the maximum pressure in the l a s t  cycle 

t i s  time 

TPMAXl i s  the time of the maximum pressure in 

the l a s t  cycle 

and 85. i s  the ra te  of decay. 

By subtracting the above expression from brake pressure, 

P ,  the c 2  and c 4  general expressions become: 

2 = P - PMAXl + 85 T - 85 TPMAXl 

a n d  

4 = P - PMAXl + 85 T - 85 TPMAX1, 



t he  s w i t c h i n g  p o i n t  o c c u r r i n g  a t  i 2  = c 4  = 0. Therefore ,  t h e  

d e s i r e d  r i s e  c h a r a c t e r i s t i c  can be s imu la ted  by t h e  f o l l o w i n g  

s e t  o f  p ressure  i n p u t s :  

x 3  = x 4  = x7  = x8 = 0 

PREl = PRE2 = 14. , PRE3 = 0 

PRLl = PRL2 = 0. , PRL3 = 45. 

The f o l l o w i n g  i n p u t  l i s t  would be r e q u i r e d :  



I LOCK 



IPKEY 



I PWMKY 

I O S K E Y  



I GPKEY 

TSMPLE 

T I N C  

TRUCK 



Output-Echo Format 

F igu res  2.68 th rough  2.71 show an e x a ~ l ~ p l e  output -echo fro111 

t h e  a n t i l o c k  s u b r o u t i n e .  The f i r s t  o u t p u t  page i s  s i m p l y  t h e  

u s e r  d i c t i o n a r y  o f  v a r i  ab l  es/parameters.  The succeeding pages 

r e p r e s e n t  a  computer echo o f  t h e  i n p u t .  The " F i r s t "  and 

"Second Adap t i ve  Value" columns r e f e r  t o  t h e  a l t e r n a t e  c o e f f i -  

c i e n t s  ava i  l a b l e  w i  t h  t h e  adap t i ve  c o e f f i c i e n t  f e a t u r e .  The 

" F i r s t "  and "Second Adapt ive  V a r i a b l e "  columns echo t h e  

v a r i a b l e  I . D .  codes f o r  t h e  two a d a p t i v e  v a r i a b l e s ,  w h i l e  t h e  

columns l a b e l e d  " F i r s t "  and "Second Break-Poi n t "  c o n t a i n  t h e i r  

a s s o c i a t e d  b r e a k - p o i n t s .  I f  t h e  secondary a d a p t i v e  c o e f f i c i e n t  

d e f i n i t i o n  ( F i g u r e  2.59) i s  used, t h e  word "AND" appears between 

t h e  F i r s t  and Second Adap t i ve  V a r i a b l e  columns i n  t h e  o u t p u t  

echo f o r  t h a t  c o e f f i c i e n t .  Any i n p u t  n o t  a s s o c i a t e d  w i t h  a  

genera l  form exp ress ion  i s  1  i s t e d  under "Non-Adaptive A n t i  l o c k  

Parameters. " 

The echo shown i n  F igu res  2.68 th rough  2.71 i s  f o r  t h e  

second a n t i l o c k  d a t a  s e t  o f  Appendix E. 



* * w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * iC * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * 4 + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * 0 * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  r ffi * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * -z + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * 2: * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * * * 2 L....................,..........., * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  L 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * v + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * n * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * 0 * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * . ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * P I  * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * I )  
u H I  . . . . . . . . . . . I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . *  + 



W W  I 
* d l  
urn I 

E 4 H 4  1 
w a H  I 
lx4L-G l 
n o d  I 
P 1 4 *  l 

N I * I 
a I 
Z H P J  I 
O C d 3  I 
U 4 - l  I 
W Q k  I 
m a *  l 

'I- 

LL 

--I 

z",2 
H W W  
2 7. z 
W I O W  
.4 n n 
O U U  
r ( H U  

3;: 
W W W  
0 0 0  
U U V  



p (1) C O E F F I C I E H T  (1) . 
E P S I L I O N  2: 

C O E F F I C I E N T  ( I )  
C O E F F I C I E N T  ( 2 )  
C O E F F I C I E N T  (3)  
C O E F F I C I E N T  (4) - 

E P S I L I C N  3:  

C O E F F I C I E N T  ( 1 )  1 .0000 
C O E F F I C I Z N T  (2 )  -1.0000 
C O E F F I C I E N T  (3) 200.COOG 100.0300 
C O E F F I C I E N T  (4)  -200.0000 -103.0000 

ONE-SHOT 1: 

C O E F F I C I E N T  (1)  -1. O O O G  
C O E F F I C I E N T  ( 2 )  1.0000 
COEPFXCIEKT (3) -20.0000 - 
C O E F F I C I E N T  (1)) 20.OG00 
C O E F Z I C l E N T  (5) -6.0000 

ONE-SHOT 2: 

C O E F F I C I E N T  (1) 0.0 
C O E F E I C I E N T  (2) -0.1OGo 
C O E F F I C I E N T  (3) 50.0000 
C O E F E I C  IENT ( 4 )  1.0000 

** NOH-BCAPTIVE ANTI-LCCK PABA METERS. ** 
TAU1 
TAU2 
TAU3 
TA UU 
X 1 
x 2 
x 3 
XU 
P FEl 
P F E Z  
P F E 3  
PREl 
PREZ 
P R E 3  
x 5 
xd 
x7 

L O G I C  T I R E  DELAY 
n 

0.0 
0.0 
0.0 
0.0 
0.C 

50. O O C O  
-5 .COCO 

2.5GCO 
12.50CO 
12.50CO 
12.5000 
11).0003 
14.000G 
0.0 
0.0 

50. COO0 
-5 .ooco 

. n 
11 

E P S I L O N  1 BREAK-PT 
a 

E P S I L O N  2 BREAK-PT 
n 

EXP. P R E S S U R E  P A L L  HATE 
n 
11 

E X P .  PRESSURE R I S E  RATS 
I1  

n 

E P S I L O N  3 BREAK-PT 
n 

E P S I L O N  4 BREAK-PT 

F i g u r e  2 . 7 0 .  A n t i  l o c k  r11r t p u t  echo. 



x e 
P F L l  
P P L 2  
P P L 3  
P E L 1  
PRLZ 
P R L 3  
TA[JON 
TAlJOPP 
TAUY 
TAUYD 
O P 1 2  
OP23 
O P 3 4  
O P 5 6  
OP67 
O P 7 8  
TOS 1 
T O S 2  
TSA HPLE 
O P T I O N  

*** AXLE 

11 

L I N .  P R E S S U R 9  FALL RATE 
11 

n 

L I N .  P R E S S U R E  R I S E  RATE 
(1 

n 

PRESSURE-CN T I R E  DEIAY 
P R E S S U R E - C F F  T I R E  DELAY 
T I M E  CCNSTANT-WHEEL RATE 
T I H E  CONSTANT-WHEEL ACCEL. 
LCGICAL OfERATOR SWITCH 

11 

11 

LOGICAL OPERATOR SWITCH 
11 

11 

ONE-SHOT ' I I f l E  DURATION 
ONE-SEOT T I B E  DURATION 
ANTI-LGCK S A N P L I N G  RATE 
S I D E - T O - S I D E  

2 Y I L L  BAVE TEE SAHE ANTI-LOCK 

2.5000 
0.0 
0 .o 
0.0 
0 . 0  
0 . 0  

4 0 . 0 0 G O  
0 . 0 1 5 0  
0 . 0 1 0 0  
0.0100 
0 . 0 1 0 0  

1 
0 
0 
1 
0 
0 

0 . 0 2 0 0  
0 . 0 2 0 6  
0 . 0 0 1 0  

I 

S Y S T E t l  AS AXLE 1 

*** AXLE 3 Y I L L  H A V E  T E E  SAHE ANTI-LOCK S Y S T E H  AS AXLE 1 

*** END I N P U T  *** 

F igu re  2.71. A n t i l o c k  ou tpu t  echo. 



2.6 Rough Road 

The preced ing subsect ions  o f  S e c t i o n  2 have discussed a l l  

t h e  ma jo r  areas o f  t h e  Phase I 1 1  s i m u l a t i o n s .  The programs 

a l s o  c o n t a i n  a  v a r i e t y  o f  m ino r  o p t i o n s .  These i n c l u d e :  

1. Rough Road 

2.  Mechanical  A c t u a t i o n  o f  t h e  Park ing  Brake 

3. Brake Torque App l i ed  t o  t h e  D r i v e  S h a f t  

4. P r o p o r t i o n i n g  Valves 

O f  t h i s  1  i s t ,  t h e  l a s t  t h r e e  o p t i o n s  have been documented 

i n  t h e  Phase I r e p o r t  [I]. The rough road  o p t i o n  w i l l  be 

covered here.  

I n  t h e  Phase I 1 1  program, t h e  use r  i s  g i v e n  the  o p t i o n  

of s i m u l a t i n g  v e h i c l e  performance on e i t h e r  a  smooth o r  rough 

road.  As was d iscussed i n  S e c t i o n  2.1, t h e  "Rough Road" o p t i o n  

may be c a l l e d  i n t o  p l a y  by t h e  e n t r y  o f  a  -1 va lue  f o r  t h e  

ROAD KEY. A  smooth road  i s  employed by t h e  s i m u l a t i o n  i f  t h e  KEY 

i s  d e l e t e d  f rom t h e  i n p u t  f l o w .  

A  rough road  may be o f  any p r o f i l e  chosen by t h e  use r .  

To i n p u t  t h e  d e s i r e d  road  p r o f i l e ,  t h e  user  must mod i f y  t h e  

ROAD s u b r o u t i n e  a p p r o p r i a t e l y .  The ROAD subrou t ine  subprogram 

which has been s u p p l i e d  t o  t h e  use r  i s  l i s t e d  i n  F i g u r e  2.72. 

N o t i c e  t h a t  t h e r e  a r e  t h r e e  e n t r y  p o i n t s  t o  t h e  subprogram, v i z . :  

1. t h e  SUBROUTINE ROAD s ta tement  

2. t h e  ENTRY ROADS s ta tement  

3. t h e  ENTRY ROAD2 s ta tement  

The SUBROUTINE ROAD and ENTRY ROADS statements a r e  b o t h  

" i n i t i a l i z a t i o n "  e n t r y  p o i n t s  wh ich  come i n t o  p l a y  p r i o r  t o  

t h e  a c t u a l  c a l c u l a t i o n  o f  v e h i c l e  performance. The ENTRY ROAD2 

s ta tement  i s  t h e  a c t i v e  e n t r y  p o i n t  which i s  used d u r i n g  

s i m u l a t i o n .  The i n i t i a l i z a t i o n  p o r t i o n  o f  t h e  program 



S U ~ K U U T I ~ ~  R U A O ( A ~ ~ A L ~ A ~ ~ A ~ , A ~ T A ~ ~ , A S ~ ~ ~ B ~ ~ B B Z )  
DIMENSIOh CkST( 3 )  1 R U A D L I Y  I 
Iw=2 
I C O U N T =  1 
PETURN 
E N T R Y  K O A D S  ( 0 1 , 0 2 1  
LIO TU ( 1 , 2 * 3 1 4 1  1 1 C G U N T  

1 C k S T ( l ) = A l  
C N S T (  Z ) = - A Z + D l  
C h S T L  3 ) = - A 2 - U 2  
GO T O  5 

2 CNST(IW)=-ALtdBl-A3-A4+01 
C h S T  ( I N + l  ) = - A 2 + B B l - A 3 - A 4 - 0 2  
G G  T O  5 

3 CNST(Ikl=-A2+0dl-A5-A8-BtlL+Cl 
CNST ( IW+1 ) = - A L + B B l - A 5 - A 8 - B B L - D 2  
GO T0 :, 

4 C N S T (  I k ) = - A 2 + 3 H l - A 5 - A 6 - A 7 - A W l  
C k S T  ( i k t  1 ) = - A 2 + B B l - A 5 - A 6 - A a - 0 2  

5 I W = I N + A  
If- ( u 2  . N t .  0.1 I W = I w + l  
I L C U N T = I C G L J N T + ~  
RE TURN 
E k T K Y  K O A U Z ( X ~ R O A I I Z ~ & A X L E )  
00 l O O L  I = l , K A X L E  

HE TURN 
END 

F i g u r e  2.72.  S u b r o u t i n e  ROAD 1 i s t i n g .  



e s t a b l i s h e s  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  v a r i o u s  a x l e s  o f  

t h e  v e h i c l e  w i t h  r e s p e c t  t o  t h e  v e h i c l e ' s  sprung mass c .g .  ( t h e  

t r a c t o r  sprung mass f o r  a r t i c u l a t e d  v e h i c l e s ) .  These r e l a t i v e  

p o s i t i o n s  a r e  expressed by t h e  va lues o f  t h e  parameters CNST(1) 

where I=1,2..  . no. o f  a x l e s  on t h e  v e h i c l e ,  c o u n t i n g  f rom f r o n t  

t o  r e a r .  ( I f  an a x l e  i s  f o rward  o f  t he  c.g.,  i t s  CNST va lue  

i s  p o s i t i v e ;  i f  a f t ,  i t s  CNST i s  nega t i ve . )  

I n  t h e  a c t i v e  p o r t i o n  o f  t h e  program, t h e  s i m u l a t i o n  passes 

t h e  l o n g i t u d i n a l  p o s i t i o n  o f  t h e  sprung mass c.g., X ( i n  e a r t h  

c o o r d i n a t e s ) ,  t o  ROAD. Wi th  t h i  s  va lue,  t h e  values o f  t h e  CNST 

parameter, and t h e  user -supp l  i ed road p r o f i  l e ,  ROAD, c a l c u l a t e s  

t h e  v e r t i c a l  h e i g h t  o f  t h e  road  under each a x l e ,  i . e . ,  ROADZ(1) 

where I=1,2,. . . no. o f  a x l e s  on t h e  v e h i c l e ,  coun t ing  f r o m  

f r o n t  t o  r e a r .  

To i n p u t  t h e  d e s i r e d  road p r o f i l e ,  t h e  user  need o n l y  

p r o v i d e  a  s ta tement  ( o r  s ta tements)  which desc r ibe  t h e  p r o f i l e  

i n  t h e  form: 

where 

ROADZ(1) i s  t h e  v e r t i c a l  dimension o f  t h e  road  

i n  f e e t  w i t h  t h e  p o s i t i v e  d i r e c t i o n  

upwards 

AXLEX i s  t h e  h o r i z o n t a l  d imension o f  t h e  road 

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

and t h e  zero p o s i t i o n  d i r e c t l y  below t h e  

sprung mass c.g. ( o f  t h e  t r a c t o r  f o r  

a r t i c u l a t e d  v e h i c l e s )  a t  t i m e  = zero.  

The c o r r e c t  p o s i t i o n  f o r  such a  s ta tement  ( o r  s ta tements)  i s  

shown by t h e  shaded area o f  F i g u r e  2.72. T h i s  shaded area - i s  

t h e  o n l y  p o r t i o n  o f  t he  s u p p l i e d  program which t h e  user  need 

a l t e r .  



Two examples o f  road p r o f i l e s  and t h e  a p p r o p r i a t e  "user -  

s u p p l i e d "  statements appear i n  F igu res  2.73 and 2.74. F i g u r e  

2.73 i n d i c a t e s  t h e  road p r o f i l e  d e f i n e d  i n  t h e  ROAD program 

s u p p l i e d  ( F i g u r e  2 .72) .  A road  o f  s i n u s o i d a l  p r o f i l e  i s  shown 

i n  F igu re  2.74. 









3.0 APPLI CAT1 ONS , CONCLUSIONS, AND RECOMMENDED RESEARCH 

A coniputer s i ~ n u l a t i o r i  f o r  a n a l y z i n g  t h e  b r a k i n g  performance 

o f  commerci a1 veh i c l  es equ i pped w i  t h  a n t i  1  oc k  sys tems was 

d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  2 o f  t h i s  r e p o r t .  The use o f  

t h i s  s i m u l a t i o n  r e q u i r e s  an e x t e n s i v e  s e t  o f  pa ramet r i c  da ta  

t o  r e p r e s e n t  a  motor  t r u c k .  Apparatus and techn iques f o r  

measur ing t h e  needed p a r a m e t r i c  d a t a  a r e  d e s c r i b e d  i n  References 

1, 2, 6 t h rough  11, and 15 th rough 17. I n  p a r t i c u l a r ,  methods 

and s p e c i a l  dev ices  f o r  measur ing ( 1 )  t h e  shear f o r c e  per formance 

o f  t r u c k  t i r e s ,  ( 2 )  t h e  t o r q u e  response o f  pneumatic b rakes ,  

and ( 3 )  t h e  p ressu re  modu la t i on  c h a r a c t e r i s  t i c s  o f  a n t i  l o c k  

b r a k i n g  systems a re  presented i n  References 15, 16, and 17, 

r e s p e c t i v e l y .  

The comprehensiveness o f  t h e  mathemat ica l  model used i n  

t h i s  s i m u l a t i o n  can be e i t h e r  an advantage o r  a  d isadvantage,  

depending upon t h e  appl  i c a t i o n .  C l e a r l y ,  t h e  s i m u l a t i o n  can 

be used t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  changes i n  suspension 

des ign ,  b rake  c h a r a c t e r i s t i c s ,  t i r e  p r o p e r t i e s ,  and a n t i  l o c k  

system des ign  on t h e  b r a k i n g  performance o f  a  s p e c i f i c  v e h i c l e .  

However, s i m p l e r  v e h i c l e  models [24, 301 r e q u i r i n g  much l e s s  

p a r a m e t r i c  da ta ,  can be used t o  advantage i n  c e r t a i n  a p p l i c a t i o n s  

where genera l  r e s u l t s  o r  t r e n d s  a r e  o f  i n t e r e s t .  

I n  t h e  remainder  o f  t h i s  s e c t i o n  t h r e e  t o p i c s  a re  

d iscussed:  ( 1 )  a p p l i c a t i o n  s t u d i e s  based on t h e  c a p a b i l i t i e s  

o f  t h i s  s i m u l a t i o n ,  ( 2 )  conc lus ions  conce rn ing  t h i s  approach t o  

t h e  s i m u l a t i o n  ( p r e d i c t i o n )  problem, and ( 3 )  areas f o r  f u r t h e r  

resea rch  i n v e s t i g a t i o n s .  



3.1 A p p l i c a t i o n s  

An i n i t i a l  v e r s i o n  o f  t h i s  computer program has been used 

t o  a i d  i n  p r e d i c t i n g  co l i ~p l i ance  w i t h  FMVSS 121. Reference 14 

p resen ts  d a t a  showing good agreement between s i n l u l a t i o n  and t e s t  

r e s u l t s  f o r  a  t r u c k  which was equipped w i t h  an a n t i l o c k  system 

t o  s tudy  b r a k i n g  performance i n  t h e  t e s t s  s p e c i f i e d  i n  FMVSS 121 

C e r t a i n l y ,  t h e  pr ime a p p l i c a t i o n  o f  t h i s  computer program has 

been t o  a i d  i n  deve lop ing  and e v a l u a t i n g  v e h i c l e s  t h a t  w i l l  meet 

t h e  requ i rements  o f  FMVSS 121. 

Since t h e  p r e d i c t i o n  of t h e  b r a k i n g  performance o f  a  c u r r e n t  

model o f  commercial v e h i c l e s  i s  a  complex problem w i t h  many 

i n t e r a c t i n g  elements, i t  i s  ve ry  d i f f i c u l t  t o  be su re  t h a t  t h e  

s i m u l a t i o n  w i l l  per fo rm a c c u r a t e l y  i n  every  case under eve ry  s e t  

of c i rcumstances.  U n t i l  t h e  s i m u l a t i o n  has been used 

s u c c e s s f u l l y  i n  an e x t e n s i v e  number o f  w e l l  understood cases, 

t h e  aser  shou ld  proceed w i t h  c a u t i o n .  To s t a r t  w i t h ,  i t  i s  

env i s ioned  t h a t  s i m u l a t i o n  and t e s t  r e s u l t s  f o r  a  b a s e l i n e  

c o n f i g u r a t i o n  o f  a  p a r t i c u l a r  v e h i c l e  model w i l l  be ob ta ined  and 

compared. A f t e r  a1 1  s i g n i f i c a n t  d i sc repanc ies  between s i m u l a t i o n  

and t e s t  r e s u l t s  have been ana lyzed and c o r r e c t e d  t o  o b t a i n  

s a t i s f a c t o r y  agreement between s i m u l a t i o n  and t e s t ,  t h e  

s i m u l a t i o n  may be used t o  p r e d i c t  t h e  i n f l u e n c e  o f  changes i n  

v e h i c l e  components o r  s e r v i c e  f a c t o r s  ( l o a d i n g ,  i n f l a t i o n  pressure ,  

wear, e t c . )  on b r a k i n g  performance. (An example o f  t h e  use o f  

t h e  procedure desc r i bed  above i s  g i v e n  i n  Reference 29.) 

S ince t r u c k s  a r e  o f t e n  t a i l o r e d  t o  t h e  b u y e r ' s  needs and 

d e s i r e s ,  many d i f f e r e n t  c o n f i g u r a t i o n s  o f  a  b a s i c  v e h i c l e  t ype  

may be produced. The s i m u l a t i o n  p rov ides  a  t o o l  f o r  e v a l u a t i n g  

t h e  i n f l u e n c e  o f  these c o n f i g u r a t i o n  changes on s t o p p i n g  

performance.  

Veh ic l  e  components, f o r  example, commerci a1 v e h i c l e  brakes,  

a r e  known t o  have d i f f e r i n g  c h a r a c t e r i s t i c s  f rom sample t o  



sample o f  t h e  same t y p e  o f  component. Es t imates  o f  t h e  range 

o f  v a r i a b i l i t y  o f  t h e  mechanical  p r o p e r t i e s  o f  b a s i c  v e h i c l e  

components can be used t o  d e f i n e  parameter v a r i a t i o n s  f o r  use 

i n  t h e  s i m u l a t i o n .  Once t h e  parameter v a r i a t i o n s  a r e  de f i ned ,  

t h e  s i m u l a t i o n  can be used t o  s tudy  t h e  i n f l u e n c e  o f  component 

v a r i a b i  1  i t y  on s t o p p i n g  d i s t a n c e .  

A1 though t h i s  i s  a  s t r a i g h t - l i n e  b r a k i n g  model , s i d e - t o -  

s i d e  d i f f e r e n c e s  i n  brake t o r q u e  p r o p e r t i e s  (b rake  imbalance) a r e  

a l l owed .  I t i s  assumed t h a t  t h e  d r i v e r  s t e e r s  t o  c o r r e c t  f o r  

t h e  moment produced by any imbalanced brake f o r c e s  and t h a t  t h e  

s t e e r i n g - i n d u c e d  s i d e  f o r c e s  have a  neg l  i g i  b l y  smal l  e f f e c t  on 

b r a k i n g  performance.  The reason f o r  a l l o w i n g  a  brake imbalance 

o p t i o n  i s  t h a t  c u r r e n t  a n t i l o c k  systems c o n t r o l  b o t h  wheels on 

an a x l e  based on t h e  wheel wh ich  i s  c l o s e s t  t o  l o c k i n g .  Con- 

sequen t l y ,  t h e  wheel which i s  n o t  c l o s e  t o  l o c k i n g  may be p roduc ing  

a  l e v e l  o f  b r a k i n g  f o r c e  wh ich  i s  c o n s i d e r a b l y  l e s s  than  optimum 

i f  t h e  brake imbalance i s  l a r g e .  C l e a r l y ,  t h i s  e f f e c t  can have 

an u n d e s i r a b l e  i n f l u e n c e  on s t o p p i n g  d i s t a n c e ,  and i t  needs t o  

be cons idered i n  p r e d i c t i n g  brake performance. 

The paragraph above p rov ides  an example o f  t h e  d e t a i l e d ,  

s p e c i f i c  t ype  o f  problem which can be addressed w i t h  t h i s  s imu la -  

t i o n .  Other  t y p i c a l  a p p l i c a t i o n s  o f  t h e  s i m u l a t i o n  i n c l u d e  t h e  

e f f e c t  on wheels-unlocked s t o p p i n g  d i s t a n c e  o f :  

( 1 )  b rake p r o p o r t i o n i n g  f r o n t  t o  r e a r  

( 2 )  a x l e  l oads  as a  f u n c t i o n  o f  l o a d i n g ,  suspen- 

s i o n  type,  and v e h i c l e  geometry (wheel base, 

c e n t e r  o f  g r a v i t y  l o c a t i o n ,  and a x l e  p o s i t i o n )  

( 3 )  v a r i a t i o n  o f  t i r e  c h a r a c t e r i s t i c s  f rom a x l e  

t o  a x l e  ( i n  p a r t i c u l a r ,  v a r i a t i o n s  i n  peak 

and s l i d e  b r a k i n g  f o r c e  va lues )  

( 4 )  changes i n  a n t i l o c k  system des ign f o r  t h e  

e n t i r e  v e h i c l e  o r  f r o m  a x l e  t o  a x l e  



( 5 )  changes in brake operating characterist ics such 
as fade, effectiveness, and hysteresis. 

An example s e t  of results  covering effects  (1 )  through ( 5 )  for 

a part icular  vehicle i s  given in Reference 29. 

3.2 Conclusions Concerning the Simul a t i  on Problem 

The simulati on approach described in thi s report provides 

a d i rect  , a1 bei t complex, method for obtai ni ng quantitative 

predictions of vehicle braking response. Operating th is  simula- 

tion i s  in many ways analogous t o  conducting a vehicle response 
t e s t .  The control input, brake pressure, i s  selected before the 
t e s t  (or  simulation run) and then used in the t e s t  (o r  simulation 

run). Vehicle response to  the control input i s  measured (o r  
computed). Thus, i f  the vehicle parameters are accurate and the 
equations describe the vehicle adequately, then operating the 

simulation i s  nearly equivalent t o  conducting skid pad t e s t s .  

Operating the simulation has several advantages over 

vehicle tes t ing.  I t  i s  inexpensive and safe.  The influence of 
changes in vehicle components can be determined without fabri - 
cating and ins ta l l ing new components. The simulation output 
contains data on many more variables than can be measured w i t h  

a reasonable amount of instrumentation on the t e s t  vehicle. 

The main disadvantage of the simulation i s  the need t o  

obtain parametric data. The e f fo r t ,  cost ,  and time required t o  
measure vehicle parameters may be as large as the e f fo r t ,  cost ,  

and time required to  instrument an existing vehicle and make a 
few vehicle t e s t s .  However, the cost of test ing will exceed the 
cost of simulating as the number of specified t e s t  conditions 
increases. 

Other approaches t o  the problem of simulating (predicting) 
braking performance ex i s t .  A simp1 if ied program [24 ]  has been 
developed to complement th i s  program. The simp1 i f i  ed program 



provides prel iminary resul ts  which can be very helpful in 

planning sinlulati on studies and i n  understanding the resul ts  

from the complex computer program. Another approach i s  the 

i ndirect,  or so-called "inverse,"  approach i n  which the stopping 
time history i s  chosen, and the brake pressure required for  th i s  

time history i s  calculated by the computer. This type of approach 

appears t o  be more useful in directional response studies of 

driver demand than in braking performance studies.  

The simp1 i f ied  program described in [24 ]  has an option 
which allows the user to  se lect  various brake proportioning 

arrangements. With a few t r i a l  runs the user can find a s a t i s -  

factory proportioning arrangement. Cl early,  programs can be 
written which wi l l  find an optimum proportioning for  a given 
vehicle configuration. That type of program i s  aimed a t  the 

vehicle design (synthesis)  problem. The large simulation 

described in t h i s  report i s  an analysis tool .  To use i t  in the 

design context, the user can analyze a number of design possi- 
b i l i t i e s  and pick the best design, b u t  t h i s  program does not find 

an optimum design automatically ( i  . e . ,  by i t s e l f ) .  

Recommended Research -- 

Recent state-of-the-art  reviews [25, 26, 2 7 ,  281 are in 
to ta l  agreement in two areas:  ( 1 )  the scarci ty of experimental 
work performed to  validate predictive models, and ( 2 )  the need 
fo r  accurately characterizing truck t i r e  mechanics. I t  seems 
c lear  that  more vehicle t e s t  programs a re  needed to  verify that  
our understanding of truck mechanics (as  represented by our 
simulation models) i s  suff ic ient  t o  predict vehicle performance. 
Equally c lear  i s  the need t o  obtain truck t i r e  shear force perfor- 
mance data. Further studies of truck t i r e  mechanics should be 
performed now that  appropriate t i r e  t e s te r s  have been developed 
for  truck t i r e s .  



The comnercia l  v e h i c l e  brake does n o t  appear t o  be w e l l  

understood a t  t h i s  t ime. The presence o f  brake v a r i a b i  li t y  

h inde rs  a t tempts  t o  use a  l i m i t e d  number o f  t e s t  runs  t o  determine 

v e h i c l e  s topp ing  performance. F u r t h e r  s t u d i e s  a re  needed t o  

examine t h e  v a r i a b i l i t y ,  fade,  and h y s t e r e s i s  e x h i b i t e d  by a i r -  

ac tua ted  brakes . 
The use o f  a n t i l o c k  systems on commercial v e h i c l e s  

increases t h e  comp lex i t y  o f  t h e  s i m u l a t i o n  problem. E f f i c i e n t ,  

simp1 e  means f o r  r e p r e s e n t i n g  a n t i  l o c k  sys tems a r e  needed. 

And f i n a l l y ,  once v a l i d a t e d  a g a i n s t  v e h i c l e  t e s t  r e s u l t s ,  

t he  s i m u l a t i o n  programs shou ld  be used t o  conduct  l a r g e - s c a l e  

parameter s e n s i t i v i t y  s t u d i e s  f o r  

( a )  p r o v i d i n g  a i d s  t o  v e h i c l e  design,  and 

( b )  s t u d y i n g  t h e  importance o f  model ing 

s i m p l i f i c a t i o n s  and assumptions. 
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