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1 .0 INTRODUCTION AND GENERAL INFORMATION 

1.1 I n t r o d u c t i o n  

The t i t l e  o f  t h i s  r e p o r t ,  "A Computerized Model f o r  S imu la t i ng  

t he  Brak ing  and S t e e r i n g  Dynamics o f  Trucks,  Tractor-Semi t r a i l e r s ,  

Doubles, and T r i p 1  es Combinations," p e r t a i n s  t o  a  s i m u l a t i o n  program 

( c a l l e d  "PHASE 4 " ) *  developed i n  1980 by t h e  Highway Sa fe t y  Research 

I n s t i t u t e  (HSRI) o f  The U n i v e r s i t y  o f  Mich igan under t h e  sponsorship 

o f  t h e  Motor Veh i c l e  Manufacturers  Assoc ia t i on  (MVMA) . The H S R I /  

MVMA goal  i n  deve lop ing  t h i s  program has been t o  conso l i da te  a l l  

e x i s t i n g  m o d i f i c a t i o n s  t o  t h e  so-cal  1  ed "Phase 11" program [2]**, o r i  - 
g i n a l  l y  developed i n  1973, i n t o  a  s i n g l e  program. Th i s  document 

con ta i ns  i n s t r u c t i o n s  f o r  us i ng  t h e  PHASE 4 computer ized model, t h a t  

i s ,  t h i s  u s e r ' s  manual p rov ides  t h e  s p e c i f i c  i n f o r m a t i o n  needed f o r  

subm i t t i ng  a  r u n  and i n t e r p r e t i n g  t h e  ou tpu t  obta ined.  

S ince 1971, HSRI has been conduct ing research  under t h e  sponsor- 

s h i p  o f  MVMA w i t h  t h e  u l t i m a t e  goal  o f  deve lop ing  optimum means f o r  

p r e d i c t i n g  and e v a l u a t i n g  t h e  l o n g i t u d i n a l  and d i r e c t i o n a l  response 

o f  t r u c k s  and t r ac to r - sem i  t r a i l e r  veh i c l es .  The s p e c i f i c  o b j e c t i v e s  

o f  t h i s  c o n t i n u i n g  program have been t o :  ( 1 )  understand t h e  phys ics  

o f  t r u c k  b rak i ng  and hand1 i ng ,  ( 2 )  develop computer-based methods f o r  

s imu la t i ng  t r u c k  b rak i ng  and handl ing,  ( 3 )  m in im ize  t h e  e f f o r t  and 

c o s t  t o  use t h e  computer ized methods, ( 4 )  extend t h e  range o f  a p p l i -  

c a t i o n  o f  t h e  s i m u l a t i o n  models, and ( 5 )  p rov i de  a  common bas is  f o r  

communication between i n d u s t r y  and government w i t h  regard  t o  heavy 

v e h i c l e  dynamics. The major  ou tpu ts  f rom t h i s  program have been 

(a )  computer-based models f o r  p r e d i c t i n g  b rak i ng  and d i r e c t i o n a l  r e -  

sponse [I through 51, ( b )  t e s t  techniques and equipment f o r  measuring 

parameters d e s c r i b i n g  heavy commercial veh i c l es  [6 through 181, and 

( c )  s t ud ies  o f  s i m u l a t i o n  and t e s t  r e s u l t s  t o  i l l u s t r a t e  t h e  u t i l i t y  

of a  methodology ( c o n s i s t i n g  o f  parameter measurement, s imu la t i on ,  

and f u l l - s c a l e  t e s t i n g )  f o r  deve lop ing a  d e t a i l e d  unders tanding o f  t h e  

*Th is  s i m u l a t i o n  program i s  c a l l e d  PHASE 4  s i n c e  t h e r e  a r e  
Phase 1  , 2, and 3  model s  [I ,2,3]. 

**References a r e  l i s t e d  i n  Sec t i on  6.0 of t h i s  Manual. 



directional response characteristics and braking performance of 

commercial vehicles [I9 through 241. 

In recent years, many improvements, modifications , and revisions 
have been made to the directional response programs first described 
in 1973 [2].  These changes in the programs have been developed for a 
variety of purposes and under several different sponsors. Hence, these 
changes have been implemented in several different versions of the 
program rather than in one version. 

During the past year, HSRI has produced a single, updated 
directional response simulation. The coding format for this simulation 
is based on a revised computer code, called "T3DRS:VlY" delivered to 
FHWA in 1979 [36]. The T3DRS:Vl simulation was chosen as a starting 
point for this year's work because it had the following features: 
(1) an improved set of documentation describing the input parameters, 
(2) a new method for implementing longitudinal and lateral tire force 

data, (3) a driver representation for path-fol lowi ng maneuvers, (4) 
the ability for representing doubles and triples combinations, and 

(5) a new capability for incorporating roadway geometrics into the 
vehicle dynamics model . 

The principal differences between the T3DRS:Vl and the PHASE 4 
computerized models are the addition of the following features in the 
PHASE 4 model : 

1 ) The capabi 1 i ty for improved representation of suspension 
spring force/deflection characteristics 

2) A brake torque and temperature model 

3) A representation of brake torque-pressure hysteresis 
phenomena 

4) Load leveling action in tandem suspensions 

5) A simp1 ified semi-empirical tire model 

6) A brake proportioning program 

7) Steering system compl iance 

8) Tractor frame compliance in torsion 



These f ea tu res ,  w i t h  t h e  excep t ion  o f  t h e  t r a c t o r  frame compliance 

i n  t o r s i o n  and t h e  l o a d - l e v e l i n g  a c t i o n  of tandem suspensions, a r e  

o p t i o n a l  i n  t h e  sense t h a t  t h e  user  may choose t o  om i t  them i f  t h e  

na tu re  o f  a p a r t i c u l a r  research  i n v e s t i g a t i o n  does n o t  war ran t  t h e i r  

use. Never the less,  each o f  these i tems has been found t o  be o f  s i g n i -  

f i cance  i n  s p e c i f i c  cases. Under MVMA support ,  HSRI has spent con- 

s i d e r a b l  e e f f o r t  i n  develop ing equipment f o r  measuring component 

c h a r a c t e r i s t i c s  t o  o b t a i n  as complete and accura te  an unders tanding as 

p o s s i b l e  o f  t h e  mechanical p r o p e r t i e s  represented i n  t h i s  computer ized 

model [6-181. I n  p a r t i c u l a r ,  research  s t u d i e s  devoted t o  measuring 

and c h a r a c t e r i z i n g  t i r e s  , brakes, suspensions, and s t e e r i n g  systems 

have mot i va ted  t h e  development o f  t h e  o p t i o n a l  computer ized models o f  

component performance con ta ined  i n  PHASE 4. These o p t i o n a l  f e a t u r e s  

extend t h e  range o f  a p p l i c a t i o n  o f  t h e  computer ized model i n t o  advanced 

s tud ies  of yaw d ivergence [31,38], i n - s t o p  brake fade [21], a n t i l o c k  

b rak i ng  [22], d i r e c t i o n a l  response d u r i n g  b ra  k i n g  [37] ,  t h e  i n f l u e n c e  

of r o l l  compliance p r o p e r t i e s  on d i r e c t i o n a l  response [38], and t h e  

in f luences of brake p r o p o r t i o n i n g  a1 t e r n a t i v e s  . 
The remainder o f  t h i s  document p rov ides  i n f o r m a t i o n  on us i ng  

PHASE 4. The format  o f  t h i s  r e p o r t  c l o s e l y  p a r a l l e l s  t h a t  employed 

i n  t h e  User ' s  Manual f o r  T3DRS:Vl [35], thereby u t i l i z i n g  t h e  r e v i s e d  

and improved documentat ion developed f o r  T3DRS:Vl. I n  f a c t ,  t h e  

documentat ion presented here i s  p r a c t i c a l  l y  i d e n t i c a l  t o  t h a t  used 

p r e v i o u s l y  except where t h e  a d d i t i o n a l  f ea tu res  a r e  discussed. With 

t he  a d d i t i o n  of d i r e c t i o n s  f o r  us i ng  t h e  new fea tu res ,  a complete and 

s e l f - c o n t a i n e d  manual f o r  us i ng  PHASE 4 has been assembled here in .  

1 . 2  Engineer ing U n i t s  and Computer Requirements 

1.2.1 Engineer ing Un i t s .  Throughout t h e  PHASE 4 program, t h e  

E n g l i s h  system o f  u n i t s  i s  used. Wi th  t h e  except ions l i s t e d  below, 

a l l  i n p u t  da ta  a r e  g i ven  i n  u n i t s  o f  pounds, inches, degrees, and 

seconds. Masses and weights  a r e  i n  u n i t s  o f  pounds, w i t h  a g r a v i -  

t a i o n a l  cons tan t  o f  386 in /sec/sec assumed. The u n i t s  f o r  i n p u t  da ta  

parameters a r e  de f i ned  i n  t h e  i n p u t  da ta  echo. 



Except ions : 

1 )  I n p u t  f o r  t h e  i n i t i a l  v e l o c i t y  i s  g i ven  i n  u n i t s  o f  

f t / s e c .  

2) I n p u t  d e s c r i b i n g  t r a j e c t o r y  p o i n t s  f o r  t h e  path-  

f o l l o w e r  s t e e r i n g  mode a r e  def ined i n  terms o f  f ee t  

l a t e r a l  versus f e e t  l o n g i t u d i n a l .  

3)  Long i t ud ina l  and l a t e r a l  road s lope  i s  de f i ned  i n  

percen t  grade (R i  se/Run) . 
4)  C e r t a i n  tandem-axle parameters a r e  descr ibed i n  u n i t s  

o f  percent .  

Output da ta  u n i t s  a r e  de f i ned  on t h e  p r i n t e d  o u t p u t  pages. I n  

general ,  t h e  same u n i t s  a r e  used throughout,  a l though t he  v e h i c l e  

p o s i t i o n ,  v e l o c i t y ,  and a c c e l e r a t i o n  v a r i a b l e s  use t h e  1  ength dimen- 

s i ona l  u n i t  o f  " f t ."  

1.2.2 Computer Requirements. The PHASE 4 program i s  w r i t t e n  

f o r  use on any l a rge -sca le  computer system, and r e q u i r e s  o n l y  one 

i n p u t  and one ou tpu t  dev ice.  The source code i s  i n  leve l -G F o r t r a n  

I V  language, w i t h  800,000 bytes o f  memory r e q u i r e d  f o r  load ing .  

Support so f tware  must i n c l u d e  t h e  IBM S c i e n t i f i c  Subrout ine Package 

(HPCG, SMPY, LOC, GMPRD, GMADD, and MINV) . 
Copies o f  t he  program a r e  a v a i l a b l e  t o  t he  p u b l i c  by con tac t i ng  

t he  Phys ica l  Factors  D i v i s i o n ,  Highway Sa fe t y  Research I n s t i t u t e ,  

The U n i v e r s i t y  o f  Michigan, Huron Parkway and Baxter  Road, Ann Arbor,  

Michigan 48109; (313) 764-21 68. 



2.0 APPLICATION 

2.1 Description of the Program 

The PHASE 4 program i s  a time-domain mathematical simulation of 
a truck/tractor,  a semitrailer,  and u p  to two fu l l  t r a i l e r s .  The 
vehicles are represented by differential  equations derived from Newtonian 
mechanics that are solved for successive time increments by digi ta l  
integration. 

The program i s  written in a generalized fashion to allow simula- 
tion of a large number of vehicle configurations. The f i r s t  vehicle 
i s  the power unit and may be a truck or t rac tor ,  both of which may 
carry payload. As a single u n i t  with no payload, i t  i s  equivalent t o  
an empty truck or bobtail t ractor .  With payload, i t  i s  a truck, which, 
with a semitrailer as well, simulates a car hauler, dromedary t rac tor ,  , 

etc.  The second unit i s  always a semitrailer ( i . e . ,  current models do 
not include a truck with ful l  t r a i l e r ) .  The third and fourth units 

are fu l l  t r a i l e r s  consisting of semitrailers on e i ther  a fixed or 
converter do1 ly. Separate payload may be specified for each t r a i l e r .  

The truck/tractor unit i s  distinguished by the fact  that i t  can 
have only a single front axle with single t i r e s ,  and can be arb i t ra r i ly  
steered. All other axles on the vehicle combination can be represented 
as single or tandem axles with single or dual wheel se ts .  

The mathematical model (see Appendix E )  incorporates up  to 71 

degrees of freedom. The number of degrees of freedom are dependent on 
the vehicle configuration and derive from the following: 

-Six degrees of freedom (three translational and three rota- 
tional ) for the truckltractor sprung mass 

-Three degrees of freedom for the semitrailer (the three other 
degrees of freedom of the semitrailer are effectively elimin- 
ated by dynamic constraints a t  the hitch) 

-Five degrees of freedom for  each of the two fu l l  t r a i l e r s  
allowed. 



-Two degrees of freedom (vertical and roll) for each of the 

13 axles allowed 

-A wheel rotational degree of freedom for each of the 26 

wheels a1 1 owed 

The motion of each of the sprung masses is determined from the 

summation of forces and moments upon it arising from the tires (acting 

through the unsprung mass of the axle and suspension), gravity, and 

the hitch point constraints, Small angle assumptions are made in the 

implementation of the mathematical equations so that the simulation 

can be validly applied only up to a maneuver limit at which wheel 

1 ift-off occurs. 

2.2 Uses of the Program 

Since PHASE 4 includes the basic features of T3DRS:V1, it can be 

used to simulate the following vehicle configurations: 

Straight truck, empty and loaded 

Bobtai 1 tractor 

Tractor-semitrailer (3 to 5 axles), empty and loaded 

Tractor-semi trailer-full trailer (5 to 9 axles), empty 
and loaded 

Tractor-semitrailer-full trailer-full trailer (7 to 13 
ax1 es) , empty and loaded 

For simulation of braking performance, the program incorporates 

state-of-the-art representation of truck air brake systems, anti lock 

wheel control systems, and tire-road friction models. Typical examples 

of braking studies for which it can be or has been used are: 

1 ) Stopping distance performance 

2) Effects of brake timing 

3) Dynamic behavior in braking 

4) Comparisons of antilock wheel control logic 

5 )  Influence of tire-road friction coupling 



6) Split friction surfaces 

7) Brake proportioning 

8) Tandem-axle effects on braking limits 

For simulation of cornering performance behavior, the program 
incorporates state-of-the-art representations of truck tire 1 ateral 
force characteristics (with roll-off effects during combined braking), 

and vehicle suspension properties of significance to cornering behavior. 
Typical examples of studies involving cornering are as follows: 

1 ) Understeer/oversteer properties of commercial vehicles 

2) Determining cornering 1 imi ts 

3) Assessing tandem-ax1 e effects on cornering 

4) Jackknife prediction 

5) Effects of suspension properties on cornering and 
cornering 1 imi ts 

6) Accident simulation 

In addition to the above, the program can be operated open-loop 
(defined steer angle inputs) or closed-loop (defined path input), and 
on roads of specified grade or cross-slope. 

The PHASE 4 program is uniquely applicable in directional response 
studies in which the influence of the following items are to be con- 
sidered in detail: 

1 ) Spring force/deflection characteristics (hysteresis 
and free-pl ay) 

2) Brake "fade" -- brake temperature 
3) Brake hysteresis 

4) Load-1 eveler action in tandem suspensions 

5) Brake proportioning algorithms 

6)  Steering system compliance (inputs at the steering wheel) 

7) Frame torsional stiffness 



2.3 Operat ion 

Operat ion o f  t h e  PHASE 4  program i s  accompl i shed  by submission 

o f  t h e  necessary j o b  c o n t r o l  i n s t r u c t i o n s  f o l l owed  by a  1  i s t  o f  i n p u t  

parameters. The s p e c i f i c  j o b  c o n t r o l  i n s t r u c t i o n s  r e q u i r e d  a r e  

dependent on t h e  u s e r ' s  computer system and whether ba tch  o r  remote j o b  

e n t r y  i s  be ing used. However, t h e  i n p u t  parameter l i s t  i s  common t o  

a l l  and i s  descr ibed  i n  Sec t ion  3.0 o f  t h i s  Manual. 

The program commences by r ead ing  t h e  i n p u t  1  i s t  c o n t a i n i n g  

paramet r i c  da ta  d e s c r i b i n g  t h e  v e h i c l e  c o n f i g u r a t i o n ,  i n i t i a l  cond i t i ons ,  

s t e e r i n g  and b rak i ng  i npu t s ,  t h e  ou tpu t  des i red ,  and t h e  road  cond i -  

t i o n s .  As i n p u t  data i s  read, t h e  da ta  i s  norma l l y  "echoed" as t h e  

f i r s t  pages o f  ou tpu t .  A t  t h e  complet ion o f  t h e  i n p u t  read  process, 

t he  program c a l c u l a t e s  necessary p r o p e r t i e s  o f  t he  t o t a l  v e h i c l e  com- 

b i n a t i o n  and p r i n t s  a  page o f  ou tpu t  c o n t a i n i n g  a  summary o f  those 

v e h i c l e  p rope r t i es .  The program then "runs," s o l v i n g  t h e  d i f f e r e n t i a l  

equat ions o f  mot ion  f o r  t h e  v e h i c l e  u n t i l  t h e  v e h i c l e  reaches a  f u l l  

stop, a  d e f a u l t  s top  (such as r o l l o v e r ) ,  o r  u n t i l  t h e  des ignated maximum 

s i m u l a t i o n  t ime  i s  reached. A t  va r i ous  p o i n t s  d u r i n g  t h e  run,  s imula- 

t i o n  ou tpu t  i s  p r i n t e d ,  which ( a t  t h e  o p t i o n  o f  t h e  use r )  may i n c l u d e  

time-based va lues f o r  t h e  v e h i c l e  mot ion v a r i a b l e s ,  t i r e  f o r ces  a t  

each ax le ,  b rak i ng  c o n d i t i o n s  on each ax le ,  t i r e  co rne r i ng  cond i t i ons ,  

and t h e  suspension mot ions and f o r ces .  

2.4 V a l i d i t y  

The v a l i d i t y  o f  PHASE 4, 1  i k e  any computer program, i s  dependent 

on t h e  accuracy and execu t ion  o f  program statements,  t h e  capabi  1 i t i e s  

o f  t h e  s i m u l a t i o n  models, and t h e  q u a l i t y  o f  t h e  v e h i c l e  and maneuver 

d e s c r i p t i o n s  de f i ned  by t h e  i n p u t  data.  

Every e f f o r t ,  o f  course, i s  made t o  ensure t h a t  t he  program 

statements a r e  c o r r e c t  and r e s u l t  i n  s o l u t i o n  o f  t h e  problem t o  a  

reasonable l e v e l  o f  p r e c i s i o n .  The t ime s teps have been se lec ted  so 

t h a t  round-o f f  and t r u n c a t i o n  e r r o r s  do n o t  s u b s t a n t i a l l y  i n f l u e n c e  t he  

p r e c i s i o n  o f  t h e  c a l c u l a t e d  r e s u l t s .  r4evertheless, i f  programming 

e r r o r s  a r e  discovered, t h e  user  should con tac t  t h e  Phys ica l  Factors  

D i v i s i o n ,  Highway Sa fe t y  Research I n s t i t u t e ,  The U n i v e r s i t y  o f  Michigan, 

Ann Arbor,  Michigan. 



The model ing used i n  t h e  s i m u l a t i o n  i s  e f f e c t i v e l y  s t a te -o f - t he -  

a r t ,  r e f 1  e c t i n g  t h e  most p r a c t i c a l  approaches t o  mathematical  rep re -  

s e n t a t i o n  o f  commercial v e h i c l e s  f o r  b rak i ng  and hand1 i n g  s tud ies .  Over 

t h e  years ,  model ing has grown more i n  s o p h i s t i c a t i o n  than i n  d e t a i l .  

For example, e a r l y  models f o r  t r u c k  brake systems extending t o  mechanical 

d e t a i l s  w i t h i n  t h e  i n d i v i d u a l  brakes have proven no more capable o f  

p r e d i c t i n g  b rak i ng  performance than t h e  "b l ack  box" r ep resen ta t i on  as 

a  p ressure - inpu t ,  to rque-ou tpu t  device.  Hence, t h e  1  a t t e r  approach 

was used i n  T3DRS:V1, w i t h  a  s u b s t a n t i a l  sav ing i n  t h e  comp lex i t y  

assoc ia ted  w i t h  unders tanding and us ing  t h e  s imu la t i on .  Wi th  n e a r l y  

every  component model used i n  t h e  s imu la t i on ,  t h e r e  a r e  ins tances  where 

more model ing d e t a i l s  would be app rop r i a t e  f o r  t h e  s tudy  a t  hand; y e t ,  

p r o v i s i o n  f o r  every  i ns tance  would r e s u l t  i n  a  s i m u l a t i o n  f o r  which 

t h e  i n p u t  da ta  requi rements  would be untenable .  To some ex ten t ,  t h i s  

dilemma i s  a l l e v i a t e d  i n  PHASE 4 by i n c l u d i n g  o p t i o n a l  f ea tu res  as 

means t o  desc r i be  component c h a r a c t e r i s t i c s  i n  more d e t a i l  when des i red .  

F i n a l l y ,  t h e  u l t i m a t e  determinant  o f  v a l i d i t y  i s  t h e  user-  

suppl i e d  i n p u t  da ta  and t h e  i n t e r p r e t a t i o n  appl  i e d  t o  t h e  r e s u l t s .  

P rope r l y  used, t h e  program i s  capable o f  v a l i d l y  p r e d i c t i n g  most aspects 

o f  b rak i ng  performance and d i r e c t i o n a l  response i n  maneuvers up t o  t h e  

1  i m i  t s  o f  wheel 1  i f t - o f f .  I n  t h e  spec ia l  case where a  d i r e c t  compari- 

son between a  v e h i c l e  and s i m u l a t i o n  ( i . e . ,  v a l i d a t i o n )  i s  intended, 

an i t e r a t i v e  process i s  o f t e n  i nvo l ved  as t h e  f i r s t  comparisons o f  

s i m u l a t i o n  and t e s t  r evea l  unexpected d i f f e r e n c e s ,  which, when examined, 

a r e  t r aced  t o  inaccurac ies  o r  e r r o r s  i n  t h e  exper imenta l  measurements 

o r  program i n p u t .  Fo r t una te l y ,  t h e  usefu lness o f  these s i m u l a t i o n  

programs a r e  n o t  dependent on every  user  go ing  through t h e  same process. 

I n  most a p p l i c a t i o n s ,  t h e  user  can assume, f o r  example, a g i ven  t i r e  

c h a r a c t e r i s t i c  and i n v e s t i g a t e  v e h i c l e  performance w i t h  t h a t  t i r e ,  

knowing t h a t  i t  i s  t y p i c a l ,  b u t  y e t ,  n o t  p r e c i s e l y  equ i va l en t  t o  any 

s p e c i f i c  t i r e  on hand. Much o f  t h e  u t i l i t y  o f  computer s i m u l a t i o n  p ro -  

grams de r i ves  n o t  f rom abso lu te  p r e d i c t i o n  o f  a c e r t a i n  v e h i c l e / t e s t  

maneuver s i t u a t i o n  (as r e q u i r e d  f o r  v a l i d a t i o n ) ,  b u t  as a  t o o l  f o r  

s tudy ing  genera l  i z e d  performance and s e n s i t i v i t y  o f  performance t o  t h e  

v e h i c l e  parameters. 



I n  t h i s  general  sense, t h e  PHASE 4 program can be expected t o  

y i e l d  v a l i d  measures o f  t h e  b rak ing  and hand1 i n g  performance comparison 

when s p e c i f i c  v e h i c l e  parameters a r e  changed. The PHASE 4 program has 

been t e s t e d  aga ins t  o t h e r  s imu la t ions ,  i n c l u d i n g  i t s  predecessors, which 

i n  t u r n  have proven capable o f  reasonably d u p l i c a t i n g  ac tua l  v e h i c l e  

performance. The user i s  r e f e r r e d  t o  t h e  f o l l o w i n g  re fe rences  f o r  

examples o f  t h e  use and v a l i d a t i o n  o f  those programs: 

References 

S t r a i g h t  Truck Brak ing  1, 2, 25, 21, 28, 19, 36, 
22, 20 

S t r a i g h t  Truck Corner ing and 
Bra k i  ng 2, 29, 36 

S t r a i g h t  Truck Corner ing 23, 36 

T rac to r -T ra i  l e r  Brak ing  1, 2, 36 

T rac to r -T ra i  1 e r  Corner ing and 
Brak ing  2, 29, 36 

T rac to r -T ra i  1 e r  Corner ing 26, 36 

T rac to r -T ra i  1 e r -Fu l  1 T r a i  1 e r  
Corner ing 27, 36 

2.5 Modeling D i f f e rences  Between t h e  T3DRS:Vl and PHASE 4 
S imu la t i on  Programs 

Aside f rom t h e  a d d i t i o n a l  model op t i ons  which a r e  a v a i l a b l e  i n  

PHASE 4, t h e  two p r i n c i p a l  d i f f e r e n c e s  between T3DRS:Vl and PHASE 4 

1 i e  i n  t he  manner i n  which (a )  t h e  t r a c t o r  f i f t h  wheel i s  modeled i n  

r o l l  and ( b )  t h e  i n c l u s i o n  o f  l oad - l eve l  i n g  a c t i o n  f o r  tandem suspen- 

s ions  i n  PHASE 4. I n  t h e  V1 model, t h e  f i f t h  wheel compl iance repre -  

sented a t o r s i o n a l  coup l i ng  between t h e  t r a c t o r  and t r a i l e r  sprung 

masses. No t o r s i o n a l  frame compliance i n  t he  t r a c t o r  was inc luded.  

I n  t he  PHASE 4 model, t h e  f i f t h  wheel i s  a r i g i d  connect ion i n  r o l l  

( f o r  smal l  a r t i c u l a t i o n  angles)  between t he  t r a i l e r  sprung mass and 

t he  t op  o f  t he  t r a c t o r  r e a r  suspension. The t o r s i o n a l  frame compliance 

inc luded  i n  t he  t r a c t o r  l i n k s  t he  t r a c t o r  sprung mass t o  t h e  f i f t h  

wheel connect ion. Th i s  f e a t u r e  has been added t o  PHASE 4 t o  more 

accu ra te l y  represen t  t h e  observed r o l l  response w i t h  t r a c t o r - t r a i  1 e r  



veh ic les ,  a l though  i t s  e f f e c t  on hand l i ng  response i s  n o t  always 

s i g n i f i c a n t .  

The l oad - l eve l  i n g  a c t i o n  which takes p l ace  i n  tandem suspensions 

d u r i n g  b rak i ng  and hand1 i n g  i s  more a c c u r a t e l y  represented i n  t h e  

PHASE 4 ve rs ion .  The dynamic l oad  e q u a l i z a t i o n  i s  now c a l c u l a t e d  

con t i nuous l y  d u r i n g  s i m u l a t i o n  t o  ach ieve a  more accura te  va lue  f o r  

t h e  ins tantaneous suspension f o r ces .  Both f o u r - s p r i n g  and walk ing-  

beam t ype  tandem suspensions a re  a v a i l a b l e  i n  t h e  PHASE 4 model. 





3.0 PROGRAM INPUT 

3.1 General 

Program operation i s  effectively accomplished by input of a 
parametric data l i s t ,  along with the necessary j o b  control instructions. 
This section provides a detailed description of the i n p u t  data required. 
Appendix C provides a ready reference l i s t  of input parameters. Sample 

input l i s t s  covering the various options are provided in the text and 

in Appendices A and B .  

Depending on the vehicle configuration, the i n p u t  data l i s t  will 
contain the following elements: 

-Title Line ( u p  t o  80 characters) 

-Simulation Operation Parameters 

-Truc k/Tractor Parameters 

-Truck/Tractor Front Suspension and Ax1 e 

-Truck/Tractor Front Tires and Wheels 

-Truck/Tractor Rear Suspension and  Ax1 e 

-Truck/Tractor Rear Tires and Wheel s 

-Truck/Tractor Front and Rear Brake Parameters (Optional - 
used only when braking is  called) 

-First Trailer Parameters (Optional ) 

-First Trailer Rear Suspension and Ax1 es (Optional ) 

-First Trailer Rear Tires and Wheels (Optional ) 

-First Trai 1 er Rear Brake Parameters (Optional ) 

-Second Trai 1 er Parameters (Optional ) 

-Second Trailer Dolly, Suspension and Axles (Optional) 

-Second Trailer Dolly Tires and Wheels (Optional) 

-Second Trailer Rear Suspension and Axles (Optional) 



-Second T r a i  1  e r  Rear T i r e s  and Wheel s  (Opt iona l  ) 

-Second T r a i l e r  F r o n t  and Rear Brake Parameters (Op t i ona l )  

- T h i r d  T r a i l e r  Parameters (Opt iona l  ) 

(Same as Second T r a i l e r )  

The i n p u t  da ta  i s  i d e n t i f i e d  o n l y  by i t s  p o s i t i o n  i n  t h e  i n p u t  

l i s t  and hence must be ordered e x a c t l y  t o  match t h e  v e h i c l e s  and op t i ons  

used i n  t he  s imu la t i on .  E r r o r s  i n  t he  i n p u t  l i s t  w i l l  r e s u l t  e i t h e r  i n  

a  read f a u l t  ( w i t h  p o s s i b l e  system i n t e r r u p t  and a b o r t  o f  t h e  program), 

o r  i n  s i m u l a t i o n  o f  t h e  wrong cond i t i ons .  Every e f f o r t  has been made 

t o  d e f i n e  t h e  i n p u t  sequence and i t s  a l t e r a t i o n  w i t h  va r i ous  op t i ons  

i n  t h i s  sec t i on .  Example i n p u t  1  i s t s  a re  shown throughout  t h e  Manual 

f o r  r e fe rence  by t h e  user  i n  comp i l i ng  an i n p u t  da ta  1  i s t .  

3.1.1 Tandem-Axle Opt ion.  To s u i t  t h e  s i m u l a t i o n  t o  t h e  g rea t  

v a r i e t y  o f  commercial veh i c l es ,  e i t h e r  s i n g l e  o r  tandem ax les  may be 

s p e c i f i e d  f o r  any suspension i n  t h e  t o t a l  v e h i c l e  c o n f i g u r a t i o n ,  except 

on t h e  f r o n t  ( s t e e r i n g )  a x l e  o f  t h e  t r u c k l t r a c t o r .  D e t a i l s  on use of 

t he  tandem suspension a r e  p rov ided  i n  Sec t ion  3.3.4. 

3.1.2 Table  Lookup Opt ion.  I t  i s  o f t e n  d e s i r a b l e  t o  i n c l u d e  

non l i nea r  c h a r a c t e r i s t i c s  o f  v e h i c l e  components ( p a r t i c u l a r l y  f o r  t i r e s ,  

spr ings,  and brakes) i n  t h e  model s imulated.  For such parameters a  

t a b l e  lookup o p t i o n  can be used, a l l o w i n g  t h e  parameter t o  be descr ibed 

by a  m u l t i p l e  p o i n t  approx imat ion over  t h e  range o f  i n t e r e s t  r a t h e r  than 

ass ign ing  t o  i t  a  s i n g l e  va lued l i n e a r  c h a r a c t e r i s t i c .  The program 

thence i n t e r p r e t s  t h e  dependent v a r i a b l e ' s  va lue  when needed us i ng  1  i n e a r  

i n t e r p o l a t i o n  methods. I n  t h e  event t h e  program exceeds t h e  range o f  t h e  

tab le ,  t h e  dependent v a r i a b l e  i s  l i m i t e d  t o  t h e  l a s t  e n t r y  i n  t h e  t ab le .  

The t a b l e  lookup o p t i o n  may be used w i t h  t h e  f o l l o w i n g  i n p u t  

parameters: 

-Suspension s p r i n g  r a t e  

- T i r e  co rne r i ng  s t i f f n e s s  

- T i r e  l o n g i t u d i n a l  s t i f f n e s s  

-Brake to rque  



The table lookup option i s  called by entry of a negative whole 
number value for the parameter. The negative sign identifies i t  as a 
table lookup and the numerical value identifies that  table and dis- 
tinguishes i t  from other tables in the input l i s t .  The table i s  then 
entered in the input l i s t  immediately following the call ing point. For 

the two-dimensional tables (spring rates and brakes), the f i r s t  1 ine 
entry i n  the table i s  an integer value equal to the number of data sets  
to follow, each being a separate l ine  entry of independent versus 
dependent variable values. Tire parameter tab1 es are more compl icated 
and are explained in Section 3.3.3. 

The same table can be used a t  subsequent points in the input l i s t  
by entry of the negative whole number identifying that  table. The 
table values should not be re-entered a t  these subsequent calling 
points. 

More detailed instruction for entering lookup tables are pro- 
vided in Sections 3.3.2, 3.3.3 and 3.3.6. 

3.1.3 Side-to-Side Option. I n  most simulation studies,  a vehicle 
has symmetric properties l e f t  and right.  Nevertheless, i t  i s  occa- 
sionally of interest  t o  investigate the influence of side-to-side 
differences in springs, t i r e s ,  brakes, e tc .  While vehicle mass properties 
are modeled as symmetric about the vehicle center1 ine, most components 
that are paired, one to each side of the vehicle, may be assigned 
different parametric values. Different values side-to-side may be 
assigned for the fo1 lowing parameters : 

-Steer angle inputs 

-Suspension spring rate  
viscous damping 
coulomb f r ic t ion  

-Tire cornering s t i f fness  
longitudinal s t i f fness  
camber s t i f fness  
a1 igning moment 
spring rate  
1 oaded radius 
polar moment of inertia 



-Brake t ime  l a g  

r i s e  t ime 

to rque  

a n t i l o c k  systems 

I n  normal i n p u t  o f  those parameters, one e n t r y  causes t he  program t o  

ass ign t h a t  va lue t o  bo th  s ides  o f  t h e  veh i c l e .  The s i de - t o - s i de  o p t i o n  

i s  exerc ised by making a  double e n t r y  on t h e  l i n e ,  i n  which case t h e  

f i r s t  va lue  i s  assigned t o  t he  l e f t  s i d e  o f  t h e  v e h i c l e  and t he  second 

t o  t he  r i g h t .  A  zero va lue  cannot be assigned t o  t h e  r i gh t -hand  s i d e  

w i t h  a  nonzero l e f t - h a n d  s i d e  va lue  due t o  t h e  way t h i s  o p t i o n  operates, 

b u t  ze ro  values can be e f f e c t i v e l y  ob ta ined  by e n t r y  o f  ve ry  smal l  

nonzero values. The s i de - t o - s i de  o p t i o n  can a l s o  be combined w i t h  t h e  

t a b l e  lookup op t i on .  By e n t r y  o f  two nega t i ve  values, t a b l e s  a r e  

assigned t o  bo th  t he  l e f t  and r i g h t  s ides.  The t a b l e s  f o r  t he  l e f t  and 

r i g h t  s ides  a r e  entered i n  sequence immediately a f t e r  t h e  c a l l i n g  1  i ne .  

More d e t a i  1  ed i n s t r u c t i o n  f o r  s ide- to -s  i d e  e n t r y  op t i ons  a r e  prov ided 

i n  Sect ions 3.2, 3.3.2, 3.3.3, and 3.3.6. 

3.1.4 C o m p a t i b i l i t y  o f  T3DRS:Vl and PHASE 4  Data Sets.  Data 

se ts  f o r  t he  T3DRS:Vl program a r e  compat ib le  w i t h  t h e  PHASE 4 program 

w i t h  t he  excep t ion  o f  f i v e  parameters: 

1 )  The FIFTH WHEEL STIFFNESS parameter i n  t he  V1 data s e t  

i s  rep laced  by TRACTOR FRAME STIFFNESS i n  PHASE 4 

(Sec t i on  3.3.1) .  

2) A d d i t i o n  o f  t h e  TRACTOR FRAME TORSIONAL A X I S  HEIGHT 

parameter immediately f o l l o w i n g  t he  FRAME STIFFNESS 

parameter (Sec t ion  3.3.1 ) . 
3)  A d d i t i o n  o f  t h e  STEERING GEAR RATIO parameter immediately 

f o l l o w i n g  t he  UNSPRUNG WEIGHT parameter f o r  t h e  t r a c t o r  

f r o n t  suspension (Sec t ion  3.3.2). 

4 )  A d d i t i o n  o f  t he  KHST parameter ( g l o b a l  brake hys te res i s  

key) f o l l o w i n g  t h e  BRAKE TORQUE c o e f f i c i e n t  f o r  t h e  

t r u c k / t r a c t o r  f r o n t  suspension (Sec t i on  3.3.6). 



5) Addition of the KPROP parameter (global brake propor- 

tioning key) following the KHST parameter (Section 3.3.6). 

3.2 Simulation Operation Parameters 

The first line entry in the input list is always a user-supplied 
title line consisting of up to 80 alphanumeric characters. There- 

after, the Simulation Operation Parameters are entered and subsequently 

echoed as the first page of output, as shown in Figure 1. 

The first 1 ine of the Simulation Operation Parameters is VEHICLE 
CONFIGURATION defined by the number of trailers, entered in I2 format, 

which indicates to the program the extent of input to be expected. Zero 

trailers indicates a single unit straight truck, which is also equivalent 

to a bobtail tractor. An "01" entry indicates a tractor-semitrailer. 

An "02" entry indicates a tractor-semitrai ler-ful 1 trailer (doubles) 
configuration. An "03" indicates tractor-semi trail er-ful 1 trai 1 er- 

full trailer (triples) configuration, the maximum number of vehicles 

a1 1 owed. 

The second line is INITIAL VELOCITY in units of ft/sec (F15.3 

format). At the initiation of the simulation run, all vehicles are 

in a straight-line configuration, moving forward at the indicated 

velocity. 

The next entries define the steering input to the simulation. 

Either front-axle steering inputs (open-loop) or a path-follower 

(closed-loop) mode are selected by the respective entry of a positive 

or negative integer value for STEER TABLE (NUMBER OF LINES (I3 format)). 

This choice in combination with the optional specification of a steering 

system model in the truckltractor front suspension and axle parameters 

(Section 3.3.2) results in four possible steering modes. In the absence 
of a steering system model, the steer angle specified in the table or 

by the path-fol lower model are applied directly to the front wheels. 
With a steering system, the steering inputs are applied at the steering 
wheel. Thus, depending on the choice, the following i s  obtained: 

1) Steer table without steering system - The steering angles 
defined as a function of time in the table are applied 

directly to the front wheels. Different left and right 
steer angles can be specified. 





Steer  t a b l e  w i t h  s t e e r i n g  system - The s t e e r  ang le  spec i -  

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

s t e e r  ang le  d i v i d e d  by t h e  s t e e r i n g  r a t i o  determines an 

at tempted s t e e r  ang le  ( t h e  same f o r  bo th  f r o n t  wheels) ,  

a l though  t h e  f o r ces  on t h e  wheels a c t i n g  aga ins t  t h e  s t i f f -  

ness p r o p e r t i e s  o f  t h e  s t e e r i n g  system w i l l  cause each 

wheel t o  d e v i a t e  s l i g h t l y  f rom t h e  at tempted s t e e r  angle.  

These d e v i a t i o n s  p l a y  an impor tan t  r o l e  i n  t h e  d i r e c t i o n a l  

response behav ior  o f  a  veh i c l e .  

3) Pa th - f o l l owe r  t a b l e  w i t h o u t  s t e e r i n g  system - The path-  

f o l l o w e r  model generates s t e e r i n g  i n p u t s  t o  cause t h e  

v e h i c l e  t o  f o l l o w  a  des i r ed  path.  The s t e e r  angles a r e  

a p p l i e d  e q u a l l y  t o  bo th  f r o n t  wheels. 

4 )  Pa th - f o l l owe r  w i t h  s t e e r i n g  system - The s t e e r i n g  i n p u t s  

c a l c u l a t e d  by t h e  p a t h - f o l  lower  a r e  sca led up by t he  

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

The s t e e r i n g  angles ob ta ined  a t  t h e  l e f t  and r i g h t  road 

wheels, however, may d e v i a t e  s l  i 'ght ly  f rom t h e  at tempted 

ang le  due t o  t h e  s t e e r i n g  system model. 

The numerical  va lue  o f  t h e  e n t r y  f o r  STEER TABLE (NUMBER OF LINES) 

s p e c i f i e s  t h e  number o f  l i n e s  i n  t h e  subsequent t a b l e .  A "000" e n t r y  

i n d i c a t e s  t h a t  no s t e e r i n g  i s  i nvo l ved  i n  t h e  maneuver, hence, no t a b l e  

e n t r i e s  a r e  made and t h e  v e h i c l e  performs as i f  t h e  s t e e r i n g  wheel were 

he ld  f i x e d  i n  t h e  s t ra igh t -ahead  p o s i t i o n .  No s t e e r i n g  a c t i o n  i s  a p p l i e d  

t o  t h e  f r o n t  wheels except  as may r e s u l t  f rom f r o n t  suspension r o l l  

s t ee r ,  o r  i n  t h e  case where a  s t e e r i n g  system has been def ined,  s t e e r  

a c t i o n  may be ob ta ined  as a  r e s u l t  o f  forces a p p l i e d  t o  t h e  f r o n t  

wheel s  . When a  nonzero number o f  1  i nes i s  g iven,  a  tab1 e  o f  t h e  p re -  

sc r i bed  l e n g t h  must f o l  low accord ing  t o  t h e  f o l  1  owing i n s t r u c t i o n ,  

S teer  Table  ( p o s i t i v e  numerical  e n t r y )  - Each l i n e  i s  a  s e t  o f  

t ime  (sec)  versus le f t -wheel  s t e e r  ang le  (deg) and r igh t -whee l  s t e e r  

(deg) i n  3F10.3 fo rmat  as shown i n  F i gu re  1.  I f  bo th  wheels a re  t o  be 

s teered  i d e n t i c a l  ly, o n l y  t h e  t ime  and 1  ef t -wheel  angles a r e  requ i red ;  

t h e  absence o f  t h e  r i gh t -whee l  s t e e r  ang le  e n t r y  causes i t  t o  be assigned 

t he  same va lue  as l e f t -whee l  s t e e r  angle.  Up t o  25 1  i nes  o f  t a b l e  a r e  

al lowed. S teer  angles a r e  ob ta ined  f rom t h e  t a b l e  a t  each t ime  increment 



by linear interpolation. The table should always s t a r t  off with an 
entry for zero time to assure definition of s teer  angles throughout 
the simulation run and be l i s ted  in ascending order with time. If 
simulation time exceeds the l a s t  time entry in the table ,  the l a s t  
steer angle val ues are retained. 

If the STEERING GEAR RATIO parameter, entered 1 a te r  (see 
section 3 . 3 : ~  i s  a positive aalue, the above steer table i s  inter-  
preted as a steering wheel angle table instead of a front-wheel angle 
table. I n  th i s  case, each l ine  of the table i s  a se t  of time (sec) 
versus steering-wheel angle (deg) values in 2F10.3 format. 

Path-Follower Table (negative numerical entry) - Each 1 ine i s  a 
pair of X ( iner t ia l  forward) and Y ( iner t ia l  l a t e ra l )  path coordinates 
( in  units of f t ,  2F10.2 format) defining the desired path to  be followed 
by the vehicle during closed-loop operation as shown in Figure 2 .  

Linear interpolation i s  used by the program to determine path co- 
ordinates between entered points . 

Following the l a s t  1 ine of the closed-loop path-fol lower table ,  
two additional parameters are  entered which permit the program user to 
exert influence over the manner in which the closed-loop driver model 
functions. The f i r s t  of these parameters, DRIVER TRANSPORT LAG 

(F10.4 format) generates a transport time lag (sec) within the con- 
t r o l l e r  t o  provide a simple means for  representing human operator 1 ag 
characteristics when desired. Values for  th is  parameter should range 
between 0.0 and 0.5 ( sec) .  Values larger than about 0.5 sec will 
general ly produce an unreal i s t i c  and potential ly unstabl e vehicleldriver 
system, and are  hence not allowed. A zero entry inactivates the transport 
lag feature. 

The remaining cl osed-1 oop parameter, E N D  OF PREVIEW INTERVAL 

(F10.4 format), indicates the distance ahead in time (sec) that the 
driver model 1 ooks during cl osed-1 oop steering operation. Hence, a 
value of 1 .0  sec for th i s  parameter would cause the driver model to 
look ahead over a 1-sec interval,  or an equivalent maximum distance of 
88 f t  a t  a forward speed of 60 mph.  Larger values for th is  parameter 





will produce a less  responsive, more heavily damped system behavior 
during closed-loop operation. Likewise, small e r  values wi 1 1  provide 
more responsive system behavior exhibiting less damping. Recommended 
values for th i s  parameter are  1 . 0  to 3.0 sec. A more detai 1 ed 
description of the operation of the path-follower model i s  provided 
in Appendix G of t h i s  Manual. 

Treadle Pressure Table - The next entry following the l a s t  s teer  
table parameter i s  the integer ( I2  format) for the TREADLE PRESSURE 
TABLE (NUMBER OF LINES) which i s  to follow. The treadle pressure i s  
the l ine pressure demanded by the driver during braking and control led 
by the driver-actuated pedal valve. Each l ine  of the treadle pressure 
table i s  entered as a pair of time (sec)  versus pressure (ps i )  numbers 
(2F10.2 format). The complete table defines the desired treadle 
pressure time history used by the program during a braking maneuver 
and may be varied w i t h  time t o  simulate the pressure depletion caused 
by antilock cycl ing, or to simulate fade in the brakes due to heating 
effects.  The table should begin a t  zero time and be l i s ted  in ascend- 
ing order with time. Intermediate points in the treadle pressure table 
are obtained by linear interpolation. The numberof l ines in the table 
must equal the integer number of l ines indicated and may n o t  exceed 
10. If the treadle pressure table i s  given zero 1 ines, the program 
will not execute any braking, and brake parameters (Section 3.3.6) are 
deleted from the input data l i s t .  On the other hand, entry of a table 
with one or more 1 ines (even i f  a l l  are zero pressure values) keys the 
program t o  look for entry of brake data. 

Immediately fol lowing are  two 1 ines of program instruction. The 
f i r s t  i s  MAXIMUM SIMULATION TIME (sec,  F15.3 format) which defines the 
time duration of the maneuver to  be simulated. The program will run 
for th is  simulated time period unless the vehicle reaches a stop within 
the period or a f au l t  (such as vehicle rollover) occurs. To ensure 
printout of the l a s t  time increment desired, i t  i s  helpful to specify 
the MAXIMUM SIMULATION TIME as 0.001 seconds longer than the desired 
time. Typical simulation times are 4-8 sec. The second 1 ine i s  TIME 

INCREMENT OF OUTPUT (sec,  F15.3 format) which selects the intervals of 



simul ation time a t  which the instantaneous values of output parameters 
are printed. Since the normal integration interval i s  0.0025 sec, 
the time increment should be a multiple of th i s  value. Section 4.4 

gives some hints on selection of th i s  input parameter. 

ROAD K E Y  - A key for defining one of three road options i s  the 
next entry. ROAD K E Y  i s  an integer entry and provides the following 
three road options: 

> 0 : Planar road with a fixed 
down-slope and cross-slope 

ROAD K E Y  = 0 : Flat horizontal road 
< 0 : User-defined road surface 

programmed in SUBROUTINE ROAD 

ROAD K E Y  should be entered in I2 format when the f l a t  road or 
user-def ined road surface options are selected. 

When the planar road option (IROAD > 0) i s  selected, two addi- 
tional numbers need to be entered on the same l ine  as the ROAD K E Y  

(12, 2F10.2 format). These two additional entries represent the 
percentage of down-sl ope (forward) and cross-sl ope ( 1  ateral  , positive 
slopes down to the r ight)  of the road plane a t  time zero and fixed with 
respect t o  the iner t ia l  coordinate system. The planar road option i s  
not currently available for down-slopes when simulating vehicle con- 
figurations requiring two or more t r a i l e r s .  (Truck and tractor- 
semitrailer configurations only.) The in i t i a l  conditions of the truck 
or t rac tor - t ra i le r  sprung and unsprung masses in pitch and roll  are 
selected by the program under th is  option as equal to the specified 
down-slope and cross-slope of the road. A small i n i t i a l  transient will 
occur a t  the beginning of the simulation run using th i s  option, since 
the la teral  and fore/af t  suspension forces are not i n i t i a l l y  in 
equilibrium. 

Selection of the third road option, User-Defined Road (IROAD < 0) 
a1 1 ows the program user to define an arbitrary road surface (e .  g . ,  road 
roughness, parabol ic  bowl, cone, etc.  ) by providing a SUBROUTINE ROAD 



con ta i n i ng  code which de f i nes  road e l e v a t i o n  as a  f u n c t i o n  o f  X - Y  

i n e r t i a l  coord ina tes .  Appendix H discusses t h i s  o p t i o n  i n  g r e a t e r  

d e t a i l  and p rov ides  an example u s e r - w r i t t e n  subrou t ine  and r e q u i r e d  

format.  

OUTPUT PAGE OPTION KEYS - The l a s t  l i n e  entered f o r  s i m u l a t i o n  

ope ra t i on  parameters r e q u i r e s  e i g h t  i n t e g e r  keys (811 fo rmat )  t h a t  

s p e c i f y  which ou tpu t  pages w i l l  be p r i n t e d  d u r i n g  program execut ion.  

En t r y  o f  1  f o r  any key w i l l  cause t h a t  page t o  be p r i n t e d ;  e n t r y  o f  0  

w i l l  cause i t s  d e l e t i o n  d u r i n g  ou tpu t  p r i n t i n g .  The e i g h t  ou tpu t  page 

types corresponding i n  o rde r  f rom l e f t  t o  r i g h t  i n  t h e  811 f i e l d  are:  

Truck, T rac to r ,  T r a i l e r  Sprung Mass P o s i t i o n  

Truck, T rac to r ,  T r a i  1  e r  Sprung Mass V e l o c i t y  

Truck, T rac to r ,  T r a i l e r  Sprung Mass Acce le ra t i on  

Long i t ud ina l  , L a t e r a l  , and V e r t i c a l  T i r e  Forces 

Brake Summary 

L a t e r a l  T i r e  Forces and Moments 

Unsprung Mass Summary 

Brake Model Temperatures 

3.3 Truc k /T rac to r  D e s c r i p t i o n  

The f i r s t  v e h i c l e  i s  t h e  t r u c k  o r  t r a c t o r  t h a t  i s  modeled as t h e  

sprung mass assoc ia ted  w i t h  t he  cab, chass is ,  body, payload, e tc . ,  

supported by suspension systems 1  i n k i n g  i t  t o  t h e  unsprung masses o f  

t h e  axles,  supported on t h e  ground, i n  tu rn ,  by t h e  t i r e /whee l  

assembl i e s .  Reference [2],  Sect ion  2, p rov ides  a  comprehensive d i s -  

cuss ion o f  t h e  t ype  o f  mathematical  fo rmu la t ion  used i n  t h e  s imu la t i on  

model. Parametr ic  da ta  a r e  needed t o  descr ibe  each o f  t h e  v e h i c l e  com- 

ponents. F i gu re  3  shows t h e  f i r s t  p o r t i o n  o f  t h a t  i n p u t  cor responding 

t o  i n p u t  page 2 "echoed" by t h e  program. 

3.3.1 T ruck /T rac to r  Parameters. The bas ic  p r o p e r t i e s  o f  t h e  

t r u c k  o r  t r a c t o r  a re  descr ibed by i t s  sprung mass parameters inc luded  

i n  t h e  f i r s t  group o f  e n t r i e s  shown i n  F i gu re  3. The sprung mass i s  

modeled as a  r i g i d  body shown i n  F i gu re  4. The c h a r a c t e r i s t i c  l e n g t h  





Distance Ahead o f  
I-------- 

Curb Weight 
Rear Axle 
Curb Wei gnt 

F i g u r e  4. Mode? i ng elements o f  the t r u c k /  t r a c t o r  s p r u n g  mass. 



o f  t h e  v e h i c l e  i s  i t s  WHEELBASE, d e f i n e d  as t h e  l o n g i t u d i n a l  d i s t ance  

i n  inches (F15.3 fo rmat )  between t h e  geometr ic cen te r  o f  t h e  f r o n t  and 

r e a r  suspensions. For  two-axle veh i c l es ,  t h i s  i s  t h e  same as t h e  

d i s t ance  between t h e  f r o n t  and r e a r  a x l e  cen te r1  ines,  b u t  f o r  t h ree -  

a x l e  v e h i c l e s  i t  i s  t h e  d i s t ance  between t h e  f r o n t  a x l e  and t h e  geo- 

m e t r i c  cen te r  o f  t h e  r e a r  ax l es .  

The r i g i d - b o d y  sprung mass i s  represented by mass p r o p e r t i e s  con- 

cen t ra ted  a t  i t s  cen te r  o f  g r a v i t y  (c .g . )  a t  t h e  l a t e r a l  cen te r  o f  t h e  

veh i c l e .  I t s  mass and f o r e / a f t  l o c a t i o n  a r e  determined by t h e  BASE 

VEHICLE CURB WEIGHT va lues i n  pounds f o r  t h e  FRONT and REAR AXLES ( t h e  

nex t  two l i n e  e n t r i e s ,  F15.3 f o rma t ) .  Th i s  approach i s  used because 

t he  cu rb  we igh t  da ta  i s  more r e a d i l y  a v a i l a b l e  t o  users  than  t h e  

p r o p e r t i e s  o f  sprung mass we igh t  and f o r e / a f t  p o s i t i o n .  I n t e r n a l  l y ,  

t h e  program determines these parameters by c a l c u l  a t i o n s  t h a t  s u b t r a c t  

o u t  t h e  unsprung weight  o f  t h e  ax l es  entered l a t e r  i n  t h e  i n p u t .  The 

base v e h i c l e  cu rb  we igh t  i s  d e f i n e d  as t h e  weight  w i t h o u t  payload - o r  

a  t r a i l e r .  The r e a r  suspension cu rb  we igh t  w i t h  tandem ax les  i s  t h e  

t o t a l  ground l oad  f o r  bo th  ax l es .  

The v e r t i c a l  l o c a t i o n  o f  t h e  c.g. i s  de f i ned  by t h e  n e x t  en t r y ,  

SPRUNG MASS C G  HEIGHT, which i s  measured i n  inches above t h e  ground 

(F15.3 f o rma t ) .  As s p e c i f i e d ,  t h i s  i s  t h e  c.g.  o f  o n l y  t h e  sprung mass 

i n  t h e  base v e h i c l e  c o n f i g u r a t i o n  cor responding t o  t h e  cu rb  weight  

va lues g i ven  above. The h e i g h t  should be g iven  w i t h  t h e  v e h i c l e  i n  i t s  

f u l l y  d e f l e c t e d  p o s i t i o n  as r e s u l t s  f rom l o a d i n g  by a  payload o r  

t r a i l e r .  The sprung mass c.g. h e i g h t  i s  n o t  r e a d i l y  a v a i l a b l e  t o  most 

program users ;  however, i n  t h e  absence o f  such da ta  reasonable est imates 

can be made. For  heavy v e h i c l e  cab-chassis con f i gu ra t i ons ,  t h e  sprung 

mass c.g. i s  u s u a l l y  c l o s e  t o  t h e  t o p  o f  t h e  frame r a i l s  ( t y p i c a l l y  

38-40 inches above t h e  ground).  Such an es t ima te  i s  reasonable f o r  a  

t r a c t o r  o r  f o r  a  t r u c k  w i t h  a  low, l i g h t  p l a t f o r m  bed. However, i f  t h e  

t r u c k  i nc l udes  a  s u b s t a n t i a l  body, t h e  c.g. must be measured o r  e s t i -  

mated f rom t h e  combined p r o p e r t i e s  o f  t h e  cab-chassis and voca t i ona l  

body. 



The r o t a t i o n a l  i n e r t i a  p r o p e r t i e s  o f  t h e  sprung mass a r e  g i ven  

by t he  nex t  t h r e e  e n t r i e s  f o r  SPRUNG MASS ROLL MOMENT OF INERTIA, 

PITCH MOMENT OF INERTIA, and YAW MOMENT OF INERTIA. The i n e r t i a s  a re  

g iven  i n  u n i t s  o f  in - lb -sec2  i n  F15.3 format .  I t  i s  norma l l y  recom- 

mended t h a t  these parameters a r e  measured f o r  a  v e h i c l e  t o  be s imulated,  

though methods f o r  es t ima t i ng  them have been developed [30]. Appendix 

F  p rov ides  a  s h o r t  method f o r  es t ima t i ng  these p r o p e r t i e s .  

As a  convenience i n  us ing  t he  program t o  i n v e s t i g a t e  performance 

o f  heavy veh i c l es  w i t h  v a r i a t i o n s  i n  payload, t h e  payload parameters 

a r e  entered separa te ly .  The f i r s t  parameter i s  PAYLOAD WEIGHT, i n  I bs 

(F15.3 fo rmat ) .  Therea f te r ,  i t  i s  necessary t o  desc r i be  i t s  l o c a t i o n  

by DISTANCE AHEAD OF REAR SUSPENSION CENTER ( i n .  , F15.3 fo rmat )  and CG 

HEIGHT ( inches  above t h e  ground i n  i t s  loaded p o s i t i o n ,  F15.3 f o rma t ) .  

The payload i s  always assumed t o  be l oca ted  l a t e r a l l y  i n  t he  cen te r  o f  

t he  veh i c l e .  L ikewise,  ROLL, PITCH, and YAW MOMENTS OF INERTIA a r e  

requ i red ,  i n  u n i t s  o f  i n -1  b-sec2 (F15.3 fo rmat ) .  I f  t h e  s imu la ted  

v e h i c l e  i s  t o  have no payload, t he  payload weight  i s  en te red  as zero, 

and no e n t r y  i s  r e q u i r e d  f o r  t h e  subsequent payload parameters. Pay- 

l oad  can be s p e c i f i e d  f o r  both t r u c k s  and t r a c t o r s .  I f  payload i s  n o t  

t o  be var ied ,  t he  payload may be lumped i n  w i t h  t h e  v e h i c l e  sprung mass 

p r o p e r t i e s  by e n t e r i n g  loaded v e h i c l e  a x l e  weights f o r  t h e  BASE VEHICLE 

CURB WEIGHTS. I n  t h a t  case, t h e  c.g. he igh t  and sprung mass moments 

o f  i n e r t i a  must be f o r  t h e  same combinat ion o f  masses. 

F i n a l l y ,  t h e  connect ion p o i n t  f o r  a  f i f t h  wheel i s  a l s o  l oca ted  

on t h e  sprung mass. I f  a  t r a c t o r  i s  be ing  s imu la ted  (as i n d i c a t e d  by 

one o r  more t r a i l e r s  i n  t h e  VEHICLE CONFIGURATION i n p u t ) ,  f i f t h  wheel 

parameters a r e  i nc l uded  a t  t h i s  p o i n t  i n  t h e  i n p u t  l i s t .  (The e n t r i e s  

a re  de le ted  i f  no t r a i l e r s  a r e  entered. )  Four parameters a r e  requ i red :  

FIFTH WHEEL LOCATION ( inches ahead o f  t h e  r e a r  suspension), HEIGHT 

ABOVE GROUND ( i n . ) ,  TRACTOR FRAME STIFFNESS ( i n - 1  b/deg, i n  t he  r o l l  

d i r e c t i o n )  , and TRACTOR FRAME TORSIONAL A X I S  HEIGHT above ground ( i n .  ) . 
Fu r the r  d e t a i l s  on t h e  t r a c t o r  frame compliance model a r e  found i n  

Appendix 1.4. A l l  f o u r  e n t r i e s  a r e  F15.3 format .  The f i f t h  wheel 

l o c a t i o n  i s  a r b i t r a r y ,  t y p i c a l l y  f rom 0 t o  12 i n . ,  and determines t h e  

d i s t r i b u t i o n  o f  t r a i l e r  l oad  on t he  t r a c t o r  ax les .  The he igh t  above t he  

ground i s  t he  he igh t  t o  the  p i t c h  p lane h inge p o i n t  on t h e  f i f t h  wheel 



f o r  t h e  f u l l y  loaded t r a c t o r  ( t y p i c a l l y  45 i n . ) .  The t r a c t o r  frame 

s t i f f n e s s  parameter i s  inc luded  t o  a l l o w  rep resen ta t i on  o f  t y p i c a l  

t r a c t o r  frame compliances. Reasonable l e v e l s  o f  t r a c t o r  frame s t i f f -  

ness can be approximated w i t h  values f o r  t h i s  parameter rang ing  f rom 

20,000 t o  200,000 i n -1  b/deg. Values o f  frame t o r s i o n a l  a x i s  h e i g h t  

should be near t h e  va lue  used f o r  t h e  sprung mass h e i g h t  above ground. 

The user  should be aware t h a t  t h e  f i f t h  wheel coup l i ng  (as w e l l  

as p i n t l e  h i t c h  coup1 ings,  descr ibed l a t e r )  a re  a l l  represented by 

s p r i n g  connect ions.  Thus represented, t h e  equat ions o f  mot ion f o r  

d i f f e r e n t  v e h i c l e s  a r e  coupled by f o r c e  i n p u t s  r a t h e r  than displacement 

c o n s t r a i n t s  and may be so lved sepa ra te l y  and more economical ly.  A l l  

f i f t h  wheel s p r i n g  r a t e s  a r e  se l ec ted  w i t h i n  t h e  program f o r  optimum 

ope ra t i on  o f  t h e  s imu la t i on .  The r e s u l t i n g  r a t e s  a re  h i g h  enough t o  

appear e f f e c t i v e l y  r i g i d .  

3.3.2 T ruck IT rac to r  F ron t  Suspension and Ax1 e  Parameters. The 

PHASE 4 program models t h e  I-beam t ype  f r o n t  a x l e  commonly used on 

medium and heavy t r ucks .  The suspension serves as a  comp l ian t  1  i n k  

between t h e  sprung and unsprung masses, and i s  cha rac te r i zed  by t h e  

fo rces  and moments i t  produces. A1 1  suspensions a r e  modeled i n  t he  

genera l i zed  f ash ion  shown i n  F i gu re  5. The parameter e n t r i e s  f o r  t he  

t r u c k  o r  t r a c t o r  f r o n t  suspension a re  shown i n  F i gu re  3. The p r imary  

compliance o f  t h e  suspension i s  i n  t h e  v e r t i c a l  d i r e c t i o n  and i s  de f i ned  

by SUSPENSION SPRING RATE i n  I b / i n  per  s i d e  o f  t h e  v e h i c l e .  Since these 

a re  pa i r ed  components on an ax le ,  t h e  s i de - t o - s i de  o p t i o n  i s  a v a i l a b l e .  

The r a t e s  f o r  t h e  l e f t  and r i g h t  sp r ings  a re  en te red  on one 1  i n e  i n  

2F10.2 format.  I f  l e f t  and r i g h t  a r e  t h e  same, o n l y  t h e  f i r s t  ( l e f t )  

e n t r y  needs t o  be made, and t he  zero o r  b lank  read f o r  t h e  r i g h t  s i d e  

causes i t  t o  be assigned t h e  same va lue  as f o r  t h e  l e f t .  

Two op t i ons  e x i s t  f o r  r ep resen t i ng  non l i nea r  sp r i ngs :  ( 1 )  t h e  

s imple Spr ing  Table  used i n  T3DRS:Vl and (2 )  a  new Spr ing  Envelope 

Table. Non l inear  s p r i n g  t ab les  a re  se lec ted  by e n t e r i n g  a  nega t i ve  

sp r i ng  r a t e .  The type  of non l i nea r  s p r i n g  t a b l e  o p t i o n  i s  determined 

by t h e  numerical  va lue  o f  t h e  nega t i ve  s p r i n g  r a t e .  Spr ing  r a t e s  
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rang ing  f rom -1. t o  -99. w i l l  key t h e  Spr ing  Table  op t i on ;  s p r i n g  r a t e s  

rang ing  f rom -100. t o  -199. key t h e  Spr ing  Envelope Table.  The i n p u t  

requi rements  f o r  each of these op t i ons  a r e  descr ibed  below. 

Spr ing  Table:  

1 )  En te r  a  nega t i ve  whole number f o r  s p r i n g  r a t e  ( t h e  

nega t i ve  s i g n  keys t h e  program f o r  a  t a b l e  lookup, 

and t h e  numerical  va lue  i d e n t i f i e s  t h e  t a b l e ;  -99. < 

va lue  < -1.) .  

2 )  A s i n g l e  ( l e f t  s p r i n g )  e n t r y  r e s u l t s  i n  use o f  t h e  . . 

t a b l e  f o r  bo th  l e f t  and r i g h t  sp r ings ,  -. 

3 )  E n t r y  o f  a  separate  nega t i ve  number f o r  each s p r i n g  - . 

keys t h e  program t o  l o o k  f o r  two t ab les .  
. - -  - . 

4 )  En te r  t h e  l e f t  s p r i n g  t a b l e  immediate ly  i n  t h e  form 

as f o l l o w s :  

L i n e  # I  - Number o f  l i n e s  t o  f o l l o w ,  maximum o f  10 ( I 2  fo rmat )  

L i n e  #2 - Spr ing  fo rce  ( I b )  vs. d e f l e c t i o n  ( i n )  (2F10.2 fo rmat )  

L i n e  #n - Spr ing  f o r c e  ( I b )  vs. d e f l e c t i o n  ( i n )  ( 2 ~ 1 0 . i  fo rmat )  

5) I f  a  separate  r i g h t  s p r i n g  t a b l e  was c a l l e d  fo r ,  i t  

i s  en te red  n e x t  i n  t h e  same format .  

The t a b l e s  a r e  en te red  i n  t h e  p o s i t i v e  sense; i . e . ,  p o s i t i v e  d e f l e c t i o n  

( s p r i n g  compression) cor responding t o  p o s i t i v e  f o r c e  (1  oad) on t h e  

ax le .  The re fe rence  p o i n t  f o r  d e f l e c t i o n  i s  a r b i t r a r y ,  s i nce  t h e  p ro -  

gram s imp ly  i d e n t i f i e s  t h e  i n i t i a l  d e f l e c t i o n  f rom t h e  s t a t i c  load,  

and c a l c u l a t e s  changes t h e r e a f t e r .  I t  should  be noted t h a t  even w i t h  

s i de - t o - s i de  d i f fe rences  i n  s p r i n g  c h a r a c t e r i s t i c s ,  t h e  program a1 ways 

assumes equal l oads  on bo th  s ides  o f  t h e  ax le ,  a d j u s t i n g  t h e  i n i t i a l  

( o r  s t a t i c )  s p r i n g  d e f l e c t i o n  f o r  t h e  f u l l y  loaded v e h i c l e  t o  ach ieve 

t h i s  c o n d i t i o n .  When us i ng  t he  lookup t a b l e ,  t h e  range o f  t h e  t a b l e  

should always exceed t h e  expected range o f  ope ra t i on  o f  t h e  sp r i ng .  

T y p i c a l l y ,  i t  should extend from zero  l oad  t o  t h e  maximum dynamic l oad  

expected. Excurs ions beyond t h e  range o f  t h e  t a b l e  causes i t  t o  1 i m i t  



a t  the l a s t  load condition i n  the table in the direction of the excursion. 
If tension loads are expected due to the maneuver, the spring force 
characteristics should be defined in the tension (negative force) range. 

Spring Envelope Tab1 e: 

To enter spring data for  the Spring Envelope Table option, two 
envelope tables and two parameters need t o  be entered for  each spring 
(see Appendix 1.3 for  further explanation of these parameters). 

1 )  Enter a negative whole number for spring ra te ;  -199 < 

value < -100. 

2 )  As above, a single ( l e f t  spring) entry resul ts  in use 
of the table for both l e f t  and right springs. 

3 )  Enter the number of 1 ines in the spring compression 
envelope table,  maximum of 10. ( I 2  format) 

4)  Enter the spring force ( 1  b )  versus deflection ( i n )  
compression envelope table,  (2F10.2 format). 

n l ines 

5 )  Enter the Deflection Constant ( i n )  for  compression 
(F10.2 format). 

6 )  Enter the number of l ines in the spring extension 
envelope table,  maximum of 10. ( I2  format) 

7 )  Enter the spring force (1  b )  versus deflection ( i n )  
extension envelope tab1 e ,  (2F10.2 format). 

n l ines 

8) Enter the Deflection Constant ( i n )  for extension 
(F10.2 format). 



9)  I f  a  separate  r i g h t - s i d e  s p r i n g  t a b l e  i s  c a l l e d  f o r ,  i t  

i s  en te red  next ,  r e p e a t i n g  s teps ( 3 ) - ( 8 ) .  

The damping c h a r a c t e r i s t i c s  w i t h i n  t h e  suspension a re  cha rac te r i zed  

by v iscous damping and coulomb f r i c t i o n .  SUSPENSION VISCOUS DAMPING 

i s  en te red  i n  u n i t s  o f  l b - s e c / i n  f o r  each s i d e  o f  t h e  suspension (2F10.2 

f o rma t ) .  The s i de - t o - s i de  o p t i o n  i s  a v a i l a b l e .  Viscous damping e f f e c -  

t i v e l y  represen ts  t h e  shock absorber damping i n  t h e  v e r t i c a l  d i r e c t i o n ,  

and i s  a p p l i e d  t o  mot ions i n  bo th  d i r e c t i o n s .  I f  t h e  shock absorbers 

t o  be s imu la ted  a r e  a t  an ang le  t o  t h e  v e r t i c a l ,  t h e i r  damping c o e f f i -  

c i e n t  should  be m u l 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 t h e  shock absorber c e n t e r l i n e  and t h e  v e r t i c a l .  Typ i ca l  f r o n t -  

a x l e  shock absorber damping c o e f f i c i e n t s  should be i n  t h e  range o f  

10-20 I b-sec/ in .  

For  heavy v e h i c l e s  t h e  more common, and sometimes on ly ,  damping 

i s  coulomb f r i c t i o n  d e r i v e d  from i n t e r l e a f  f r i c t i o n  o f  t h e  l e a f  s p r i n g  

suspensions [18]. Note t h a t  i f  t h e  Spr ing  Envelope Table  o p t i o n  i s  

se lec ted ,  t h e  suspension coulomb f r i c t i o n  i s  imp1 i c i  t l y  represented 

w i t h i n  t h a t  model . Hence t h e  COULOMB FRICTION parameter d iscussed here 

would add t o  t h a t  amount o f  coulomb f r i c t i o n  a l r eady  represented by 

t he  Spr ing  Envelope Table  data.  Unless a d d i t i o n a l  coulomb f r i c t i o n  i s  

des i red ,  t h e  COULOMB FRICTION parameter should  be en te red  as 0.0 i n  

t h i s  case. The COULOMB FRICTION parameter i s  p r i m a r i l y  used w i t h  t h e  

l i n e a r  s p r i n g  o r  t h e  s imp le  s p r i n g  t a b l e .  COULOMB FRICTION i s  entered 

i n  u n i t s  o f  l b / s i d e  (2F10.2 fo rmat )  w i t h  t h e  s i de - t o - s i de  o p t i o n  

a v a i l a b l e .  The coulomb f r i c t i o n  i s  de f i ned  here as one-ha l f  t h e  w i d t h  

o f  t h e  h y s t e r e s i s  l oop  o f  t h e  s p r i n g  f o r c e - d e f l e c t i o n  cu rve  as i l l u s -  

t r a t e d  i n  F i gu re  6. When poss ib le ,  t h e  coulomb f r i c t i o n  magnitude 

should be se lec ted  a t  t h e  s t a t i c  l oad  c o n d i t i o n .  I n  t h e  absence o f  

s p e c i f i c  data,  t h e  coulomb f r i c t i o n  can be es t imated  a t  10% o f  t h e  

s t a t i c  l o a d  va lue.  The coulomb f r i c t i o n  i s  neglected d u r i n g  t h e  i n i t i a l  

s t a t i c  s p r i n g  d e f l e c t i o n  c a l c u l a t i o n s .  Dur ing  t h e  dynamic c a l c u l a t i o n s  

t h e r e a f t e r ,  t h e  coulomb f r i c t i o n  f o r c e  i s  added t o  o r  sub t rac ted  f rom 

the  c a l c u l a t e d  s p r i n g  force, depending on t h e  d i r e c t i o n  o f  r e l a t i v e  

mot ion.  Sources o f  s p r i n g  da ta  compat ib le  w i t h  t h e  Spr ing  Envelope 

Table  o p t i o n  a re  a v a i l a b l e  i n  References [18,39]. 
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Def 1 ecti on 

Figure 6, Coulomb friction in a suspension leaf spring assemb7y. 



The f r o n t  a x l e  components o f  t h e  v e h i c l e ,  i n c l u d i n g  t h e  ax l e ,  

sp r ings ,  sp ind les ,  hubs, brakes, and wheels, a r e  lumped i n t o  one un- 

sprung mass, as shown i n  F i gu re  5. The mass has a  cen te r  o f  g r a v i t y  

l oca ted  on t h e  a x i s  o f  t h e  wheels a t  t h e  l a t e r a l  c e n t e r  o f  t h e  ax le .  

The mass i s  cha rac te r i zed  by a  ROLL MOMENT OF INERTIA ( u n i t s  o f  

i n - l b - sec2 ,  F15.3 f o rma t ) ,  and i t s  UNSPRUNG WEIGHT (en te red  l a t e r  i n  

t h i s  group) .  The yaw moment o f  i n e r t i a  i s  assumed equal t o  t h e  r o l l  

moment o f  i n e r t i a ,  and s i nce  t h e  ax l es  a r e  cons t ra i ned  t o  yaw w i t h  t h e  

sprung mass, t h e  yaw moments o f  i n e r t i a  o f  t h i s  and a l l  o t h e r  ax les  a r e  

added t o  t h a t  o f  t h e  sprung mass by t h e  program. The p i t c h  moment o f  

i n e r t i a  f o r  ax l es  i s  n e g l i g i b l e  i n  e f f e c t  and i s  n o t  i nc l uded  i n  t h e  

model i ng . 
Whi le  t h e  suspension i s  p r i m a r i l y  a  v e r t i c a l  compliance, i t  a l s o  

serves t o  t r a n s m i t  h o r i z o n t a l  f o r ces  t o  t h e  sprung mass. The mechanism 

f o r  t r ansm iss i on  o f  1  a t e r a l  f o r ces  through t h e  suspension i s  impor tan t  

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

When a  v e h i c l e  i s  caused t o  r o l l  on i t s  suspension, i t  tends t o  r o l l  

about a  p o i n t  des ignated as t h e  r o l l  en te r ,  as shown i n  F i gu re  5. Con- 

c e p t u a l l y ,  t h e  r o l l  cen te r  i s  t h e  p o i n t  a t  which l a t e r a l  f o r c e s  a r e  

t r a n s m i t t e d  between t h e  sprung and unsprung masses. Th i s  parameter i s  

s i g n i f i c a n t  t o  v e h i c l e  response because 1  a t e r a l  f o r ces  p resen t  a t  t h e  

r o l l  cen te r  cause l a t e r a l  l oad  tran.sfer on t h e  a x l e  (and hence, t i r e s )  

and thereby i n f l uence  t h e  l a t e r a l  f o r ces  developed by t h e  t i r e s .  Th i s  

e f f e c t  i s  s i g n i f i c a n t  i n  t r a n s i e n t  maneuvers due t o  l o a d  t r a n s f e r  

e f f e c t s  before t h e  sprung mass has t ime  t o  r o l l ,  and i n  s teady-s ta te  

maneuvers due t o  t h e  d i s t r i b u t i o n  o f  r o l l  moment between f r o n t  and r e a r  

suspension r o l l  cen te rs .  The e f f e c t s  o f  r o l l  cen te r  h e i g h t  a r e  i nc l uded  

i n  t h e  model ing and a  ROLL CENTER HEIGHT parameter ( i n .  above t h e  ground, 

F15.3 fo rmat )  i s  i nc l uded  i n  t h e  i n p u t  l i s t .  The suspension and a x l e  

system i s  cons idered cons t ra i ned  w i t h  t h e  sprung mass i n  t h e  p i t c h  

degree of freedom so a  s i m i l a r  concept i n  t he  p i t c h  p lane i s  n o t  needed 

t o  c h a r a c t e r i z e  t ransmiss ion  o f  l o n g i t u d i n a l  f o r ces  and p i t c h  moments. 

For va r i ous  reasons, a  suspension system may n o t  always ma in ta i n  

t h e  wheels i n  a l ignment  w i t h  t h e  l o n g i t u d i n a l  a x i s  of t h e  v e h i c l e  



throughout  a l l  suspension mot ions.  Most suspensions a r e  sub jec t  t o  a  

small amount o f  s t e e r  e f f e c t  when t h e  v e h i c l e  r o l l s .  Such f a c t o r s  can 

p l a y  an impor tan t  r o l e  i n  v e h i c l e  d i r e c t i o n a l  response and o v e r a l l  

s t a b i l i t y .  The i n p u t  l i s t  i nc ludes  a  ROLL STEER COEFFICIENT ( i n  u n i t s  

o f  degrees s t e e r  per  degree r o l l ,  F15.3 fo rmat )  t o  s imu la te  t h i s  e f f e c t .  

A p o s i t i v e  e n t r y  imp1 i e s  an incrementa l  s t e e r  t o  t h e  r i g h t  when t h e  

sprung mass r o l l s  t o  t h e  r i g h t .  Hence, a  p o s i t i v e  f r o n t  a x l e  r o l l  s t e e r  

c o e f f i c i e n t  has an understeer  i n f l  uence. 

The v e r t i c a l  f o r c e  developed w i t h i n  t h e  suspension i s  t h e  sum o f  

sp r i ng  de f l ec t i on ,  coulomb f r i c t i o n ,  and v iscous damping f o r ces .  R o l l  

o f  t h e  a x l e  r e l a t i v e  t o  t h e  sprung mass produces a  r o l l  moment w i t h i n  

t he  suspension due t o  t h e  l a t e r a l  spacing between t h e  sp r i ngs  and shock 

absorbers. The LATERAL DISTANCE BETWEEN SUSPENSION SPRINGS ( i n .  , 
F15.3 format)  i s  i nc l uded  as an i n p u t  parameter, as a  bas i s  f o r  ca lcu-  

l a t i n g  t he  r o l l  moment e f f e c t .  A t  t imes, t h e  suspension may e x h i b i t  

a  r o l l  s t i f f n e s s  i n  excess o f  t h a t  accountable by t he  sp r i ngs  and t h e i r  

separa t ion  because o f  t h e  a d d i t i o n a l  e f f e c t s  o f  l i nkages ,  s p r i n g  t w i s t ,  

ant isway bars,  e t c .  An AUXILIARY ROLL STIFFNESS i n p u t  parameter ( i n - l b  

pe r  deg., F15.3 fo rmat )  i s  p rov ided  t o  a l l o w  model ing these e f f e c t s .  

The n e x t  parameter t o  be s p e c i f i e d  f o r  t he  suspension-axle system 

i s  t h e  TRACK WIDTH ( i n . ,  F15.3 fo rmat ) ,  de f i ned  as t he  d i s tance  between 

t he  wheel planes ( cen te r  o f  t h e  wheels) o f  t h e  r i g h t  and l e f t  t i r e s .  

Fo l low ing  t h i s  t h e  UNSPRUNG WEIGHT i s  entered ( 1  b, F15.3 f o rma t ) .  For 

t he  t r u c k / t r a c t o r  s t e e r i n g  a x l e  a t  l e a s t  one more parameter, STEERING 

GEAR RATIO (degrees s t e e r i n g  wheel /degree road wheel ) , needs t o  be 

entered (F10.2 fo rmat )  immediately f o l l o w i n g  t he  UNSPRUNG WEIGHT 

parameter. I f  t h e  STEERING GEAR RATIO i s  en te red  as 0.0, t h e  s t e e r i n g  

system model i s  n o t  a c t i v a t e d  and no a d d i t i o n a l  parameters a r e  requ i red  

i n  t h i s  group. I n  t h e  absence o f  a  s t e e r i n g  system model, s t e e r i n g  

i n p u t s  f rom a  s t e e r  t a b l e  o r  t he  pa th - f o l l owe r  model a r e  a p p l i e d  

d i r e c t l y  t o  t h e  f r o n t  wheels. 

A p o s i t i v e  e n t r y  f o r  STEERING GEAR RATIO a c t i v a t e s  t he  s t e e r i n g  

system model d u r i n g  t he  s i m u l a t i o n  and s t e e r  i n p u t s  ( f rom a  s t e e r  t a b l e  

o r  pa th  f o l l o w e r )  a re  a p p l i e d  a t  t h e  s t e e r i n g  wheel. I n  t h i s  case, 



f i v e  a d d i t i o n a l  s t e e r i n g  system parameters need t o  be entered immediately 

f o l l o w i n g  t h e  STEERING GEAR RATIO, each i n  F10.2 format.  The f i r s t  

o f  these parameters i s  STEERING STIFFNESS (IN-LB/DEG). The STEERING 

STIFFNESS i s  t h e  s t i f f n e s s  o f  t h e  s t e e r i n g  components between t h e  s tee r -  

i n g  wheel and t h e  l e f t  f r o n t  road wheel, as measured a t  t h e  road  wheel. 

Fo l l ow ing  t h i s ,  separate  1  i n e  e n t r i e s  a r e  made f o r  t he  TIE ROD STIFFNESS 

( IN-LB/DEG) , MECHANICAL TRAIL ( I N ) ,  TORSIONAL WRAP-UP STIFFNESS 

(IN-LB/IN), and LATERAL OFFSET OF STEERING A X I S  ( I N ) .  Each o f  these 

s t e e r i n g  system parameters a re  descr ibed i n  Appendix I. 5 and Reference 

[37]. Use of t h e  s t e e r i n g  system model (STEERING GEAR RATIO > 0 )  imp1 i e s  

e n t r y  of steer ing-wheel ang le  data i n  t h e  STEER Table, Sec t ion  3.2. 

3.3.3 T ruck /T rac to r  F ron t  T i r e s  and Wheels. T i  r e  f o r ces  w i t h i n  

t h e  PHASE 4 program a re  c a l c u l a t e d  f rom models t h a t ,  i n  e f f e c t ,  de te r -  

mine t h e  f o r ces  f rom t h e  ope ra t i ng  cond i t i ons .  For  example, t i r e  ve r -  

t i c a l  l oad  i s  a  r e s u l t  o f  i t s  instantaneous v e r t i c a l  h e i g h t  ( r o l l i n g  

r a d i u s )  above t h e  road. The co rne r i ng  and 1  ongi  t u d i n a l  f o r c e  behav ior  

can be represented one o f  t h r e e  ways: 

1 )  A l i n e a r  model o f  co rne r i ng  and l o n g i t u d i n a l  s t i f f n e s s  

c h a r a c t e r i s t i c s  

2) A  non l i nea r  t a b l e  lookup model f o r  co rne r i ng  and l o n g i -  

t u d i n a l  c h a r a c t e r i s t i c s  w i t h  v a r i a t i o n s  due t o  l oad  and 

speed cond i t i ons  

3 )  A  semi-empi r ica l  t i r e  model based on a  t h e o r e t i c a l  rep re -  

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

The f i r s t  1  i n e  e n t r y  f o r  f r o n t  t i r e s  and wheels, as shown i n  

F i gu re  3, i s  t h e  l e f t  and r i g h t  CORNERING STIFFNESS ( I  bs /deg / t i r e ,  

2F15.3 f o rma t ) .  I f  t h e  r i g h t - s i d e  va lue i s  l e f t  b lank o r  entered as 

zero, i t  i s  assumed equal t o  t h e  l e f t - s i d e  va lue.  The co rne r i ng  s t i f f -  

ness i s  t h e  s lope o f  t he  l a t e r a l  f o r c e  versus s l i p  ang le  behav ior  o f  t h e  

t i r e  i n  t h e  v i c i n i t y  o f  zero s l i p  angle,  as i l l u s t r a t e d  i n  F i gu re  7. 

I t  i s  entered as a  p o s i t i v e  number and i s  t y p i c a l l y  numer i ca l l y  equ i -  

v a l e n t  t o  approx imate ly  10 percent  o f  t h e  s t a t i c  l oad  ( i . e . ,  a  t i r e  a t  



S l i p  Angle (deg) 

Figure 7 .  Definition of cornering stiffness parameter. 



5000 1  bs l oad  has a  co rne r i ng  s t i f f n e s s  o f  approx imate ly  500 1  b/deg). 

Since t h e  s t i f f n e s s  i s  dependent on t h e  t i r e  load, i t  should be 

entered f o r  t h e  c o n d i t i o n  equ i va len t  t o  t h e  f u l l  s t a t i c  l oad  on t h a t  

t i r e  i n  t h e  s imu la t i on .  I n t e r n a l l y ,  t he  program con t i nuous l y  a d j u s t s  

t h e  co rne r i ng  s t i f f n e s s  i n  p r o p o r t i o n  t o  t h e  changing dynamic l oad  

cond i t i ons .  The 1  i n e a r  co rne r i ng  s t i f f n e s s  model should o n l y  be used 

w i t h  moderate co rne r i ng  maneuvers, where t h e  t i  r e  co rne r i ng  f o r ces  

generated a r e  l e s s  than 50 percen t  o f  t h e  v e r t i c a l  load.  Beyond t h i s  

p o i n t ,  t he  co rne r i ng  f o r c e  becomes non l i nea r  and sa tu ra tes  (no sa tu ra -  

t i o n  o r  1  i m i  t on l a t e r a l  t r a c t i o n  occurs w i t h  t h e  1  i n e a r  model). I n  

such cases, e i t h e r  t h e  nonl  i n e a r  t a b l e  lookup model o r  t h e  semi- 

emp i r i ca l  t i r e  model can be used. The e n t r y  o f  a  nega t i ve  whole 

number between -1. and -99, w i l l  key t he  t a b l e  lookup model. The e n t r y  

o f  a  nega t i ve  whole number between -201. and -299. w i l l  key t h e  semi- 

emp i r i ca l  t i r e  model. The numerical  va lue  o f  t h e  e n t r y  e i t h e r  iden-  

t i f i e s  t he  t a b l e  number f o r  t h e  t a b u l a r  t i r e  f o r c e  data,  o r  t he  s e t  o f  

parameters used t o  descr ibe  a  s p e c i f i c  t i r e  model assoc ia ted w i t h  t h e  

number. (The format  f o r  t h e  t a b u l a r  t i r e  da ta  i s  discussed i n  Sec t ion  

3.3.3.1, t h e  format  f o r  t h e  semi-empir ica l  t i r e  model i s  discussed i n  

Sec t ion  3.3.3.2.) 

The nex t  l i n e  entered f o r  f r o n t  t i r e s  and wheels i s  t he  l e f t -  

and r i g h t - t i r e  LONGITUDINAL STIFFNESS i n  1  b s / s l  i p  (2F15.3 fo rmat ) .  

The LONGITUDINAL STIFFNESS i s  equ i va len t  t o  t he  i n i t i a l  s lope  o f  t he  

brake f o r c e  versus l o n g i t u d i n a l  s l i p  curve f o r  a  t i r e ,  as i l l u s t r a t e d  

i n  F igu re  8, and t y p i c a l l y  has a  numerical  va lue equ i va len t  t o  about 

f o u r  t imes t h e  t i r e  s t a t i c  load.  The l o n g i t u d i n a l  s t i f f n e s s  i s  pro-  

po r t i oned  i n s i d e  t h e  program t o  change w i t h  t h e  t i r e  dynamic load.  

L i k e  t he  co rne r i ng  s t i f f n e s s  en t r y ,  p o s i t i v e  values s p e c i f y  t he  1  i n e a r  

t i r e  model f o r  l o n g i t u d i n a l  t i r e  f o r c e  c a l c u l a t i o n s  w i t h  zero r i g h t -  

s i d e  e n t r i e s ,  caus ing t h e  program t o  assume a  r i g h t - s i d e  va lue  equal 

t o  t h e  l e f t .  Since i t  i s  a  1  i n e a r  model, i t  should o n l y  be used w i t h  

b rak ing  maneuvers f o r  which the  f r i c t i o n  l e v e l  on each t i r e  i s  w e l l  

below the  peak ( t h e  b rak ing  i s  w e l l  below t h e  wheel lockup c o n d i t i o n ) .  

For h i g h  l e v e l  b rak ing  o r  when a n t i l o c k  b rak ing  i s  used, t h e  t i r e  l o n g i  

t u d i n a l  f o r c e  c h a r a c t e r i s t i c s  a r e  bes t  represented by a  t a b l e  lookup. 
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Figure 8. Oeii ni ti on o f  1 ongi tudi nal s t 7  ffness parameter. 



A negative entry with values between -1 and -99 for longitudinal s t i f f -  

ness keys the nonlinear t i r e  force table lookup option. As above, 
the numerical value of this  entry ident i f ies  the longitudinal t i r e  force 

table of data which needs t o  follow. (Section 3.3.3.1 .) If the semi- 

empirical t i r e  model i s  used, the entered values for longitudinal 

s t i f fness  i s  ignored, as a calculated value based on the t i r e  model 

parameters i s  used (Section 3.3.3.2). 

Mixtures of 1 inear and nonl inear t i r e  options for  longitudinal 

and la teral  t i r e  force representations are permitted for the same t i r e .  

Linear and nonl inear mixtures side-to-side are a1 so a1 lowed. 

The remaining parameters (except for a1 igning moment) t o  be 

entered for  front t i r e s  and wheels should be positive or zero. Nega- 

t ive table entry options are  no t  allowed. Two values per l ine  are 

entered representing l e f t -  and right-side values (2F15.3 format). Zero 

right-side values will equate right with l e f t .  The f i r s t  of these, 

CAMBER STIFFNESS, defines the la teral  force per degree of camber a t  
s t a t i c  load conditions and i s  entered in I bs/deg. ALIGNING MOMENT a t  
the s t a t i c  load condition i s  entered next in units of in-lbldeg. TIRE 

SPRING RATE ( I  b / in) ,  TIRE LOADED RADIUS ( i n ) ,  and POLAR MOMENT OF 

INERTIA (in-1 b-sec2) then follow as the l a s t  three 1 ines of the t i r e /  

wheel parameters. The polar moment of iner t ia  for  a l l  rotating wheel 

components i s  defined abou t  the spin axis of the wheel. This parameter 

can be of importance in antilock braking maneuvers. 

3.3.3.1 Nonlinear la teral  and longitudinal t i r e  table formats. 

Negative values ( in  the range of -1 t o  -99) for CORNERING STIFFNESS 

or LONGITUDINAL STIFFNESS parameters tr igger the nonlinear t i r e  model 

table lookup option. Tire da t a  conforming t o  a specific format needs 

t o  be entered immediately fol lowing each of these negative entries.  

Cornering Stiffness ( M U - Y )  Tab1 es: 

Tabular cornering ( l a t e r a l )  force t i r e  data called by a negative 

CORNERING STIFFNESS value i s  entered in terms of a normalized la teral  

traction coefficient,  M U - Y ,  as a function of t i r e  sides1 ip angle, ALPHA, 

for a t  l eas t  one, and as many as three, different vertical t i r e  loads 



and velocities.  MU-Y i s  defined as the nondimensional ra t io  of t i r e  

la teral  force to the prevailing vertical  load a t  zero longitudinal 

s l i p  ( f ree  ro l l ing) .  Two-way 1 inear interpolation i s  used by the pro- 
gram between entered table points. The format required for  entering 

MU-Y tabular d a t a  i s  as follows (see Appendix B for examples): 

(Define number of loads and veloci t ies)  

Number of vertical  loads, NL (3  max.) 
Vertical load values 

Number of velocities,  N V  ( 3  rnax.) 
Velocity values 

(F i r s t  load/f i rs t  velocity table)  

Number of t i r e  sides1 ip angles, N11, in 
f i r s t  ALPHA versus MU-Y table (rnax. of 10) 

N11 l ines of ALPHA (deg),  MU-Y pairs com- 
prising the f i r s t  table 

( F i r s t  1 oad/second velocity tabl e )  

Number of t i r e  s idesl ip  angles, N12, in 
second ALPHA versus MU-Y table (max. of 10) 

N12 l ines of ALPHA (deg),  MU-Y pairs com- 
prising the second tabl e 

(F i r s t  loadlthird velocity table)  

Number of t i r e  s idesl ip  angles, N13, in 
third ALPHA versus MU-Y table (rnax. of 10) 

N13 1 ines of ALPHA (deg) , MU-Y pairs com- 
prising the third table 

( I2  format) 

(3F10.2 format) 

( I2  format) 

(3F10.2 format) 

( I2  format) 

(2F10.2 format, 
each l ine )  

( I2  format) 

(2F10.2 format, 
each 1 i ne) 

( I 2  format) 

(2F10.2 format) 

(Repeat for  second load condition) 

(Repeat for  third load condition) 

Note: The total  number of ALPHA versus MU-Y tables i s  - 
equal t o  the product of N V  x NL. Hence, a maximum of 

nine ( 9 )  such tables are permitted ( N V  = NL = 3) and a 
minimum of one (1)  table ( N V  = NL = 1 )  i s  required. 

Immediately following the ALPHA versus MU-Y tables,  a "roll-off" 

tabular function which a1 lows for reduction of the free-rol 1 ing t i r e  

la teral  forces under 1 ongi tudinal (braking) sl ip conditions i s  required. 

I n  the event no braking occurs, a simple one-point table may be used. 

The "roll-off" table i s  a two-way table of the parameter, R O L L Y ,  as 



a  f u n c t i o n  o f  l o n g i t u d i n a l  s l i p  (SLIP) and s i d e s l i p  (ALPHA) o f  t h e  

t i r e .  ROLLY i s  s imp ly  a  mu1 t i p 1  i c a t i o n  f ac to r  f o r  MU-Y de f i ned  a t  t h e  

se lec ted  SLIP and ALPHA va lues i n  t h e  t a b l  e  and i n t e r p o l a t e d  e l  sewhere. 

ROLLY va lues o f  1.0 s imp ly  r e t u r n  t h e  f r e e - r o l l i n g  MU-Y value. L i ke -  

wise, a  ROLLY va lue  o f  0.75 would d i m i n i s h  t h e  va lue  o f  MU-Y by 25 

percen t  a t  t h e  s p e c i f i e d  l o n g i t u d i n a l / s i d e s l  i p  p o i n t  i n  t h e  " r o l l  - o f f u  

t a b l  e. 

The f o l l o w i n g  fo rmat  i s  used f o r  e n t e r i n g  l a t e r a l  " r o l l - o f f "  

f u n c t i o n  t a b u l a r  data:  

(De f i ne  arguments o f  t h e  t a b l e )  

Number o f  l o n g i t u d i n a l  s l  i p  (SLIP) p o i n t s ,  ( I 2  fo rmat )  
NS, i n  t h e  " r o l l - o f f "  t a b l e  (10  max.) 

N S l i n e s o f l o n g i t u d i n a l  s l i p ( S L 1 P )  va lues (F10 .2 fo rma t ,  
each l i n e )  

Number o f  s ides1 i p  (ALPHA) po in t s ,  NSS, ( I 2  fo rmat )  
i n  t h e  " r o l l - o f f "  t a b l e  (10 max.) 

NSS l i n e s  o f  s i d e s l i p  (ALPHA) va lues (F10.2 format ,  
each 1 i ne) 

NSS x NS m a t r i x  o f  ROLLY va lues d e f i n i n g  (10F8.2 fo rmat )  
t h e  " r o l  l - o f f "  t a b u l a r  f u n c t i o n .  NSS 1  ines  
c o n t a i n i n g  NS ROLLY values11 i n e  as shown 
below. 

S1 ip l  S l  i p 2  etc. 
I 
0-0-0-- --------------o--------..--..-..----o- 

I 7 
I I Alpha, I ROLLY, ROLLY12 ..... I 

I I 
I I 
I I 

I I 
I 1 A 1  pha2 I ROLLY 2l R0LLYz2 . . . . . I 

I I 
I I 
I I etc.  I I 
I I 
I . . I 
I I 
1 . I 
I 1 
I . . I 
I I 
I . . I 
I I 
I . . I 
I I 
I . . I 
I I 

I l------------ROLLY TABLE-------------------' 

Note: The maximum s i z e  o f  t h e  ROLLY t a b l e  i s  10 x 10 

(NSS = NS = 10 ) .  Minimum s i z e  i s  1  x 1  (NSS = NS = 1 ) .  



A 1  igning Moment Parameters : 

In the case where nonlinear CORNERING STIFFNESS i s  used, an 
optional a1 igning torque model may be used by entry of a negative value 

of ALIGNING MOMENT. The option allows a more accurate representation 

of a1 igning moment characteristics (see Appendix 1.8).  In th is  case, 

an additional l ine  of eight (four l e f t  side,  four right side) aligning 

moment curve f i t  parameters (8F10.2 format) are inserted a f t e r  the 

ALIGNING MOMENT entry. If the four right-side parameters are  no t  
entered, they are equated internally t o  those values entered for the 

l e f t  side. 

Longitudinal Stiffness ( M U - X )  Tab1 es: 

Tabular braking (longitudinal) force t i r e  data i s  entered in 

exactly the same format as used for  cornering data. This data must 

fol low immediately a f t e r  the negative LONGITUDINAL STIFFNESS entry. 

M U - X ,  a normal ized longitudinal traction coefficient,  now rep1 aces M U - Y  

as the dependent table variable and  longitudinal s l i p ,  SLIP, replaces 

ALPHA as the independent table variable. MU-X i s  defined as the non-  
dimensional ra t io  of longitudinal t i r e  force t o  the prevailing vertical 

load a t  a zero t i r e  s idesl ip  angle. Like the la teral  force table data, 

up  t o  three vertical loads and speeds may be specified. 

A longitudinal "roll-off" function i s  1 i  kewise required in the 

case of MU-X tabular data. ROLLX,  a multiplicative factor analogous 

t o  ROLLY for cornering data, i s  specified in a two-way table of longi- 

tudinal s l  ip (SLIP) versus sides1 ip (ALPHA)  identical t o  t h a t  format 

used for  the la teral  "roll-off" table. 

Sources of la teral  and  longitudinal t i r e  force d a t a  for heavy 

trucks, t h a t  are largely compatible with the PHASE 4 program, are 

contained in References [2,8,10,31,32,33,39]. 



3.3.3.2 Semi-empir ical  t i r e  model. En t r y  o f  nega t i ve  values 

between -201. and -299. f o r  t he  CORNERING STIFFNESS parameter keys t h e  

semi-empir ica l  t i r e  model op t ion .  Parameters desc r i b i ng  t h e  t i r e  t o  

be modeled need t o  be entered immediately f o l l o w i n g  t h e  negat i ve  value, 

j u s t  as w i t h  t h e  non l i nea r  t i r e  t a b l e  lookup op t i on .  

The t i r e  model uses a l i m i t e d  number o f  r e a d i l y  ob ta ined  ( o r  

est imated)  parameters t o  compute t h e  shear fo rces  and a1 i g n i n g  moments 

produced d u r i n g  b rak ing  and/or s t e e r i n g  maneuvers. The user  i s  

r e f e r r e d  t o  Appendix 1.1 f 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 e  model 

and i t s  r e q u i r e d  parameters. The user  a l s o  has t he  o p t i o n  o f  e n t e r i n g  

s e n s i t i v i t i e s  of t he  parameters w i t h  respec t  t o  l oad  and/or v e l o c i t y .  

If these s e n s i t i v i t i e s  a r e  n o t  entered, t he  program assigns t h e  va lue 

of 0. t o  them. These s e n s i t i v i t i e s  a l l o w  the  user  t o  f i t  p a r t i c u l a r  

l oad  and v e l o c i t y  dependent t rends observed i n  t e s t  data.  The format  

f o r  e n t e r i n g  t h e  t i r e  model data i s  as f o l l o w s .  

(Parameters and Load/Vel o c i  t y  S e n s i t i v i t i e s )  

*NOMINAL CORNERING STIFFNESS - C ( 1  b/deg) , a C  /aFz ( 1  /deg) , 
CI CI 

a C  / a V  ( I  b-sec/deg/ f t )  , (3F10.4 fo rmat )  
CI 

*PEAK FRICTION VALUE - up, a~,,/af, ( l / l b ) ,  a~ / a V  ( s e c / f t ) ,  
P 

(3F10.4 fo rmat )  

*LOCKED WHEEL FRICTION VALUE - us, apS/aFz ( l / l b ) ,  

aus/aV ( s e c / f t ) ,  (3F10.4 fo rmat )  

*LONGITUDINAL SLIP VALUE AT PEAK FRICTION - S , aSp?aFZ ( l / l b ) ,  
P 

as / a V  ( s e c l f t ) ,  (3F10.4 format) 
P 

.NOMINAL PNEUMATIC TRAIL - X ( i n ) ,  a X  /aFZ ( i n / l b ) ,  
P P 

a X  / a V  ( i n - s e c / f t ) ,  (3F10.4 fo rmat )  
P 

-LATERAL STIFFNESS - C ( l b / i n ) ,  aC  /aFZ ( l l i n ) ,  
Y Y 

a C  / a V  ( 1  b-sec/ in , ' f t )  (3F10.4 fo rmat )  
Y 

-NOMINAL VERTICAL LOAD ( I b )  - F (F10.4 fo rmat )  
zo 

*NOMINAL VELOCITY ( f t l s e c )  - V o  (F10.4 fo rmat )  



I f  t h e  same t i r e  model i s  t o  be represented a t  o t h e r  l o c a t i o n s  

on t he  veh i c l e ,  e n t r y  o f  t h e  same negat i ve  va lue  f o r  CORNERING STIFF- 

NESS w i l l  cause t he  program t o  i n t e r n a l l y  d u p l i c a t e  t h e  p r e v i o u s l y  

entered data f o r  t h a t  t i r e .  Note t h a t  a l l  convent ions used f o r  lookup 

t ab les  app ly  t o  t he  t i r e  model . 

3.3.4 T ruck IT rac to r  Rear Suspension and Ax1 e  Parameters. Medi um 

and heavy t r u c k s  a l l  use one o r  more so l  i d  r e a r  ax les.  S ince a  l a r g e  

percentage o f  such veh i c l es  use two (tandem) r e a r  ax les,  an o p t i o n a l  

tandem a x l e  i s  p rov ided  i n  t he  program models. The r e a r  suspension 

and a x l e  parameters a r e  t h e  n e x t  group o f  i n p u t  parameters, as shown i n  

F igure  9. The f i r s t  parameter i s  a  SUSPENSION KEY ( I 2  fo rmat )  f o r  

which "00" i n d i c a t e s  a  s i n g l e  a x l e  i s  t o  be used, and "01" i n d i c a t e s  a  

tandem ax1 e  se t .  

3.3.4.1 S i n g l e  ax les .  When a  s i n g l e  a x l e  has been s p e c i f i e d ,  

i t s  c h a r a c t e r i s t i c s  a r e  descr ibed  by t h e  same s e t  o f  parameters used t o  

descr ibe  t h e  f r o n t  suspension and a x l e  (see Sec t ion  3.3.2 f o r  d e t a i l e d  

d i scuss ion ) .  Hence, f o l  l ow ing  a  "00" suspension key, t h e  f o l l  owing 

parameters a r e  entered : 

-SUSPENSION SPRING RATE ( 1  b s / i  n /s ide /ax l  e )  ; 2F10.2 format;  

tab1 e  1  ookup and s i de - t o - s i de  op t i ons  a1 1  owed 

*SUSPENSION VISCOUS DAMPING ( I  bs -sec / in /s ide)  ; 2F10.2 format ;  

s i de - t o - s i de  o p t i o n  a l lowed 

-COULOMB FRICTION ( 1  bs) ; 2F10.2 format;  s i de - t o - s i de  o p t i o n  

a1 lowed 

*AXLE ROLL MOMENT OF INERTIA ( i n-1 b-sec2) ; F15.3 format  

*ROLL ENTER HEIGHT ( i n .  above ground) ; F15.3 format  

*ROLL STEER COEFFICIENT (deg s tee r l deg  r o l l  ) ; F15.3 format  

-AUXILIARY ROLL STIFFNESS ( i n - 1  b/deg) ; F15.3 format  





*LATERAL DISTANCE BETWEEN SUSPENSION SPRINGS ( i n )  ; F15.3 format  

-TRACK WIDTH ( i n ) ;  F15.3 format  

*UNSPRUNG WEIGHT ( l b s ) ;  F15.3 format  

Because o f  t h e  dual  t i r e s  commonly used on r e a r  ax les,  t h e  TRACK 

WIDTH must be c a r e f u l l y  de f ined .  As used here, t r a c k  w i d t h  i s  t he  

l a t e r a l  d i s t ance  between t h e  cen te rs  o f  t h e  dual  t i r e s ,  as shown i n  

F igure  10. The dual  t i r e  separa t ion  parameter i s  i nc l uded  i n  t he  T i r e s  

and Wheels da ta  and de f i nes  t he  wheel l o c a t i o n s  r e l a t i v e  t o  t h e  t r a c k  

width.  

3.3.4.2 Tandem ax les  op t i on .  The tandem a x l e  model has been 

re fo rmu la ted  f o r  t h e  PHASE 4 program. Prev ious ly ,  seven d i f f e r e n t  

tandem op t i ons  have been v a r i o u s l y  ava i  1  ab le  among t h e  predecessor pro- 

grams. These i n c l  uded: 

1  ) Wal king-beam suspension 

2) Bas ic  f o u r - s p r i n g  suspension 

3 )  Four-spr ing w i t h  spr ing- type  to rque  rods 

4)  Four-spr ing w i t h  l ong  l o a d  l e v e l e r  

5)  Mu1 t i p 1  e  to rque  r o d  f o u r - s p r i n g  

6)  M u l t i p l e  to rque  r o d  f o u r - s p r i n g  w i t h  spr ing- type  

1 ower to rque  rod  

7 )  Air suspension 

Reference [3] prov ides a  d e t a i l e d  d i scuss ion  o f  these seven types o f  

tandem suspensions. Each axle/suspension system was de f i ned  by a  de- 

t a i l e d  l i s t  o f  geometr ic parameters t h a t  served t o  e s t a b l i s h  t h r e e  

bas ic  c h a r a c t e r i s t i c s :  

1 )  The tandem a x l e  separa t ion  

2 )  The s t a t i c  l o a d  d i s t r i b u t i o n  among the  ax les  

3 )  The dynamic l oad  t r a n s f e r  between ax les  d u r i n g  b rak ing .  

That  approach t o  model ing was taken under t he  ph i losophy t h a t  tandem 

ax1 e  geometr ic c h a r a c t e r i s t i c s  were more r e a d i l y  a v a i l a b l e  t o  users 

than such parameters as dynamic l oad  t r a n s f e r  c h a r a c t e r i s t i c s .  However, 
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Figure 10. Definition o f  track wid th  and dual tire separation. 



t he  l i m i t a t i o n s  o f  each geometr ic fo rmu la t ion  has r e s u l t e d  i n  a  pro-  

l i f e r a t i o n  o f  models, each requ i red  t o  handle p a r t i c u l a r  d e t a i l s  

assoc ia ted w i t h  t h e  many v a r i e t i e s  of tandem systems i n  use. 

I n  PHASE 4, tandem-axle systems a r e  modeled as two s i n g l e  ax les  

w i t h  l oad - l eve l  i n g  a c t i o n  t o  approximate e i t h e r  ( a )  f o u r - s p r i  ng sus- 

pensions o r  ( b )  walking-beam suspensions. S p e c i f i c a t i o n  o f  t h e  t h r e e  

parameters l i s t e d  above and t h e  t ype  o f  suspension ( f o u r - s p r i n g  o r  

wal king-beam) d e f i n e  t h e  tandem suspension c h a r a c t e r i s t i c s .  Hence, 

t he  e n t r y  o f  a  tandem-axle system i s  accomplished by e n t r y  o f  a  data 

1  i s t  as descr ibed below. 

The tandem-axle o p t i o n  i s  i n d i c a t e d  by e n t r y  o f  e i t h e r  a  "01" 

( f ou r - sp r i ng  o p t i o n )  o r  a  "02" (wal king-beam o p t i o n )  va lue  ( I 2  fo rmat )  

as t h e  f i r s t  parameter, SUSPENSION KEY. Note t h a t  i f  t h e  wal king-beam 

o p t i o n  i s  se lec ted  (one suspension s p r i n g  f o r  tandem ax1 es)  , the  

PHASE 4  program i n t e r p r e t s  t h e  suspension s p r i n g  r a t e / f r i c t i o n  para- 

meters ( o r  t a b u l a r  da ta )  entered f o r  t h e  l e a d i n g  ax le ,  as t h e  walk ing-  

beam spr ing .  Data entered as s p r i n g  r a t e / f r i c t i o n  parameters f o r  t h e  

t r a i l i n g  a x l e  a r e  ignored under t h e  walking-beam op t ion ,  b u t  must s t i l l  

be entered. The nex t  e n t r y  i s  TANDEM AXLE SEPARATION ( i n .  between t h e  

cen te rs  o f  t h e  l ead ing  and t r a i l i n g  ax les ,  i n  F15.3 fo rmat ) .  Tandem- 

ax1 e  separa t ion  i s  t y p i c a l l y  48-52 i n .  f o r  c l o s e l y  spaced tandem sets .  

Next i s  t h e  STATIC LOAD TRANSFER (F15.3 fo rmat )  which i s  t h e  percen t  

o f  t he  t o t a l  tandem load  c a r r i e d  on t he  l ead  a x l e  under s t a t i c  condi -  

t i o n s .  On t h e  most common tandem suspensions, t h i s  i s  in tended t o  be 

50 percen t  (50.0 e n t r y ) ,  a1 though minor v a r i a t i o n s  may occur  due t o  

inaccurac ies  i n  t h e  equal i z i n g  system o r  due t o  d i f f e r e n c e s  i n  t h e  un- 

sprung weights  o f  t h e  ax les.  The va lue  entered here es tab l i shes  t h e  

f i n a l  s t a t i c  d i s t r i b u t i o n  o f  t h e  loaded v e h i c l e  used i n  t h e  s imu la t i on .  

I n t e r n a l l y ,  t he  program works back from t h e  l oad  d i s t r i b u t i o n  spec i f i ed ,  

compensates f o r  t h e  unsprung weights  o f  t he  ax les ,  and s e l e c t s  t h e  

necessary s t a t i c  s p r i n g  d e f l e c t i o n  on each a x l e  t o  achieve t h i s  s t a t i c  

l oad  d i s t r i b u t i o n .  I f  d i f f e r e n t  s i de - t o - s i de  s p r i n g  c h a r a c t e r i s t i c s  

a r e  a l s o  s p e c i f i e d ,  t h e  s t a t i c  d e f l e c t i o n s  o f  t he  spr ings  on t he  r i g h t  

and l e f t  a r e  se lec ted  t o  achieve equal l o a d  on bo th  s ides  of t h e  a x l e  

under s t a t i c  cond i t i ons .  



Next, t h e  DYNAMIC LOAD TRANSFER parameter i s  en te red  (F15.3 

format) .  Th i s  parameter, i n  u n i t s  o f  percent ,  desc r ibes  t h e  f r a c t i o n  

of t h e  t o t a l  brake to rque  (generated on t h e  r e a r  a x l e s )  a p p l i e d  t o  

t r a n s f e r r i n g  l oad  f rom t h e  t r a i l i n g  t o  t h e  l e a d i n g  a x l e  o f  t h e  tandem 

se t .  That  i s ,  t h e  brake to rque  generated by t h e  r e a r  ax l es  r e s u l t s  i n  

a  p i t c h  p lane moment on t h e  v e h i c l e  t h a t  must be coun te rac ted  by a  

moment generated e i t h e r  by a  dynamic l o a d  t r a n s f e r  t o  t h e  f r o n t  a x l e  o f  

t h e  v e h i c l e ,  o r  by dynamic l o a d  t r a n s f e r s  t o  t h e  l e a d i n g  tandem ax le .  

For example, i f  t h e  t o t a l  brake to rque  on a  tandem a x l e  s e t  w i t h  a  

50- in.  TANDEM AXLE SEPARATION i s  100,000 i n -1  b, a  DYNAMIC LOAD TRANSFER 

va lue  o f  t 10 .0  ( pe rcen t )  would r e s u l t  i n  an increase/decrease o f  200 

1  bs o f  v e r t i c a l  l o a d  on t h e  l e a d i n g / t r a i l i n g  ax les .  The l o a d  t r a n s f e r  

c h a r a c t e r i s t i c s  a r e  determined by t he  i n h e r e n t  geometry o f  t h e  suspen- 

s i o n  and t o rque  r o d  systems. Wi th  i d e a l  to rque  r o d  designs, a l l  brake 

t o rque  r e a c t i o n  t r a n s f e r s  t o  t h e  v e h i c l e  frame, r e s u l t i n g  i n  l o a d  

t r a n s f e r  t o  t h e  f r o n t  ax le .  I n  p r a c t i c e ,  l e s s  than t h a t  i d e a l  i s  

achieved. Wal king-beam and a i r  suspensions a r e  reasonably  e f f e c t i v e  

and a  zero e n t r y  may be app rop r i a t e  t o  those cases. However, some f o u r -  

s p r i n g  suspensions by t h e  na tu re  o f  t h e i r  l oad  e q u a l i z a t i o n  systems may 

t r a n s f e r  l o a d  f rom t h e  l e a d i n g  t o  t h e  t r a i l i n g  ax l e ,  i n  which case a  

nega t i ve  va lue  f o r  t h e  parameter i s  r equ i r ed .  

A f t e r  e n t r y  o f  these t h r e e  spec ia l  tandem parameters, t h e  remainder 

o f  t h e  r e a r  suspension and a x l e  parameters a r e  en te red  as two s e r i a l  se ts  

o f  s i n g l e  ax l es .  That  i s ,  a  s i n g l e  a x l e  data s e t  o f  10 parameters, f rom 

SUSPENSION SPRING RATE through UNSPRUNG WEIGHT, i s  en te red  t o  descr ibe  

t h e  l e a d i n g  ax le ;  f o l l owed  by a  s i m i l a r  da ta  s e t  t o  descr ibe  t h e  

t r a i l i n g  ax l e .  D i f f e r e n t  paramet r i c  values, a long  w i t h  t h e  t a b l e  l ook -  

up and s i de - t o - s i de  op t ions ,  can be used as des i r ed  w i t h  each ax l e .  

More d e t a i l e d  d i scuss ion  o f  t h e  10 parameters i s  con ta ined  i n  Sec t ions  

3.3.2 and 3.3.4.1. These da ta  a re  echoed, as shown i n  F i gu re  9, i n  a  

s ide -by -s ide  fo rmat  r a t h e r  than t h e  s e r i a l  fo rmat  a c t u a l l y  used i n  t h e  

i n p u t  l i s t .  



3.3.5 Truck /Trac to r  Rear T i r e s  and Wheels. The r e a r  t i r e s  and 

wheels (see F ig .  9 )  a r e  g e n e r a l l y  descr ibed by t h e  same paramet r i c  

i n f o r m a t i o n  needed f o r  t h e  f r o n t  wheels, t h a t  i s  descr ibed  i n  d e t a i l  

i n  Sec t ion  3.3.3. The p r imary  d i f f e r e n c e  a r i s e s  f rom t h e  f a c t  t h a t  

r e a r  ax l es  commonly employ a dual t i r e  arrangement. Hence, t he  f i r s t  

parameter t o  be entered i s  DUAL TIRE SEPARATION (F15.3 fo rmat )  which i s  

t he  d i s tance  i n  inches between t h e  cen te r -p lane  o f  t h e  two t i r e s  i n  a  

dual  wheel s e t  (see F ig .  10) .  Thence t h e  paramet r i c  data on a per  t i r e  

bas is  i s  entered. I f  t h e  dual t i r e  separa t ion  i s  i n p u t  as zero, a  

s i n g l e  wheel i s  assumed a t  t h a t  p o s i t i o n  de f i ned  by t h e  t r a c k  w i d t h  

entered p rev ious l y ,  D i f f e r e n t  values can be assigned f o r  t i r e s  on t h e  

l e f t  and r i g h t  s i d e  o f  t h e  a x l e  by s i de - t o - s i de  e n t r y  format ,  b u t  bo th  

t i r e s  i n  t h e  dual  s e t  a r e  assigned t he  same parameter values. The l a s t  

en t r y ,  t h e  POLAR MOMENT OF INERTIA, i s  1 i kewise entered on a pe r  t i r e  

bas is ,  and hence, w i t h  dual  wheels should be entered as ha1 f t h e  va lue  

f o r  t h e  dual  wheel se t .  I f  tandem ax les  have been s p e c i f i e d ,  two 

complete se ts  o f  t i r e  data from DUAL TIRE SEPARATION t o  POLAR MOMENT 

OF INERTIA should be entered i n  se r i es ,  t h e  f i r s t  s e t  f o r  t h e  l e a d i n g  

a x l e  and t h e  second s e t  f o r  t h e  t r a i l i n g  ax le .  

3.3.6 Truck /Trac to r  F r o n t  and Rear Brakes. The brake systems 

on t h e  ax les  o f  t h e  s imu la ted  v e h i c l e s  a r e  represented by t h e  t i m i n g  

c h a r a c t e r i s t i c s  o f  t h e  pneumatic system and t h e  pressure to rque  charac- 

t e r i s t i c s  o f  t h e  brakes. Brake system data a r e  entered as t he  l a s t  

category o f  i n f o r m a t i o n  about each v e h i c l e  and a re  en te red  o n l y  i f  a 

Treadle Pressure Table was en te red  i n  t h e  S imu la t i on  Operat ion Para- 

meters. Zero 1 i nes  i n  t h a t  t a b l e  s i gna l  s  t h e  program t o  s k i p  over  brake 

da ta  read  i n s t r u c t i o n s .  One o r  more 1 ines  i n  the  Tread le  Pressure 

Table, even i f  a1 1 values a r e  zero, i s  considered a t a b l e  en t r y .  

Brake data a r e  entered f o r  each a x l e  o f  t h e  v e h i c l e  i n  sequence 

from f r o n t  t o  r e a r ,  t h e  number o f  brake da ta  se ts  be ing equal t o  t h e  

number o f  ax l es  on t h e  v e h i c l e  (see F ig .  9 ) .  The brake da ta  se ts  con- 

s i s t  o f  a t  l e a s t  f i v e  e n t r i e s  f o r  t h e  f i r s t  a x l e  on t h e  veh i c l e ,  and 

a t  l e a s t  t h r e e  e n t r i e s  f o r  each remain ing ax le .  



The f i r s t  e n t r y  i s  t h e  TIME LAG i n  seconds f o r  t h e  l e f t  and 

r i g h t  brake (2F10.4 f o rma t ) .  Th i s  parameter descr ibes  t h e  t ime  f o r  

a  pressure s i g n a l  t o  proceed f rom t h e  t r e a d l e  va l ve  t o  t h e  brake chamber 

and i s  e q u i v a l e n t  t o  t h e  t ime  f rom t h e  f i r s t  mot ion  o f  t h e  t r e a d l e  va l ve  

t o  t h e  beginn ing of t h e  pressure r i s e  a t  t h e  brake chamber. Typ i ca l  

va lues a r e  i n  t h e  range o f  0.02 t o  0.10 sec f o r  t r u c k / t r a c t o r  a i r  brake 

systems. 

The second e n t r y  i s  brake RISE TIME i n  seconds f o r  t h e  l e f t  and 

r i g h t  brakes (2F10.4 f o rma t ) .  The r i s e  t ime  i s  t h e  e f f e c t i v e  t ime  

cons tan t  when t h e  chamber pressure r i s e  i s  cha rac te r i zed  by a  f i r s t -  

o rde r  l a g  ( i  .e., t ime  r e q u i r e d  t o  reach 63 percen t  o f  t h e  s t eady -s ta te  

s t e p  response).  Typ i ca l  va lues a r e  i n  t h e  range o f  0.2 t o  0.5 sec. 

The t h i r d  e n t r y  i n  t h e  brake s e t  i s  t h e  l e f t  and r i g h t  BRAKE 

TORQUE c o e f f i c i e n t  i n  u n i t s  o f  i n -1  b o f  brake t o rque /ps i  (2F10.4 

f o rma t ) .  The brake to rque  c o e f f i c i e n t  cha rac te r i zes  t h e  brake i n  a  

l i n e a r  f a s h i o n  and, as w i t h  t h e  f i r s t  two e n t r i e s ,  can be g i ven  a  s ide -  

t o - s i d e  d i f f e r e n c e .  (One e n t r y  w i t h  any o f  t h e  above parameters, as 

w i t h  any s i de - t o - s i de  parameter, causes t h e  r i g h t  s i d e  t o  be g iven  t h e  

same va lue  as t h e  l e f t  s i de . )  I n  t h e  event  i t  i s  des i r ed  t o  model t h e  

brake w i t h  nonl  i n e a r  c h a r a c t e r i s t i c s ,  as, f o r  example, hav ing a  nonzero 

pushout pressure be fo re  t h e  brake i s  actuated,  a  brake lookup t a b l e  can 

be c a l l e d  by e n t r y  o f  a  nega t i ve  whole number ( i n  t h e  range o f  -1 t o  

-299) f o r  t h e  BRAKE TORQUE c o e f f i c i e n t .  Immediately t h e r e a f t e r ,  a  

brake t a b l e  shou ld  be en te red  i n  t h e  f o l l o w i n g  format :  

L i n e  #1 Number of L ines ,  n  (max. o f  10) ( I 2  fo rmat )  

L i n e  #2, e t c .  ' n '  l i n e s  o f  t h e  t a b l e  o f  

p ressure  ( p s i )  versus t o rque  ( i n - 1 b )  (2F10.2 fo rmat )  

I f  l e f t  and r i g h t  brakes a r e  g i ven  separate  t a b l e s ,  t h e  l e f t  brake 

t a b l e  i s  en te red  f i r s t ,  f o l l o w e d  immediate ly  by t h e  r i g h t  brake t a b l e .  

The s i de - t o - s i de  lookup t a b l e  op t i ons  may be mixed as des i r ed  on each 

a x l e  o r  on d i f f e r e n t  ax les .  

I f  even g r e a t e r  d e t a i l  i s  des i r ed  i n  r ep resen t i ng  brake torque,  

t h e  Brake Model o p t i o n  may be used. The p r i n c i p a l  i n p u t s  o f  t h i s  o p t i o n  



a r e  (1  ) parameters d e s c r i b i n g  t he  a c t u a t i o n  mechanism (brake power), 

(2)  brake fade c o e f f i c i e n t s  t h a t  can be chosen t o  match t h e  i n - s top  

fade measured i n  t e s t s  us ing  i n e r t i a  dynamometers, and ( 3 )  parameters 

needed f o r  d e s c r i b i n g  t h e  thermal c o n d i t i o n  o f  t he  drum and t h e  1 i n i n g  

(see Appendix 1.2 f o r  f u r t h e r  d e t a i l s ) .  The brake f a c t o r  c o e f f i c i e n t s  

represen t  ( a )  t he  bas ic  ga in  of t h e  brake and ( b )  t he  instantaneous 

i n f l uences  o f  a c t u a t i o n  e f f o r t  (pressure) ,  s l  i d i n g  v e l o c i t y ,  and 

i n t e r n a l  temperatures on brake ga in .  P r o v i s i o n  f o r  i n c l  ud ing  t h e  

i n f l uences  o f  i n i t i a l  brake temperature a r e  a l s o  conta ined i n  t h i s  

semi-empir ica l  model. The brake model p rov ides  t h e  c a p a b i l i t y  f o r  

d e t a i l e d  s tud ies  o f  t h e  i n f l uences  o f  changes i n  brake power and 1 i n i n g  

p r o p e r t i e s  p l u s  p r e d i c t i o n s  o f  brake temperature and fade. 

The Brake Model o p t i o n  i s  a c t i v a t e d  by e n t e r i n g  a nega t i ve  BRAKE 

TORQUE c o e f f i c i e n t  w i t h  a va lue  i n  t h e  range from -300 t o  -399. The 

f i r s t  Brake Model da ta  l i n e  read  f o l l o w i n g  t he  BRAKE TORQUE c o e f f i c i e n t  

con ta ins  e i g h t  parameters (8F10.2 fo rmat )  : (1  ) Chamber Area ( i n 2 ) ,  

(2) Drum Diameter ( i n ) ,  ( 3 )  Wedge Angle (deg) f o r  a wedge brake, o r  

S lack Ad jus te r  Length ( i n )  i n  t h e  case o f  a cam brake, ( 4 )  - ( 7 )  f o u r  

brake f a c t o r  c o e f f i c i e n t s  1+4 de f i ned  i n  Appendix 1.2, and (8) Pushout 

Pressure. The nex t  l i n e  con ta ins  t h e  number o f  1 ines  t o  f o l l o w  i n  

t he  I n i t i a l  Brake Temperature Table ( I 2  f o rma t ) .  The I n i t i a l  Brake 

Temperature Table i s  then en te red  i n  (2F10.2 fo rmat )  per  l i n e .  The 

l a s t  two l i n e s  en te red  under t h i s  o p t i o n  a r e  geometr ic and thermal pro-  

p e r t i e s  o f  t h e  drum and 1 i n i n g  needed f o r  temperature c a l c u l a t i o n s  i n  

t he  Brake Model. The f i r s t  l i n e  con ta ins  f i v e  parameters (5F10.2 

format) : Drum Rubbing Area ( f t 2 ) ,  Drum Thickness ( f t )  , Drum Convect ion 

C o e f f i c i e n t  (BTU/sec/in2/OF), I n i t i a l  Drum Temperature (OF), and 

Ambient Temperature ( O F ) .  The n e x t  1 i n e  con ta ins  f o u r  parameters 

(4F10.2 fo rmat )  : L i n i n g  Area ( f t 2 ) ,  L i n i n g  Thickness ( f t ) ,  L i n i n g  

Convect ion C o e f f i c i e n t  ( ~ ~ ~ / s e c / i n ~ / ~ F ) ,  and I n i t i a l  L i n i n g  Temperature 

(OF) 

The Brake Model data entered under t h i s  o p t i o n  needs t o  be 

entered o n l y  once. I f  t h e  same brake model c h a r a c t e r i s t i c s  a r e  needed 

f o r  a d i f f e r e n t  wheel l o c a t i o n  on t he  v e h i c l e  t r a i n ,  e n t r y  o f  t he  same 



BRAKE TORQUE c o e f f i c i e n t  (-300. t o  -399.) w i l l  cause t he  program t o  

i n t e r n a l  l y  dupl  i c a t e  t h e  p r e v i o u s l y  entered data f o r  t h a t  wheel . Note 

t h a t  t h i s  i s  t he  same convent ion used f o r  t h e  lookup t a b l e  op t ions .  

The f o u r t h  o r  n e x t  r e q u i r e d  e n t r y  f o r  t h e  f i r s t  a x l e  i s  t h e  g l oba l  

brake h y s t e r e s i s  key, KHYST, i n  I 1  format  (see F ig .  9 ) .  I f  t h i s  key 

i s  en te red  as 0, t h e  brake hys te res i s  c a l c u l a t i o n  o p t i o n  i s  bypassed 

f o r  - a l l  brakes on t h e  v e h i c l e  t r a i n  and no h y s t e r e s i s  data needs t o  be 

entered f o r  any brake. I f  KHYST > 0, a t  l e a s t  one brake on t h e  v e h i c l e  

t r a i n  i s  assumed t o  con ta i n  h y s t e r e s i s  and h y s t e r e s i s  parameters must 

then be entered f o r  each brake on t he  v e h i c l e  t r a i n .  

For  KHYST > 0, data  f o r  t h e  brake h y s t e r e s i s  c a l c u l a t i o n  (see 

Appendix 1.6) i s  entered on t h e  nex t  l i n e  a f t e r  KHYST ( i f  f i r s t  a x l e  

on v e h i c l e ) ;  and f o r  a l l  remain ing ax les,  on t h e  1  i n e  f o l l o w i n g  e i t h e r :  

( a )  BRAKE TORQUE ( i f  > 0 )  o r  ( b )  non l i nea r  brake to rque  tab les/Brake 

Model da ta  ( i f  BRAKE TORQUE < 0 ) .  Each brake h y s t e r e s i s  data 1  i n e  con- 

t a i n s  f i v e  l e f t .  s i d e  and f i v e  r i g h t  s i d e  parameters (10F8.2 f o rma t ) :  

HY, HY2 (IN-LB/PSI), RESBRK (PSI) ,  RESID (IN-LB), and HYL. (Repeated 

f o r  r i g h t  s i de . )  Each o f  these brake h y s t e r e s i s  parameters a re  exp la ined 

i n  Appendix 1.6. E n t r y  o f  0.0 f o r  t h e  HY parameter on a  p a r t i c u l a r  

brake w i l l  cause t h e  hys te res i s  c a l c u l a t i o n  t o  be bypassed f o r  t h a t  

brake. Zero o r  nonent ry  o f  r i g h t  s i d e  hys te res i s  parameters w i l l  cause 

t he  program t o  i n t e r n a l l y  equate t h e  r i g h t  s i d e  values t o  those entered 

f o r  t h e  l e f t  s ide .  

The f i f t h  o r  nex t  r e q u i r e d  e n t r y  f o r  t h e  f i r s t  a x l e  i s  t he  g l oba l  

brake p r o p o r t i o n i n g  key, KPROP, i n  I 1  format  (see F ig .  9 ) .  L i k e  KHYST, 

i f  KPROP i s  en te red  as 0, t h e  brake p r o p o r t i o n i n g  o p t i o n  i s  bypassed 

f o r  - a l l  brakes on t h e  v e h i c l e  t r a i n  and no brake p r o p o r t i o n i n g  data 

should be entered f o r  any brake. I f  KPROP > 0, a t  l e a s t  some brake 

p r o p o r t i o n i n g  i s  assumed on t h e  v e h i c l e  t r a i n  and brake p r o p o r t i o n i n g  

da ta  must then be entered f o r  each brake on t he  veh i c l e .  

If KPROP > 0, t h e  f o l l o w i n g  brake p r o p o r t i o n i n g  da ta  (see Appendix 

1.7 f o r  f u r t h e r  d e t a i l s )  must be entered f o r  each brake immediately 

a f t e r  t h e  l a s t  hys te res i s  i n p u t  l i n e  ( o r ,  KPROP i n  t h e  case o f  t he  f i r s t  

a x l e )  : 



Format 

** The f o l l o w i n g  data i s  entered o n l y  i f  I P R O  > 0 ** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

/ 0  => No propor t ion ing ,  t h i s  brake \ 

NT1 ( # of p a i r s  i n  Treadle Table I 2  

IPR0 

Treadle Table 

1  => V e r t i c a l  load  p ropo r t i on ing  

( 2 => Suspension d e f l e c t i o n  p ropo r t i on ing  

, 3 => Long i tud ina l  dece le ra t ion  p ropo r t i on ing  , 

NT2 ( #  of p a i r s  i n  Valve Table 

Valve Table 

I each 1  i ne 

\ 

2F10.2 
l each 1  i ne  

I 

**(Springp o n l y  i f  IPRO = 2)** **F10.2** 

Then, 

Repeat f o r  r i g h t  s ide,  same ax le,  

beginning w i th ,  

IPRO 



The performance of hydraul ic  brake systems can be represented 
as we1 1 by the brake models. In that case, the BRAKE LAG and RISE 

TIME parameters are negligible and may be entered as zero. Table 1 

summarizes the brake data input requirements. 

3.4 Firs t  Trailer Description 

The f i r s t  t r a i l e r  i s  always a semitrailer which i s  modeled as a 
rigid body sprung mass supported a t  the front by the tractor f i f t h  
wheel coup1 ing and a t  the rear by i t s  own suspension and axles. 
Parametric data for the t r a i l e r  i s  shown in Figures 11 and 1 2 .  

3.4.1 Trailer Parameters. The basic properties of the t r a i l e r  
are described by sprung mass parameters that constitute the f i r s t  
group of entries.  The sprung mass i s  modeled as a rigid body, shown 
in Figure 13. The f i r s t  entry i s  WHEELBASE, the characteristic length 
of the t r a i l e r  defined as the longitudinal distance in inches (F15.3 
format) from the kingpin t o  the center of the rear suspension. For a 
single-axle t r a i l e r ,  th i s  i s  the same as the distance to the rear axle 
centerline, b u t  for a tandem-axle t r a i l e r  i t  i s  the distance to the 
geometric center of the rear axles. 

The rigid body sprung mass i s  represented by mass properties 
concentrated a t  i t s  center of gravity ( c .g . ) .  I t s  mass and fore/aft  
location are established by input of the BASE VEHICLE KINGPIN STATIC 

LOAD ( I  bs., F15.3 format) and CURB WEIGHT ON REAR AXLES ( I  bs., F15.3 

format). The base vehicle weight data defines the mass of the semi- 
t r a i l e r  only and should exclude loads imposed from other t r a i l e r s .  
Rear axle curb weight with tandem axles i s  the total  for both axles. 

Thereafter, the sprung mass and payload properties consisting of 
the following entries are made: 

* S P R U N G  MASS C . G .  HEIGHT 
*SPRUNG MASS ROLL MOMENT OF INERTIA 

*SPRUNG MASS PITCH MOMENT OF INERTIA 



Table 1.  Brake Parameter I n p u t  Summary. 

Brake Parameters 

1  ) TILIE LAG 

U n i t s  Format 

(SEC) (2F10.4) 

2) RISE TIME (SEC) (2FlO. 4 )  

3 )  BRAKE TORQUE 

a )  i f > O  

=> L i nea r  Brake 

b)  i f  > -300 and < 0  

=> Lookup Table 

Enter  Brake Tab1 e  f o r  f i r s t  occurrence 

c )  i f  > -399 and < -300 

=> Brake Model o p t i o n  

En te r  Brake Model da ta  f o r  f i r s t  occurrence 

- - - - -- -- -- - -- - - - - - - - - 

4)  KHYST o n l y  f o r  f i r s t  a x l e  on v e h i c l e  (11) 

a )  i f  = 0  

=> No brake hys te res i s  da ta  entered f o r  e n t i r e  v e h i c l e  

b)  i f > O  

=> Brake hys te res i s  o p t i o n  

En te r  brake hys te res i s  parameters f o r  each brake (1  0F8.2) 

5 )  KPROP o n l y  f o r  f i r s t  a x l e  on v e h i c l e  (11 

a )  i f = O  

=> No brake p r o p o r t i o n i n g  data en te red  f o r  e n t i r e  v e h i c l e  

b)  i f > O  

=> Brake p r o p o r t i o n i n g  o p t i o n  

En te r  brake p r o p o r t i o n i n g  data f o r  each brake 
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Figure 13. Modeling elenents of a semitrailer, 
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*SPRUNG MASS YAW MOMENT OF INERTIA 

PAYLOAD WEIGHT 

*PAYLOAD DISTANCE AHEAD OF REAR SUSPENSICN - Opt iona l  

*PAYLOAD C.G. HEIGHT - Opt iona l  

-PAYLOAD ROLL MOMENT OF INERTIA - Opt ional  

.PAYLOAD PITCH MOMENT OF INERTIA - Opt ional  

-PAYLOAD YAW MOMENT OF INERTIA - Opt iona l  

Sect ion 3.3.1 g i ves  a d e t a i l e d  d e s c r i p t i o n  o f  these parameters f o r  t h e  

t r u c k l t r a c t o r  t h a t  i s  equal l y  appl  i c a b l  e  here. 

I f  o n l y  a  t r a c t o r - t r a i l e r  i s  be ing  simulated, t h i s  completes t he  

parameter e n t r i e s  d e s c r i b i n g  t h e  t r a i l e r  sprung mass. However, i f  a 

doubles o r  t r i p l e s  a r e  t o  be s imu la ted  ( i  .e., another  t r a i l e r  f o l l ows ) ,  

two more parameters must be entered a t  t h i s  p o i n t  t o  l o c a t e  t h e  p i n t l e  

hook. The e n t r i e s  r e q u i r e d  a r e  LOCATION OF PINTLE HOOK (d i s t ance  i n  

inches behind t he  r e a r  suspension, F15.3 fo rmat ) ,  and HEIGHT OF PINTLE 

HOOK ( inches above ground, F15.3 format).  The h e i g h t  i s  taken t o  be 

t he  va lue  when t h e  s e m i t r a i l e r  i s  i n  i t s  f u l l y  loaded s t a t i c  p o s i t i o n .  

3 . 4 . 2  T r a i l e r  Suspension, Axle,  T i r e s ,  Wheels, and Brakes. The 

parameters t o  descr ibe  these components o f  t h e  s e m i t r a i l e r  f o l l o w  as 

shown i n  F igures  11 and 12. These component e n t r i e s  a r e  i d e n t i c a l  i n  

format  and f u n c t i o n  t o  t h e  T ruck IT rac to r  Rear Suspension and Ax le  

Parameters (Sec t i on  3.3.4), T ruck IT rac to r  Rear T i r e s  and Wheel s  (Sec t ion  

3.3.5),  and T ruck IT rac to r  Rear Brakes (Sec t i on  3.3.6). The user  should 

r e f e r  t o  these sec t ions  t o  answer quest ions r e l a t i n g  t o  d e f i n i t i o n s  o r  

format  . 

3.5 Second and T h i r d  ( F u l l  ) T r a i l e r  Desc r i p t i ons  

The second and t h i r d  t r a i l e r s  a r e  always f u l l  t r a i l e r s  c o n s i s t i n g  

o f  a  r i g i d -body  sprung mass supported a t  t h e  f r o n t  on e i t h e r  a  f i x e d  

o r  conver te r  d o l l y ,  and a t  t he  r e a r  by i t s  own suspension and ax les.  

Parametr ic  da ta  f o r  t he  second t r a i l e r  i s  shown i n  F igures 14 and 15 

and i s  t he  same f o r  t h e  t h i r d  t r a i l e r .  When a t h i r d  t r a i l e r  ( t r i p l e s )  
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i s  s imulated, t h e  complete da ta  s e t  as shown i n  F igures 14 and 15 

( w i t h  t h e  excep t ion  o f  t he  two p i n t l e  hook parameters) i s  entered f o r  

t he  t h i r d  t r a i l e r  immediately f o l l o w i n g  t he  second t r a i l e r .  

3.5.1 F u l l  T r a i l e r  Parameters. A f u l l  t r a i l e r  i s  modeled by a  

s e m i t r a i l e r  s e t t i n g  on a  f i x e d  o r  conver te r  d o l l y .  The two types o f  

d o l l i e s  a re  f u n c t i o n a l l y  d i f f e r e n t ,  as i l l u s t r a t e d  i n  F i gu re  16. The 

f i x e d  d o l l y  i s  a t tached  d i r e c t l y  t o  t h e  t r a i l e r  and i s  cons t ra ined  t o  

move w i t h  t he  t r a i l e r  i n  a l l  bu t  the  yaw d i r e c t i o n .  Hence, a  p i t c h  

d i r e c t i o n  h inge i n  t he  do1 l y  tongue i s  used t o  decouple p i t c h  mot ions 

from the  towing veh i c l e .  The conve r t e r  d o l l y  incorpora tes  a  conven- 

t i o n a l  f i f t h  wheel as a  coup l i ng  t o  t h e  t r a i l e r .  Th i s  t ype  o f  d o l l y  

has a  r i g i d  tongue and i s  decoupled f rom t h e  t r a i l e r  i n  yaw and p i t c h .  

K i nema t i ca l l y ,  t he  d o l l i e s  a re  modeled as shown. The assump- 

t i o n s  i n  t he  models a re  as f o l l o w s :  

1 )  The yaw i n e r t i a  o f  t h e  d o l l y  i s  assumed n e g l i g i b l e .  

2 )  The e f f e c t i v e  sprung mass p r o p e r t i e s  o f  t he  d o l l y  a re  

lumped i n  w i t h  t h a t  o f  t h e  t r a i l e r .  

3 )  T i r e  l o n g i t u d i n a l  v e l o c i t y  due t o  d o l l y  yaw i s  neglected.  

The p r imary  f u n c t i o n a l  d i f f e r e n c e  between t he  two types o f  do1 1  i e s  

i n  t h e  s i m u l a t i o n  i s  t h a t  t h e  conve r t e r  d o l l y  can e x e r t  s t a t i c  l oad  

on t he  r e a r  o f  t h e  towing t r a i l e r ,  whereas t h e  f i x e d  d o l l y  does no t .  

L i k e  t he  t r a c t o r  f i f t h  wheel, t he  p i n t l e  connect ion i s  modeled by sp r ings  

o f  s u i t a b l y  h i g h  s t i f f n e s s  such t h a t  they  a r e  r e a l i s t i c ,  y e t  a l l o w  t he  

equat ions t o  be coupled by f o r ces  r a t h e r  than displacements. The p i n t l e  

h i t c h  t r ansm i t s  o n l y  l o n g i t u d i n a l ,  l a t e r a l  and v e r t i c a l  fo rces ,  b u t  no 

moments . 
The f i r s t  parameter e n t r y  w i t h  a  f u l l  t r a i l e r  i s  t h e  DOLLY KEY 

( I 2  fo rmat )  f o r  which "01" i n d i c a t e s  a  conver te r  d o l l y  and "02" a  

f i x e d  d o l l y .  The nex t  t h r e e  e n t r i e s  d e f i n e  t h e  geometry f o r  bo th  types 

o f  d o l l i e s  as shown i n  F i gu re  16. The f i r s t  i s  DISTANCE FROM PINTLE 

HOOK TO DOLLY SUSPENSION ( i n . ,  F15.3 fo rmat ) ,  which de f ines  t h e  e f fec -  

t i v e  tongue l e n g t h  o f  t he  d o l l y .  For t h e  s i n g l e - a x l e  d o l l y  t h i s  i s  t he  
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F i g u r e  16. Modeling elements of the f i x e d  and c o n v e r t e r  dollies.  



d i s tance  t o  t h e  cen te r  o f  t h e  ax le ,  whereas f o r  t h e  tandem ax les  i t  

i s  t o  t h e  m idpo in t  between t h e  two ax les.  Second i s  TURNTABLE LOCATION 

( inches ahead o f  t h e  suspension center ,  F15.3 fo rmat ) ,  which de f i nes  

*.. - t h e  o f f s e t  between t h e  k i ngp in  o r  t u r n t a b l e  cen te r  and suspension 
- - 

system. L a s t  i s  TURNTABLE HEIGHT ( inches above t h e  ground, F15.3 fo rmat ) .  

By t h i s  s i m p l i f i e d  represen ta t ion ,  i t  i s  i m p l i c i t l y  assumed t h a t  t he  

l o n g i t u d i n a l  tongue fo rces  a r e  app l i ed  t o  t h e  f u l l  t r a i l e r  a t  t he  l o n g i -  

t u d i n a l  l o c a t i o n  o f  t h e  k i ngp in  and a t  t h e  v e r t i c a l  l o c a t i o n  de f i ned  

by t h e  t u r n t a b l e  he igh t .  Hence, t h e  h e i g h t  should be taken as t h a t  o f  

t h e  p i t c h  p i v o t  on t h e  f i f t h  wheel o f  a  conver te r  d o l l y ,  and as t h a t  o f  

t he  p i t c h  d i r e c t i o n  h inge  on t h e  tongue o f  a  f i x e d  d o l l y .  
- - --. -. - - .  

The WHEELBASE ( i n . ,  F15.3 fo rmat )  f o r  t h e  f u l l  t r a i l e r  i s  de f ined  - . --. 

as t h e  d i s t ance  between t h e  cen te rs  o f  t h e  do1 l y  and t h e  t r a i l e r  r.ear 
suspension systems. The base v e h i c l e  sprung mass and l o n g i t u d i n a l  

cen te r  o f  g r a v i t y  l o c a t i o n  i s  then de f ined  by e n t r y  o f  BASE VEHICLE 

CURB WEIGHT ON FRONT AXLES ( 1  bs, F15.3 fo rmat )  and BASE VEHICLE CURB 

WEIGHT ON REAR AXLES ( I  bs , F15.3 fo rmat ) .  I n  t he  case o f  a  conver te r  

do1 l y ,  some weight  may be c a r r i e d  on t he  tongue due t o  k i n g p i n  o f f s e t .  

The f r o n t  a x l e  cu rb  weight  f o r  t he  conver te r  d o l l y  should i nc l ude  t he  

weight  c a r r i e d  on t he  tongue ( i . e . ,  v e r t i c a l  l oad  on t he  p i n t l e  hook). 

From these s t a t i c  loads, l e s s  t h e  unsprung weights t h a t  a re  entered 

l a t e r ,  sprung mass p r o p e r t i e s  o f  t h e  t r a i l e r  a re  ca l cu l a ted ,  which 

i nc l ude  sprung mass c o n t r i b u t i o n s  f rom the  d o l l y .  

Therea f te r ,  SPRUNG MASS C G  HEIGHT, MOMENTS OF INERTIA, and PAYLOAD 

data, shown i n  F i gu re  14, a re  entered as f o r  a t r u c k / t r a c t o r ,  descr ibed 

i n  Sec t ion  3.3.1. 

I f  t h e  t r a i l e r  i s  t he  second o f  a  t h r e e - t r a i l e r  ( t r i p l e s )  com- 

b i n a t i o n ,  p i n t l e  hook l o c a t i o n  data, as f o l l ows ,  appears next .  

-LOCATION OF PINTLE HOOK ( d i s t ance  i n  inches behind t h e  rear- 

suspension, F15.3 format)  

*HEIGHT OF PINTLE HOOK ( inches above t h e  ground, F15.3 fo rmat )  

Th i s  concludes t he  t r a i  1  e r  parameters. 



3.5.2 Full Trailer Suspension, Axles, Tires,  Wheels, and 
Brakes. Input data for  these parameters are shown in Figures 14 and 
15. The component entries for both the dolly and t r a i l e r  rear suspen- 
sions and axles are  identical i n  format and function to the Truck/ 
Tractor Rear Suspension and Axle Parameters (Section 3.3.4). The t i r e s ,  
wheel s ,  and brake component entr ies  are identical to TruckITractor Rear 
Tires and Wheel s (Section 3.3.5) and TruckITractor Rear Brakes (Section 
3.3.6). The user should refer to  these sections for definit ions and 
format . 

3.6 Antilock Brake Descr i~ t ion  

After the l a s t  entries of parametric data (normally the brake 
data) for  the l a s t  vehicle in the combination, the user has the option 
t o  enter antilock brake control system data for  any wheel on the 
vehicle t ra in .  If no antilock data i s  to be entered for the vehicle, 
a "00" entry ( I2  format) should be entered for the VEHICLE ANTILOCK 
K E Y  a t  t h i s  point in the input stream. If antilock data i s  to be 
entered, the VEHICLE ANTILOCK K E Y  entry should be "01" ( I 2  format). 
The "01" entry will activate the antilock subprogram to read and echo 
antilock data according to  the format documented in Appendix D, Anti- 

lock Simulation. All antilock data must be entered following the "01" 
entry for the VEHICLE ANTILOCK K E Y .  

The anti1 ock simulation i s  a general -purpose program which 
requires the user to  specify operating characteristics of each ant i -  
lock system simulated. Because of the program's built-in f l ex ib i l i t y ,  
permitting simulation of a wide variety of antilock system character- 
i s t i c s ,  entry and selection of numerical values defining the desired 
features may be chal lenging tasks for some f i rs t - t ime users. Examples 

appearing in Appendix D should prove helpful i n  understanding the basic 
program usage. 



3.7 End o f  I n p u t  

The l a s t  1  i n e  entered i n  t he  i n p u t  stream i s  t h e  RERUN parameter 

( I 2  fo rmat ) .  Note t h a t  t h i s  parameter i s  never echoed as an element 

o f  t h e  i n p u t  da ta  l i s t .  A "00" e n t r y  f o r  RERUN w i l l  t e rm ina te  t h e  

program f o l l o w i n g  t h e  s i m u l a t i o n  r u n  by a  CALL EXIT system r e t u r n .  A 

"01" e n t r y  f o r  RERUN i s  used t o  per form m u l t i p l e  runs. I n  t h i s  case, 

a  second da ta  s e t  beg inn ing  w i t h  a  T i t l e  L i n e  should  f o l l o w  immediately 

i n  t h e  same i n p u t  stream. The "01" RERUN parameter w i l l  cause t h e  

program t o  read t h e  second data s e t  and execute t h e  s imu la t i on .  

Fo l l ow ing  execu t ion  f o r  t h e  second data se t ,  i t s  RERUN parameter w i l l  

be read and t h e  program te rmina ted  (RERUN = 00) o r  a  t h i r d  data s e t  

read (RERUN = 01).  I n  t he  event a  data s e t  i s  n o t  entered f o l l o w i n g  

an "01" RERUN en t r y ,  a  system 1/0 i n t e r r u p t  w i l l  occur and t h e  program 

g e n e r a l l y  te rm ina ted  by t h e  s p e c i f i c  system execut ive.  

Job Cont ro l  Language cards,  when r e q u i r e d  a t  a  s p e c i f i c  computer 

i n s t a l  l a t i o n  t o  terminate/un load t h e  program, should f o l  low t h e  RERUN 

parameter. 





4.0 PROGRAM OUTPUT 

4.1 General 

Operat ion o f  the  PHASE 4 program generates ou tpu t  i n  a  format  com- 

p a t i b l e  w i t h  1 i n e  p r i n t e r  systems w i t h  132 o r  more characters  per  1  ine .  

The ou tpu t  f a l l s  i n  t h ree  categor ies--echo o f  i n p u t  data,  a  Summary Page 

desc r i b i ng  the  l oad  cond i t i ons  o f  t he  s imu la t i on  v e h i c l e ( s )  , and t ime- 

based l i s t i n g  o f  s imu la t i on  ou tpu t  va r iab les .  

F ixed  and separate page numbering systems a re  used w i t h  the  i n p u t  

echo and s imu la t i on  ou tpu t  pages. The numbering systems a re  descr ibed i n  

Sect ions 4.2 and 4.4 where those outputs  a re  discussed. A l l  pages have a 

two-1 i n e  heading w i t h  t he  t i t l e  o f  the  PHASE 4 program and the  one-1 i n e  

t i t l e  supp l ied  by t he  user.  

4.1 .I Output Options. Only t he  s imu la t i on  ou tpu t  pages can be 

o p t i o n a l l y  se lec ted  by the  user.  The I n p u t  Echo pages and s imu la t i on  

v e h i c l e  Summary Page a re  always p r i n t e d  i f  the  i n p u t  data i s  success fu l l y  

read. The ou tpu t  page op t ions  a re  s p e c i f i e d  by an e i g h t - d i g i t  key read i n  

t he  S imu la t ion  Operat ion Parameter i n p u t  group (see Sec t ion  3.2).  I f  a 

s imu la t i on  i n p u t  i s  submi t ted w i t h  zero SIMULATION TIME and no ou tpu t  

opt ions,  o n l y  the  I n p u t  Echo pages and s imu la t i on  v e h i c l e  Summary Page a re  

obtained. Th is  technique can be used t o  check an i n p u t  l i s t  p r i o r  t o  

making a s imu la t i on  run. 

4.1.2 Coordinate Systems. I n  o rder  t o  i n t e r p r e t  t he  v e h i c l e  mot ion 

parameters g iven  i n  t he  s imu la t i on  output ,  i t  i s  necessary t o  d e f i n e  the  

coord ina te  sys tems used. Two coord ina te  sys tems a re  necessary t o  descr i  be 

the  s imulated mot ion o f  each veh ic le ;  an i n e r t i a l  coord ina te  system and a 

body f i xed  coord ina te  system, as shown i n  F igure  17. 

The i n e r t i a l  coord ina te  system i s  a  r i gh t -hand  orthogonal system 

f i x e d  i n  space t h a t  serves as the  re fe rence  p o i n t  f rom which v e h i c l e  motions 

and a t t i t u d e s  a re  def ined.  The o r i g i n  i s  p laced a t  the  t r u c k / t r a c t o r  

sprung mass cen te r  o f  g r a v i t y  a t  t he  beginn ing o f  the  s imu la t i on  (time=O). 

The i n e r t i a l  coord ina te  system i s  a l i gned  w i t h  t he  g r a v i t y  vec to r  and the  



Inerti a1 
System 

Body Fixed 
Coordinate Systems 

Figure 17. I1 1 u s t r a t i o n  o f  coordinate systems. 



h o r i z o n t a l  p r o j e c t i o n  o f  t h e  t r u c k l t r a c t o r  l o n g i t u d i n a l  ax i s .  The axes 

a r e  de f i ned  accord ing t o  SAE convent ion as f o l  1  ows : 

X - h o r i z o n t a l  o u t  t h e  f r o n t  o f  t he  v e h i c l e  

Y - h o r i z o n t a l  o u t  t he  r i g h t  s i d e  o f  the  v e h i c l e  

Z - v e r t i c a l l y  downward i n  t he  d i r e c t i o n  o f  g r a v i t y  

The body f i x e d  coord ina te  system i s  l oca ted  and f i x e d  i n  t he  v e h i c l e  

and de f ines  t he  v e h i c l e  l o c a t i o n  and a t t i t u d e .  I t s  o r i g i n  i s  a t  t he  sprung 

mass cen te r  o f  g r a v i t y  and i s  o r i e n t e d  as f o l l o w s :  

x  - l o n g i t u d i n a l l y  o u t  t he  f r o n t  o f  the  v e h i c l e  

y - l a t e r a l l y  o u t  t he  r i g h t  s i d e  o f  t he  v e h i c l e  

z  - v e r t i c a l l y  i n  t he  p lane o f  t he  v e h i c l e  sprung mass 

Each v e h i c l e  i n  t he  s imu la ted  combinat ion has a  separate body f i x e d  co- 

o r d i n a t e  sys tem. 
- --.--= .* 

A t  t he  beginn ing o f  a  s i m u l a t i o n  run, t h e  o r i g i n  o f  t he  t r u c k / t r a c t o r  

body f i x e d  coord ina te  system i s  a t  t he  o r i g i n  o f  t he  i n e r t i a l  coord ina te  

system. Furthermore, i f  the  v e h i c l e  i s  on a  l e v e l  su r face ,  t he  axes o f  

t h e  body f i x e d  system a r e  c o i n c i d e n t  w i t h  those o f  t he  i n e r t i a l  system. 

Since a l l  veh i c l es  i n  a  combinat ion a re  a l i g n e d  on t he  i n e r t i a l  X 

a x i s  a t  t h e  beginn ing o f  a  s imu la t ion ,  a l l  t r a i l e r s  s t a r t  o f f  w i t h  a  nega- 

t i v e  X coord ina te  and a  zero Y coord ina te .  Since a l l  veh i c l es  may have 

a  d i f f e r e n t  sprung mass cen te r  o f  g r a v i t y  h e i g h t  as w e l l  as d i f f e r e n t  e leva-  

t i o n s  due t o  road grade, t he  h e i g h t  o f  each v e h i c l e  i n  t he  i n e r t i a l  system 

i s  re ferenced f rom i t s  i n i t i a l  h e i g h t  ( i . e . ,  t he  Z coord ina te  f o r  each 

v e h i c l e  i s  de f i ned  by t he  change from i t s  i n i t i a l  e l e v a t i o n . )  

Dur ing a  s imu la t i on ,  t he  p o s i t i o n  and a t t i t u d e  of each v e h i c l e  i s  

de f i ned  by t h e  p o s i t i o n  and a t t i t u d e  o f  i t s  body f i x e d  coord ina te  system i n  

t he  i n e r t i a l  coord ina te  system. The v e h i c l e  p o s i t i o n  i s  g iven  by the  X ,  Y, 

and Z coord inates l o c a t i n g  t he  o r i g i n  of t he  body f i x e d  system. The a t t i -  

tude i s  de f i ned  by Eu le r  angles which o r i e n t  the  body f i x e d  coord ina te  

system w i t h  respec t  t o  t he  i n e r t i a l  coord ina te  system. That i s ,  a t  any 

i n s t a n t  o f  t ime, t he  v e h i c l e  a t t i t u d e  i s  de f i ned  by t h e  f o l l o w i n g  t h ree  

r o t a t i o n s  going from the  o r i e n t a t i o n  o f  a  t r a n s l a t e d  i n e r t i a l  coord ina te  

system t o  the  o r i e n t a t i o n  o f  t he  body f i x e d  system. 



1) Heading angle - r o t a t i o n  i n  the X - Y  i n e r t i a l  plane about 

the  Z ax i s ;  p o s i t i v e  clockwise when veiwed from above. 

2 )  P i t c h  angle - r o t a t i o n  about the  y body ax is ,  ou t  of the  

X - Y  i n e r t i a l  plane; p o s i t i v e  clockwise look ing  from l e f t  

t o  r i g h t  on the veh ic le .  

3) R o l l  angle - r o t a t i o n  about the x body ax is ;  p o s i t i v e  

clockwise l ook ing  forward on the  vehic le.  

4.2 I n p u t E c h o  

The f i r s t  se r i es  o f  pages i n  the  program output  i s  an echo o f  the 

i n p u t  data used t o  de f i ne  the  vehic les and s imu la t ion  t o  be made. The echo 

pages are  labe led  as " Inpu t  Page No. - " and a re  numbered sequen t ia l l y  as 

f o l  1  ows : 

Inpu t  Page No. 

1 

2-3 

4-5 

6-7 

8-9 

Content 

Simulat ion Operat i  on Parameters 

Truck/Tractor Parameters 

F i r s t  (Semi - )  T r a i  1  e r  Parameters 

Second ( F u l l  - )  T r a i  l e r  Parameters 

T h i r d  ( F u l l  - )  T r a i l e r  Parameters 

As a minimum, pages 1-3 a re  always pr in ted ,  w h i l e  pages 4-9 appear on ly  i f  

a t r a c t o r - t r a i l e r ,  doubles, o r  t r i p l e s  are  being simulated. 

The i n p u t  echo i s  designed t o  match 1 i n e  f o r  1 i n e  as much as poss ib le  

w i t h  the i n p u t  data l i s t  so t h a t  a copy o f  the  echo can be used as a model 

f o r  assembl i n g  a new i n p u t  data 1 i s t .  Every 1 i n e  showing a numerical value 

corresponds t o  an i n p u t  l i n e .  Blank l i n e s  on the echo pages are there on ly  

f o r  ease o f  reading and should n o t  be inc luded i n  a i n p u t  l i s t ,  l e s t  they 

be read as zero en t r i es .  Where mu1 t i p l e  numbers are entered on one i n p u t  

l i n e  (see discussions i n  Sect ion 3.0 f o r  format,) they appear on one l i n e  

o f  echo. Where the s ide- to -s ide  op t i on  i s  a v a i l a b l e  (see Sect ion 3.1.3) 

l e f t -  and r i g h t - s i d e  values a re  shown on a l i n e .  Three exceptions t o  the 

above r u l e s  must be observed: 



1)  When a t a b l e  lookup o p t i o n  i s  used, t he  t a b u l a r  data 

entered beginn ing on the  nex t  l i n e  i n  t he  i n p u t  i s  

p r i n t e d  on the  Table Pages o f  t he  ou tpu t  (see example 

i n  Appendix B. ) 

2) When the  tandem-axle o p t i o n  i s  used, data i n  each group 

(suspensions and ax les;  t i r e s  and wheels; brakes) which 

were entered f i r s t  f o r  t he  l ead ing  a x l e  then f o r  t he  

t r a i l i n g  a x l e  a re  p r i n t e d  s i d e  by s i d e  i n  the  echo f o r  

ease o f  reading. 

3)  When e i t h e r  the  a n a l y t i c a l  Brake Model o r  semi-empir ical  

T i r e  Model op t ions  a r e  used, t he  corresponding i n p u t  

data i s  p r i n t e d  w i t h  the  t a b l e  pages o f  t he  output .  

The i n p u t  echo i s  produced du r i ng  the  i n p u t  data reading process, 

p r i n t i n g  a f t e r  every few 1 ines o f  read. An e r r o r  i n  the  i n p u t  l i s t  w i l l  

a t  t imes ha1 t the  read ing  process and p reven t  the  program from running.  

I n  those cases, ou tpu t  o f  t he  echo up t o  the  p o i n t  o f  t he  reading f a u l t  

w i l l  be produced, se rv i ng  as an a i d  i n  diagnosing t he  i n p u t  e r r o r .  

The var ious  lookup t ab les  t h a t  have been entered a re  p r i n t e d  i n  an 

unnumbered s e r i e s  o f  pages as requ i red  a t  the  end o f  t he  e n t i r e  i n p u t  echo. 

The t ab les  a r e  p r i n t e d  by ca tegor ies  as f o l l ows ,  i n  the  o rde r  i n  which 

they were entered: 

1)  Suspension Spr ing Rate 

2) T i r e  Data 

3)  Brake Torque 

The t ab les  a re  i d e n t i f i e d  by t he  number assigned i n  t he  c a l l  statement.  

I f  a n t i l o c k  brake c o n t r o l  systems were used a t  any wheel i n  the  v e h i c l e  

con f igura t ion ,  a  se r i es  o f  ou tpu t  pages f o l l ows  a t  t h i s  p o i n t  t o  descr ibe 

t he  a n t i l o c k  system(s) used. The format  and meaning o f  t he  a n t i l o c k  echo 

pages a re  g iven  i n  Appendix D .  



4.3 Sumary Page 

A t  the  complet ion o f  a  successfu l  i n p u t  data read, t he  program 

ca l cu la tes  t he  necessary composite c h a r a c t e r i s t i c s  o f  the  v e h i c l e  

combination. These data a r e  p r i n t e d  on t he  Summary Page, as shown i n  

F igure  18, j u s t  p r i o r  t o  the  p r i n t o u t  o f  any lookup tab les .  

The program f i r s t  ca l cu la tes  t he  composite cen te r  o f  g r a v i t y  

l o c a t i o n  and moments o f  i n e r t i a  f o r  t h e  v e h i c l e  sprung mass w i t h  payload, 

the  r e s u l t a n t  da ta  be ing 1  i s t e d  on t he  Summary Page by v e h i c l e  f o r  t he  

empty and loaded cond i t i on .  To min imize t he  program memory requirements , 
these data a re  p r i n t e d  i n  the  o rde r  by which they a re  ca lcu la ted ,  which 

i s  from the  l a s t  t o  t he  f i r s t  veh i c l e .  

Second, t he  s t a t i c  loads on each o f  t he  ax les  o f  t h e  assembled 

veh i c l e  combinat ion i s  p r i n t e d ,  f r o n t  t o  r ea r ,  a long w i t h  t he  t o t a l  (gross 

combinat ion) weight.  The ax les a re  i d e n t i f i e d  by the  number NS(i  , j ,k)  where 

i i s  the  number o f  the  v e h i c l e  (numbered consecu t i ve ly  f r o n t  t o  rear , )  

j i n d i c a t e s  f r o n t  ( 1 )  o r  r e a r  ( 2 )  suspension, and k i n d i c a t e s  t he  a x l e  

number on t h a t  suspension. These data serve as a  good check t o  ensure 

t h a t  t he  des i red  v e h i c l e  has been produced by the i n p u t  data l i s t .  

Las t ,  t he  l o n g i t u d i n a l  cen te r  o f  g r a v i t y  l o c a t i o n  and yaw moment o f  

i n e r t i a  f o r  t he  t o t a l  mass o f  each v e h i c l e  i s  p r i n t e d .  The l o n g i t u d i n a l  

c.g. l o c a t i o n  determines t he  o v e r a l l  a x l e  loads r e s u l t i n g  from the  v e h i c l e  

w i t h  payload. The t o t a l  v e h i c l e  yaw moment o f  i n e r t i a  i s  t he  o v e r a l l  

r e s u l t a n t  from c o n t r i b u t i o n s  o f  t he  sprung mass, payload and ax les.  

4.4 S imu la t ion  Output 

The s imu la t i on  ou tpu t  pages a r e  the  p roduc t  o f  the  s imu la t i on  run, 

p r o v i d i n g  a  d e s c r i p t i o n  o f  what happens t o  t he  veh i c l e  combinat ion i n  the  

course o f  t h e  s imulated maneuver. The ou tpu t  pages present  l i s t s  o f  the  

se lec ted  v e h i c l e  mot ion va r i ab les  and opera t ing  cond i t i ons  a t  s p e c i f i e d  

i n t e r v a l s  o f  t ime throughout  the  maneuver. The va r i ab les  and cond i t i ons  

a re  presented i n  columns w i t h  each l i n e  represen t ing  a  p o i n t  i n  t ime, 

measured i n  seconds, from the  beginn ing o f  t he  s imu la t ion .  

The ou tpu t  i s  i d e n t i f i e d  by t he  "Output Page Number" appearing i n  

the upper r igh t -hand  corner  o f  each page. The numbering code i s  as fo l lows:  
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where 

x = t ime b lock  

y y  = v a r i a b l e  page number 

z  = v e h i c l e  number ( 1  - t r u c k  o r  t r a c t o r ,  2  - s e m i t r a i l e r ,  

3  - f i r s t  f u l l  t r a i l e r ,  4  - second f u l l  t r a i l e r )  

The t ime b lock  code a r i s e s  f rom t h e  need t o  min imize computer memory 

requirements. Each page o f  ou tpu t  conta ins up t o  41 t ime increments o f  

ou tpu t .  I f  the  d u r a t i o n  of t he  maneuver and se lec ted  t ime i n t e r v a l  f o r  

p r i n t i n g  r e s u l t s  i n  more than 41 l i n e s  o f  output ,  t o  min imize t he  number o f  

ou tpu t  devices, ou tpu t  f o r  t h e  f i r s t  41 t ime  increments ( t i m e  b lock  1  ,) i s  

p r i n ted ;  then i t  cont inues w i t h  t he  second b lock  o f  41 ( t i m e  b lock  2,) e t c .  

I n  o rde r  t o  min imize t he  number o f  t ime  b locks and hence the  b u l k  o f  t he  

ou tpu t  pages, t he  user  may want t o  choose c a r e f u l l y  the  TIME INCREMENT OF 

OUTPUT s p e c i f i e d  i n  the  S imu la t ion  Operat ion Parameters (Sec t ion  3.2,) 

us ing  t he  f o l l o w i n g  i n fo rma t i on  f o r  guidance: 

Maneuver Dura t ion  

2  sec. 

4  

4  

6 

6 

6 

8 

8 

8 

8 

Time Increment o f  Output 

.05 sec. 

,10 

.05 

.15 

. l o  

.05 

.20 

.15 

-10 

-05 

No. o f  Time Blocks 

1  

1  

2  

1  

2 

3 

1  

2  
2 

4 

Up t o  twenty- three ou tpu t  v a r i a b l e  pages can be requested f o r  each 

veh i c l e .  The page numbering system and contents  o f  each page a re  shown 

i n  Table 2 .  A l l  pages a r e  p r i n t e d  f o r  each veh ic le ,  w i t h  t he  veh ic les  

taken i n  Sequence. Va r i ab le  pages a re  p r i n t e d  i n  ascending o rder  by page 

number, b u t  a r e  n o t  necessa r i l y  consecut ive s i nce  ou tpu t  p r i n t i n g  can be 

suppressed by choice o f  t he  OUTPUT PAGE OPTION KEYS. I n  add i t i on ,  the 

numbering system a l lows  f o r  f o u r  pages i n  the  l a s t  f i v e  groups s ince  one 

page i s  r equ i red  pe r  a x l e  and some veh ic les  can have up t o  f o u r  ax les.  I f  



Table 2 .  Simulation O u t p u t  Page Contents. 

Page No. T i t le  Variables 

0 1 Sprung Mass Position Forward, Lateral and Vertical 
( Iner t ia l  Coordinate Trans1 ation 
Sys tem) Roll, Pitch and  Heading Angles 

Turn Radius 

Body Sideslip Angle 

Articulation Angle 
- - - 

02 Sprung Mass Velocity Forward, Lateral and Vertical 
(Body-Fixed Coordinate 
System) Roll , Pitch , Heading and 

Articulation Rate 

03 S~runq Mass Accelerations Forward, Lateral and Vertical 
( iner t ia l  & Body Fixed 
Coordinate Systems) Roll , Pitch and Heading 

Vehicle Longitudinal and  Lateral 

04- Tire Forces* Vertical, Longitudinal and Lateral 
0 7 (Ti re Axis System) Longitudinal and Lateral Coeffi- 

cient o f  Friction 

Steer Angle (F i r s t  Vehicle Front 
Axle Only) 

08- Brake Data Summar * i Treadle Pressure, Brake Pressure 
11 (Tire Axis System and  Brake Torque 

Wheel Slip and Brake Force 

Wheel Angular Velocity a n d  
Acceleration 

12- Lateral Tire Forces and Tire Sideslip Angle 
Momen t Summary* 
(Tire Axis System) Lateral Force and Coefficient of 

Friction 

A1 i gni ng Torque 

16- Unsprung Mass Summary* Axle Position and Velocity 
19 ( Inerti a1 Coordinate (Vertical and Roll) 

Sys tem) Auxi 1 iary Roll Torque 

Spring Deflection, Velocity a n d  
Force 

20 - Brake Model Temperatures Interface, Drum, and Lining 
2 3 Temperatures 

Brake Torque 

*One page per axle, u p  t o  four axles per vehicle. 

7 9 



t he  v e h i c l e  has l e s s  than f o u r  ax les,  c e r t a i n  ou tpu t  page numbers w i l l  

n o t  appear. 

4.4.1 Sprung Mass P o s i t i o n  Page. Var iab le  page 01, Sprung Mass 

Pos i t i on ,  shown i n  F igure  19, descr ibes the  s imulated v e h i c l e  mot ion by 

i t s  p o s i t i o n  and r o t a t i o n a l  a t t i t u d e  i n  t he  i n e r t i a l  coord ina te  system. 

The i n e r t i a l  coord ina te  system i s  1  ocated a t  t he  t r u c k / t r a c t o r  sprung 

mass cen te r  o f  g r a v i t y  a t  t ime zero i n  t he  s imu la t i on  (see Sect ion 4.1.2.) 

The v e h i c l e  p o s i t i o n  i s  de f ined  by X ( forward) ,  Y ( l a t e r a l ) ,  and Z ( v e r t i c a l )  

i n e r t i a l  coord inates o f  t he  v e h i c l e  sprung mass cen te r  o f  g r a v i t y  du r i ng  

t he  s imu la t ion .  For t he  t r u c k l t r a c t o r ,  t he  i n i t i a l  coord inates a r e  always 

zero. T r a i l e r s  a r e  always a1 igned behind t h e  t r a c t o r  so t h a t  they s t a r t  

f rom a negat i ve  fo rward  p o s i t i o n  and zero l a t e r a l .  P o s i t i v e  l a t e r a l  i s  t o  

t he  r i g h t  o f  t he  veh i c l e .  To avo id  confus ion from the  d i f f e r i n g  sprung mass 

he igh ts  and road slopes, the  v e r t i c a l  p o s i t i o n  always begins a t  zero and 

i n d i c a t e s  re1  a t i  ve change i n  e l eva t i on .  - Note t h a t ,  by SAE convention, 

p o s i t i v e  values o f  v e r t i c a l  p o s i t i o n  a re  downward, i n  the  d i r e c t i o n  o f  

g r a v i  ty . 
The a t t i t u d e  o f  t h e  v e h i c l e  i s  g iven  i n  the  nex t  t h ree  columns as 

de f ined  by t h e  Eu le r  angle r o t a t i o n s  ( r o l l ,  p i t c h  and heading) o f  t he  body 

f i x e d  coord ina te  system (see Sec t ion  4.1 - 2 )  i n  the  i n e r t i a l  coord ina te  

sys tem. 

I n  add i t i on ,  the  p o s i t i o n  page conta ins 1 i s  t s  o f  the  instantaneous 

rad ius  o f  t u r n  ( p o s i t i v e  i s  r i g h t  t u r n )  ; the  body s i d e s l i p  angle (a r c -  

tangent  o f  the  l a t e r a l  over  forward v e l o c i t y  a t  t h e  cen te r  o f  g r a v i t y )  ; 

and w i t h  a r t i c u l a t e d  combinations, the  a r t i c u l a t i o n  angle which i s  t he  

d i f f e r e n c e  between the  heading angles o f  t h e  l ead ing  and t r a i  1  i ng veh ic les  

( l ead ing  minus t r a i  1  i n g )  . 

4.4.2 Sprung Mass V e l o c i t y  Page. Va r i ab le  page 02, Sprung Mass 

Ve loc i t y ,  shown i n  F igure  20, descr ibes the  v e l o c i t y  o f  the  sprung mass i n  

the  body f i x e d  coord ina te  system. Forward v e l o c i t y  i s  a long t he  l o n g i t u d i n a l  

a x i s  o f  t he  v e h i c l e  ( x ) ,  L a t e r a l  v e l o c i t y  i s  p o s i t i v e  t o  the  r i g h t  a long t he  

y -ax is ,  and V e r t i c a l  v e l o c i t y  i s  p o s i t i v e  through t he  bottom o f  t he  veh i c l e .  

The v e l o c i t y  components g iven  a re  the  t ime r a t e  o f  change o f  t he  v e h i c l e  
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p o s i t i o n  vec to r  reso lved  i n t o  components a long t he  body a x i s  system. The 

forward v e l o c i t y  i s  t he  component a long  t he  v e h i c l e  l o n g i t u d i n a l  a x i s  which 

may be i n t e r p r e t e d  as v e h i c l e  speed. 

The R o l l  , P i t c h ,  and Heading r a t e s  a r e  ob ta ined  by r e s o l v i n g  t he  

v e h i c l e  r o t a t i o n  vec to r  i n t o  components i n  t h e  body f i x e d  a x i s  system. The 

user  may no te  t h a t  t he  f r equen t l y  used term "yaw r a t e "  i s  t h e  same as heading 

r a t e  . 
With a r t i c u l a t e d  veh ic les ,  t he  r a t e  o f  change o f  the  a r t i c u l a t i o n  

angle i s  a l s o  shown. I f  the  s i m u l a t i o n  i s  operated w i t h  a  s t e e r i n g  

system, the  c a l c u l a t e d  steer ing-wheel angle w i l l  appear on t h i s  page f o r  

t h e  t r u c k / t r a c t o r  u n i t .  

4.4.3 Sprung Mass Acce le ra t i on  Page. Va r i ab le  page 03, Sprung Mass 

acce le ra t i on ,  shown i n  F igu re  21 , descr ibes t he  a c c e l e r a t i o n  o f  t h e  sprung 

mass i n  t h e  body f i x e d  coord ina te  system. The acce le ra t i ons  i n  a  moving, 

r o t a t i n g  coord ina te  system re fe renced  t o  an i n e r t i a l  system a r e  g iven  by 

the  expressions 

u  = C F x / M + r  . v - q  . w  

v  L F y / M + p . w - r . u  

w = C F Z / M - q .  U + P .  v 

where 

Fx, Fy, Fz = fo rces  i n  t h e  l o n g i t u d i n a l ,  l a t e r a l ,  and v e r t i c a l  

d i r e c t i o n s  

M = v e h i c l e  mass 

u  = v e l o c i t y  a long  the  x ( forward)  a x i s  

v  = v e l o c i t y  a long  t he  y ( l a t e r a l )  a x i s  

w = v e l o c i t y  a long t h e  z ( v e r t i c a l )  ax i s  

p, q, r = r o t a t i o n  r a t e s  about the  x, y, z axes 

The d o t  denotes d i f f e r e n t i a t i o n  w i t h  respec t  t o  t ime. 

The forward, L a t e r a l  and V e r t i c a l  acce le ra t i ons  on t h e  l e f t  s i d e  o f  

t he  page a re  t h e  t ime d e r i v a t i v e s  o f  t he  v e l o c i t i e s  shown on the  preceding . . s 

page, and hence represen t  t he  v e l o c i t y  d e r i v a t i v e s  (u ,  v, w) de f ined  by 

t he  above equat ions.  Most users,  however, a r e  i n t e r e s t e d  i n  t he  t o t a l  o r  

i n e r t i a 1  a c c e l e r a t i o n  o f  t he  s imu la ted  v e h i c l e  (i .e., t he  f i r s t  term on t he  

r i gh t -hand  s i d e  i n  t he  above equat ions) .  Therefore, a  s e t  o f  Long i t ud ina l  

and L a t e r a l  i n e r t i a l  acce le ra t i ons  reso lved  i n t o  t he  body a x i s  coord ina te  
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system a re  g iven  on the  r i g h t  s i d e  o f  the  page. I n  e f f e c t ,  these a re  

equ i va l en t  t o  those acce le ra t ions  f e l t  w h i l e  i n  t he  veh i c l e .  The Longi tu-  

d i  na l  and Forward acce le ra t ions  a re  e f f e c t i v e l y  equ i va l en t  because o f  t he  

smal l  v e l o c i t i e s  and r o t a t i o n  r a t e s  normal ly  i nvo l ved  i n  the  l o n g i t u d i n a l  

equat ion.  (The same would be t r u e  f o r  v e r t i c a l  acce le ra t i on  i f  i t  were 

shown.) The l a t e r a l  acce le ra t ions  w i l l  d i f f e r  i n  t u r n i n g  maneuvers, however, 

because o f  t he  "r u" term, which i s  the  c e n t r i p e t a l  acce le ra t ion .  

The R o l l ,  P i t c h  and Heading acce le ra t ions  a re  t he  r e s o l u t i o n  o f  t he  

t o t a l  r o t a t i o n a l  acce le ra t i on  vec to r  i n t o  t he  body f i x e d  coord ina te  sys tern. 

(The t ime d e r i v a t i v e s  o f  t he  r o t a t i o n a l  v e l o c i t i e s  appear ing on the  preceding 

page 

4.4.4 T i r e  Forces Page. Va r i ab l e  pages 04-07, T i r e  Forces, shown 

i n  F igure  22, prov ide  a  summary o f  t he  v e r t i c a l ,  l o n g i t u d i n a l  and l a t e r a l  

forces exer ted  on t h e  t i r e s  a t  the  t i r e / r o a d  i n t e r f a c e .  The fo rces  a r e  

presented f o r  t i r e s  on both t he  l e f t  and r i g h t  s ides o f  the  ax le ,  w i t h  

each ax l e  on a  separate page. The fo rces  a re  de f i ned  i n  the  ax i s  system 

o f  t he  wheel accord ing t o  SAE convent ion (see F igure  2 3 ) .  A l l  f o rces  and 

moments a c t i n g  on t he  t i r e  a re  measured r e l a t i v e  t o  t he  cen te r  of the  t i r e /  

road con tac t  patch which may be def ined as the  p o i n t  o f  i n t e r s e c t i o n  of the  

road plane, wheel p lane and a  perpend icu la r  plane through t he  wheel s p i n  

a x i s  . 
The V e r t i c a l  f o r c e  i s  t he  instantaneous f o r c e  i n  t he  cen te r  o f  t i r e /  

road con tac t  patch normal t o  t he  road. V e r t i c a l  f o r c e  on t he  t i r e  i n  t he  

upward d i r e c t i o n  i s  de f i ned  by SAE convent ion as p o s i t i v e .  The Longi t u -  

d i n a l  f o r c e  i s  t h e  f o r c e  i n  t h e  road p lane i n  t h e  d i r e c t i o n  o f  t he  wheel 

heading. Negat ive values correspond t o  a  b rak ing  f o r ce .  L a t e r a l  f o r c e  i s  

t he  f o r c e  i n  the  road p lane perpend icu la r  t o  the  wheel heading w i t h  pos i -  

t i v e  values corresponding t o  a  f o r c e  on t he  t i r e  t o  t he  r i g h t ,  when l ook i ng  

i n  t he  d i r e c t i o n  o f  wheel heading. A p o s i t i v e  L a t e r a l  f o r c e  r e s u l t s  when 

t he  t i r e  i s  s teered  t o  the  r i g h t .  

Two var iab les ,  "MU-X" and "MU-Y" a re  a l s o  p r i n t e d .  These va r i ab l es  

a re  the  respec t i ve  r a t i o s  o f  t he  l o n g i t u d i n a l  and l a t e r a l  fo rces  t o  the  

v e r t i c a l  fo rce ,  and represent  the  normal ized f r i c t i o n  l e v e l s  be ing u t i -  

l i z e d  i n  each d i r e c t i o n .  
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4.4.5 Brake Data Summary Page. Var iab le  pages 08-11, Brake Summary, 

prov ide d e t a i l e d  in fo rmat ion  on the brake func t ion  on the l e f t  and r i g h t  wheels 

o f  each ax le .  The page, shown i n  F igure 24, l i s t s  the t read le  pressure being 

app l ied  by i n t e r p o l a t i o n  of the  Treadle Pressure Table i n p u t  f o r  the  s imu la t ion ,  

and the  brake pressure i n  the  chamber t h a t  r e s u l t s  from a c t i o n  o f  the t ime lags 

and r i s e  t imes f o r  each brake. Next i s  1 i s t e d  the actual  brake torque produced 

a t  the wheel. I f  the  wheel i s  moving, the  torque corresponds t o  t h a t  o f  the 

brake torque c o e f f i c i e n t  o r  t a b l e  value i n p u t  a t  the app l ied  pressure. However, 

i f  the  wheel reaches lock-up, the ac tua l  torque i s  l i m i t e d  by the t i r e  f r i c t i o n  

and may be less  than the  attempted value. I n  a d d i t i o n  t o  brake torque, the 

t i r e  brake fo rce  i s  l i s t e d  which, i n  e f fec t ,  i s  an i n d i c a t i o n  o f  the p o r t i o n  

o f  the  brake torque app l ied  t o  dece lera t ing  the vehic le.  I n  the  s imulat ion,  

the torque i s  ac tua l  1y app l i ed  t o  the  wheel causing i t  t o  decelerate, w i t h  the  

t i r e  brake fo rce  r e s u l t i n g  from l o n g i t u d i n a l  s l i p  i n  the  t i r e  model. Hence, 

a t  any i n s t a n t  o f  t ime a p o r t i o n  of the brake torque may be devoted t o  decel-  

e r a t i n g  the wheel r a t h e r  than t o  developing ac tua l  brak ing fo rce .  The wheel 

s l i p ,  angular wheel v e l o c i t y  and angular wheel acce lera t ion  are  a l s o  l i s t e d  

f o r  t h e i r  u t i l i t y  i n  i n v e s t i g a t i n g  a n t i  l o c k  brak ing  system performance. 

4.4.6 La te ra l  Pages. Var iab le  pages 12-15, La te ra l  T i r e  Force and 

Moment Summary, shown i n  F igure 25, p rov ide  d e t a i l e d  in fo rmat ion  on the 

corner ing performance o f  each t i r e  on the  veh ic le  combination. Each page 

l i s t s  the l e f t  and r i g h t  s ide  corner ing  parameters f o r  an ax le  on the  

vehic le.  The f i r s t  parameter i s  t i r e  s i d e s l i p  angle, which by SAE conven- 

t i o n  i s  p o s i t i v e  when the  t i r e  i s  s i d e s l i p p i n g  t o  the r i g h t  o f  i t s  heading 

d i r e c t i o n  (see Fig.  23) .  Next i s  l i s t e d  the  t i r e  l a t e r a l  force, which i s  

the fo rce  - on the  t i r e  i n  the  road plane perpendicular  t o  t he  wheel heading, 

p o s i t i v e  fo rce  being t o  the r i g h t .  The parameter "MU-Y" i s  the l a t e r a l  

f o rce  value normalized by the instantaneous v e r t i c a l  load. F i n a l l y ,  the 

a1 i g n i n g  torque developed on the  t i r e  i s  l i s t e d .  The a l i g n i n g  torque i s  

perpendicular  t o  the road plane and i s  p o s i t i v e  clockwise look ing  down on 

the t i r e .  

On axles w i t h  dual wheel assemblies, the  values l i s t e d  on t h i s  page 

are  the t o t a l  f o r  the two t i r e s .  
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4.4.7 Unsprung Mass Summary Page. Va r i ab le  pages 16-1 9, Unsprung 

Mass Summary, p rov ide  d e t a i l e d  in fo rmat ion  as t o  what i s  happening t o  each 

o f  t h e  ax les  and suspensions on t he  s imu la ted  veh i c l e .  On t he  l e f t  s i d e  

o f  t he  page, shown i n  F igure  26, a r e  g iven  a x l e  mot ion parameters; s p e c i f i c a l l y ,  

t he  p o s i t i o n  and v e l o c i t y  f o r  t he  a x l e ' s  two degrees o f  freedom ( v e r t i c a l  

and r o l l  . )  The a x l e  v e r t i c a l  and r o l l  p o s i t i o n s  a r e  measured r e l a t i v e  t o  

the  i n e r t i a l  coord ina te  system. P o s i t i v e  v e r t i c a l  i s  down and i s  t h e  

e l e v a t i o n  r e l a t i v e  t o  i t s  s t a r t i n g  p o s i t i o n .  R o l l  i s  p o s i t i v e  i n  t he  c lock -  

w ise  d i r e c t i o n  f a c i n g  fo rward  on t h e  veh i c l e .  R o l l  angle i s  always measured 

r e l a t i v e  t o  t h e  h o r i z o n t a l  X-Y p lane  i n  t he  i n e r t i a l  coord ina te  system. 

Suspension mot ions and fo rces  a r e  g iven  on a  s i de - t o - s i de  bas is  ( a t  

t h e  suspension s p r i n g  1  o c a t i  ons. ) The aux i  1  i a r y  r o l l  to rque  a r i s i n g  f rom 

the  a u x i l i a r y  r o l l  s t i f f n e s s  i s  l i s t e d  f i r s t  s i nce  i t  i s  assoc ia ted w i t h  

bo th  s ides  o f  t h e  suspension. A p o s i t i v e  to rque  corresponds t o  a  p o s i t i v e  

r o l l  moment exe r ted  - on the  v e h i c l e  sprung mass. 

Thence t h e  r e l a t i v e  suspension d e f l e c t i o n ,  v e l o c i t y  and f o r c e  i s  

l i s t e d  f o r  each s i d e  o f  t h e  suspension. The d e f l e c t i o n  i s  i n d i c a t e d  i n  

terms o f  i t s  change from the  s t a t i c  loaded d e f l e c t i o n ,  w i t h  p o s i t i v e  values 

equ i va len t  t o  ex tens ion  o f  t he  suspension. The suspension f o r c e  i s  a c t u a l l y  

the  change i n  f o r c e  from i t s  s t a t i c  value. P o s i t i v e  f o r c e  i s  a  downward 

f o r c e  on t he  sprung mass. The suspension f o r c e  i s  t h e  t o t a l  o f  c o n t r i b u -  

t i o n s  from the  spr ings ,  coulomb and viscous f r i c t i o n  and b rak ing  l oad  

t r a n s f e r  e f f e c t s .  

4.4.8 Brake Model Temperature Page. Va r i ab le  pages 20-23 con ta in  

brake temperature c a l c u l a t i o n s  performed when us ing  t he  Brake Model o p t i o n  

(see F igure  27.) Only those temperature pages ( a x l e s )  f o r  which t he  Brake 

Model o p t i o n  has been requested w i l l  be p r i n t e d .  The i n t e r f a c e  temperature 

appearing i n  Column 2  i s  t h e  c a l c u l a t e d  temperature a t  t he  drum-1 i n i  ng 

i n t e r f a c e .  The drum temperature, Column 3, i s  f o r  t he  midway th ickness  

p o i n t  i n  t he  drum, and the  l i n i n g  temperature,  Column 4, corresponds t o  t h e  

1/3 l i n i n g  th ickness  p o i n t  inward f rom t h e  i n t e r f a c e .  The brake torque i s  

s imply  repeated here f o r  convenience from the  Brake Summary page. 
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5.0 PROGRAM DIAGNOSTICS 

E r r o r s  i n  ope ra t i on  o f  PHASE 4 occur b a s i c a l l y  i n  two ca tegor ies - -  

I n p u t  E r r o r s  and S imu la t ion  Run E r ro r s .  Only a  few e r r o r  messages a re  

conta ined w i t h i n  t h e  program so t h a t  t he  user  needs t o  be aware o f  some of 

t h e  p i t f a l l s  t h a t  may be exper ienced i n  o rde r  t o  i d e n t i f y  t he  proper  cor -  

r e c t i v e  a c t i o n .  I n  t he  normal ba tch  runn ing  mode, t he  user  w i l l  f i n d  t he  

e r r o r  o n l y  by t h e  f a c t  t h a t  t h e  program f a i l s  t o  r u n  p r o p e r l y  and a  cor rec -  

t i o n  and resubmission i s  requ i red .  

5.1 I n p u t  E r ro r s  

The most c r i t i c a l  ope ra t i on  and most 1  i k e l y  source o f  e r r o r s  i n  

us ing  t he  program occurs i n  t h e  process o f  read ing  i n p u t  data desc r i b i ng  

t h e  v e h i c l e  and maneuver des i red .  S ince t he  data type i s  o n l y  i d e n t i f i e d  

by i t s  1  o c a t i  on i n  a  sequence o f  i n p u t  1 i nes , one data 1  i ne mi ss i ng , o u t  

o f  place, o r  w i t h  i n c o r r e c t  format  can confound t h e  e n t i r e  data read ing  

process. For t h i s  reason, t he  users should c o n s u l t  Sec t ion  3 o f  t h i s  Manual 

and t h e  numerous examples o f  i n p u t  p rov ided  when p repar ing  an i n p u t  l i s t .  

The s e v e r i t y  o f  any e r r o r  depends on i t s  meaning t o  t he  program when read, 

and the  type  o f  computer system on which t he  s i m u l a t i o n  i s  opera t ing .  The 

most common e r r o r  i s  a  s imple format  e r r o r .  Systems t h a t  a l l o w  a  f r e e  read 

format  can s i g n i f i c a n t l y  reduce t h i s  t ype  o f  problem. 

Three e r r o r  messages a re  incorpora ted  i n  t he  i n p u t  subrou t ine  o f  the  
program. Tables i n  t he  t a b l e  lookup o p t i o n  a r e  i d e n t i f i e d  by t h e  whole 

number va lue  f o l l o w i n g  t he  negat i ve  s i g n  key ing t he  t a b l e  lookup. Unique 

numbers must be used f o r  each t ab le ,  unless the  t a b l e  i s  t o  be used a t  

m u l t i p l e  p o i n t s  on the  veh i c l e .  I f  the  number i d e n t i f y i n g  a  t a b l e  f o r  one 

type o f  parameter (e.g., suspension s p r i n g  r a t e )  i s  i n a d v e r t e n t l y  assigned 

f o r  a  second t ype  o f  parameter ( e .  g  . , brake torque,) an e r r o r  message t o  

t h i s  e f f e c t  i s  p r i n t e d  and execu t ion  terminates.  

The second e r r o r  message r e l a t e s  t o  the va lue f o r  t h e  DRIVER TRANSPORT 

LAG parameter, i nc l uded  i n  t he  pa th - f o l l owe r  model. I f  the  va lue assigned 

i s  greated than one second, t he  s imu la ted  v e h i c l e  i s  c e r t a i n  t o  be uns tab le  

and unable t o  run. Hence, an e r r o r  message i s  p r i n t e d  i n d i c a t i n g  t h a t  t h e  

va lue  i s  t o o  l a r g e  and program execu t ion  i s  terminated.  



The third error message is printed when using the spring envelope 
option and an insufficient range of spring data is provided in the table. 

An error message is printed and execution terminated. 

Recognizing that errors will occur, several scenarios of possible 
consequences are given be1 ow. 

Non-Fatal Errors - In simple cases where a parametric value 
is misread (due to a forgivable format error) or values are 
interchanged (due to lines being out of order), the program 
may not recognize that an error has occurred. In that case, 
the program may successfully complete the read process and 
execute the simulation even though with an erroneous vehicle 
description, To discover such errors, the user should con- 
tinual ly review the input echo pages and vehicle summary page 
to ensure that the proper vehicle conditions have been 
obtained. 

Fatal Errors - The more common case is an error that is in- 
compatible with the input reading process resulting in a 
system interrupt and termination of the program execution. 
Since the input echo is printed after every few lines of 
reading, the major portion of the input successfully read 
is reflected in the output obtained. For diagnosis of the 

problem, the user should review the echoed portion of the 
input, then the lines immediately following the termination 
point as the likely locations of the error. 

5.2 Simulation Run Errors 

Once the calculation process constituting the vehicle simulation has 
begun, only two types of errors will occur that will ha1 t the execution. 

Normal job termination occurs by either the vehicle reaching a full stop, 
or simulation to the MAXIMUM SIMULATION TIME limit specified in the input. 
The first run error message occurs if longitudinal slip exceeds 20 percent 
or tire sideslip angles exceed 11.5 degrees (0.2 radians) when using 
the respective longitudinal or lateral 1 inear tire model options. In 
either case, a message is printed and program execution terminated. 



Otherwise, the  s imu la t i on  may terminate w i t h  the  message "IHLF=11." The 

message der ives  from the  i n a b i l i t y  o f  the  i n t e g r a t i o n  process ( t h e  I B M  

S c i e n t i f i c  Subrout ine Package HPCG) t o  converge on a  s o l u t i o n  a t  a  p a r t i -  

c u l a r  p o i n t  i n  t ime. I n t e g r a t i o n  i s  normal ly  c a r r i e d  o u t  a t  0.0025-second 

t ime steps w i t h  t he  o p t i o n  o f  h a l v i n g  the  t ime s tep  when necessary t o  meet 

an e r r o r  c r i t e r i a .  The i n t e g r a t i o n  a l go r i t hm i s  a l lowed t o  ha lve  the  t ime 

s tep  eleven t imes i n  an e f f o r t  t o  achieve a  s a t i s f a c t o r y  i n t e g r a t i o n ,  and 

i f  unsuccessful ,  t he  execut ion i s  terminated w i t h  the  above e r r o r  message. 

As a  general  r u l e  t o  prevent  t h i s  e r r o r ,  the  user  should ensure t h a t  a l l  

dynamic systems being s imulated have a  n a t u r a l  frequencey o f  l ess  than 20 

HZ. I n  p a r t i c u l a r ,  t h i s  e r r o r  most common.ly occurs when i n e r t i a  values a re  

i n o r d i n a t e l y  low o r  s t i f f n e s s  values ( e s p e c i a l l y  sp r i ng  and t i r e  r a t e s )  a re  

too  h igh.  I n  general ,  a  s imple check f o r  t h i s  i s  t o  ensure t h a t  the  sma l les t  

mass connected t o  any s p r i n g  has a  mass ( i n  pounds) t o  sp r i ng  r a t e  (pounds/ 

i nch )  r a t i o  g rea te r  than 0.025 inches. 

F i n a l l y ,  t he  s imu la t i on  i s  on l y  expected t o  be v a l i d  i n  maneuvers up 

t o  the  s e v e r i t y  p o i n t  where a  wheel l i f t s  o f f  t he  ground. The above e r r o r  

w i l l  o f t e n  occur a f t e r  a  prolonged pe r i od  o f  wheel l i f t - o f f  o r  when the  

v e h i c l e  has reached a  d i ve rgen t  r o l l o v e r  cond i t i on .  The accuracy o f  t he  

c a l c u l a t i o n s  up t o  t h i s  p o i n t  i s  l i m i t e d  by t he  smal l  angle assumptions used 

i n  the  programming. However, i t  should be found t h a t  the wheel l i f t - o f f  

c o n d i t i o n  occurs a t  body r o l l  angles of 8-10 degrees w i t h  most heavy veh ic les  

simulated, whereas t he  small angle assumptions should n o t  c rea te  s i g n i f i c a n t  

e r r o r  u n t i l  angles approach 20 degrees. 
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APPENDIX A 

SAMPLE RUN OF A TRUCK 

The following pages are copies o f  the complete computer output package 
obtained from a four-second simulation of a straight truck in a step-steer 
maneuver. The f i r s t  four pages are an echo o f  the i n p u t  with a sumary of 

composite vehicle characteristics. These pages are normally reviewed to 
ensure that the desired vehicle and maneuver i s  being simulated. The re- 
maining 12 pages are a1 1 the output pages (excluding the Brake Data Sumary 
Page, since no braking i s  applied) indicating the vehicle's response in the 
maneuver. 

The maneuver is a right-hand step-steer o f  8 degrees a t  the front 
wheels, applied a t  0.1 seconds into the run. The vehicle responds by turn- 
ing to the right with some in i t i a l  transients that effectively s e t t l e  out 
af ter  a few seconds into the run. The vehicle i s  stable and assumes a 
steady-state turn a t  about 0.25 g ' s  (8 f t /sec2) lateral acceleration. 
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BRAKING AND I l A N D I  LNG SIPIOLATION UP TRUCKS, TRACTOR-SEIITRAILEAS,  DOUBLES, AND T R I P L E S  - PHASE 4. OUTPUT PAGE 10. 1.03.1 
STRAIGHT TRUC I( EXANPLE RUN: 30 FT/S LC, 8.0 DEGREE S T E P - S T E E R .  

TRUCK FRONT AXLE T I R E  FORCES 
L E F T  SIDE BIGHT S I D E  STEER ANGLE ....................... --------------- - ------- .............................................. ------------------ 

V E R T I C A L  L O N G .  L A T E R A L  nu -x n u - ~  VERTICAL LONG. L A T E R A L  NU-  I n u - ~  LEFT P IGHT 
(LB)  (1.6) (ID) (LB)  (LBJ ( I s )  (DEC) (0 EG) 

5063.11 -0 - 0  0.0 0.0 0.0 5063.11 - 0 - 0  0 .0  0.0 0.0 0 .0  0.0 
7066.88 -39.30 4267.57 -0.0056 0.6039 3095.77 41.62 1842.19 0.0134 0.5951 8.00 8.00 
65'14.70 -17.46 2534.18 -0.0027 0.3872 3701.63 23.27 1321.41 0.0063 0.3570 8.00 8.00 
6636.11 - 6 . 0 1  2U 12.82 -0.0009 0.3636 3679.81 11.06 1195-77 0.0030 0,3250 8.00 8 - 0 0  
6846.07 -0 .97 2660.52 -0 .0001 0.3886 3458.61 6.11 1205.93 0.0018 0.34 87 8.00 8.00 
7016.00 1.44 2964.44 0.0002 0.0225 3213.00 3.93 1233. 11 0.0012 8.00 8.00 0,3838 
7075.511 2.52 3173.27 0.0004 0.4485 3047.26 3.00 1253. 46 0.00 10 0.4113 8.00 8.00 
7145.93 2.36 3245.94 0.0003 0.4542 3124. 08 3.29 1303.74 0.0011 0.4173 8.00 8.00 
7084 - 05  2.66 3157.30 O.OU04 0.4457 3209.18 2.95 1308.95 0.0009 0.4079 8.00 8.00 
6975.80 3.07 3023.70 0.0004 0.4335 3270.49 2.33 1291. 17 0.0007 8.00 8 - 0 0  0.3908 
6908.93 3.04 29 11.99 0.0004 0.4215 3330.43 2.21 1272.58 0.0007 0.3821 8.00 8.00 
6869.71 2.76 2830.81 0.0004 0.4121 3370.79 2.39 1255.74 0.0007 0.3721 8.00 8.00 
684 3.00 2.57 2777.11 0.0004 0.4058 3394-78 2.52 1240.40 0.0007 0.3654 8.00 B. 0 0  
6833.44 2.59 2749.92 0.0004 0.4024 3396.27 2.46 1228.40 0.0007 0.3617 8.00 8.00 
6844.118 2 .71  2748.92 0.0004 0.40 16 3388.37 2.30 1222.74 0.0007 8.00 8.00 0.3609 
6865.61 2.71 2767.20 0.0004 0.4031 3377.70 2.30 1224. 23 0.0007 0.3620 8.00 8.00 
6879.55 2.59 2788.94 r). 0004 0.4054 3368.65 2.48 1229. 40 0.0007 8.00 8.00 0.3650 
6878.3'1 2.52 2798.85 0.0004 0.4069 3364.07 2.58 1232.97 0.00 08 0.3665 8.00 8.00 
6e69.42 2.60 2794.11 0.0004 0.4067 3365.43 2.50 1232.74 0.0007 0.3663 8.00 8.00 
6863.51 2.74 2783.25 0.0004 0.4055 3372.05 2.35 1230.79 0.0007 0.3650 8.00 8.00 
6861.21 2.75 2773.76 0.0004 0.4043 3381.38 2.32 1229.87 0.0007 0.3637 8.00 8.00 
6854 -52 2.62 2763.73 0.0004 0.4032 3390.65 2.43 1229.43 0.0007 8.00 8 .00  0.3626 
6840.52 2.53 2748.52 0.0004 0.40 18 3398.54 2.51 1227.07 0.0007 0.3611 8.00 8.00 
6826.70 2.58 2729.73 0.0004 0.3999 3405.42 2.44 1222.37 0.0007 0.3589 8.00 8.00 
682 1.40 2.68 2115.01 0.0004 0.3980 3411.74 2.32 1217.96 0.0007 0.3570 8.00 8 - 0 0  
6822.77 2.68 2708.33 0,0004 0.3970 3417.13 2.30 1216.19 0.0007 0.3559 8.00 8.00 
6821.57 2.57 2704.93 0.0004 0.3965 3421.16 2.40 1216.09 0.0007 0.3555 8.00 8.00 
6813.48 2.50 2697.85 0.0004 0.3960 3424. 33 2.47 1215.01 0.0007 8.00 8.00 0.3548 
6804.05 2.55 2686.49 0.0004 0.3948 3427.90 2.42 1212.07 0.0007 0.3536 8.00 8 - 0 0  
6800.21 2.64 2676.27 0.0004 0.3936 3032.68 2 - 3 1  1209.10 0.0007 0.3522 8.00 8 - 0 0  
6800.73 2.64 2670.65 0.0004 0.3927 3437.95 2.29 1207.95 0.0007 0.3510 8.00 8 - 0 0  
6790.20 2.55 2666.21 0.0004 0.3922 3442.80 2.38 1207.83 0.0007 0.3508 8.00 8.00 
6789.39 2 - 4 9  2657.72 0.0004 0.39 15 3447.12 2.44 1206.50 0.0007 0,3500 8.00 8.00 
6779.5fl 2 . 5 2  2645.37 0.0004 0.3902 3451.70 2.39 1203.38 0.0007 0.3486 8.00 8.00 
6775.06 2.60 2634.45 0.0004 0.3888 3456.92 2.29 1200.25 0.0007 . 0.3472 8.00 8.90 
6774.84 2.60 2628.11 0.OOOU 0.3879 3462.20 2.28 1198.80 0.0007 0.3463 8.00 8.00 
6772.30 2 . 5 2  2623.33 0. 0004 0.3874 3466.76 2.35 1198. 33 8.00 8.00 0.0007 0.34 57 
6764.55 2.46 2615.51 0.0004 0.3866 3470.62 2.40 1196.92 0,0007 0.3449 8.00 8.00 
6755.95 2.50 2604.61 0.0004 0.3855 3474.63 2.36 1194.05 0.0007 0.3436 8.00 6.00 
6751 -90 2.50 2594.96 0.0004 0.3843 3479.31 2.28 1191.25 0.0007 0.3424 8.00 8.00 
6751 -45 2 .56  2 5 H 9 .  11 0.0004 0.3835 3484.19 2.27 1189.90 0.0007 8-00 8.00 0.34 15 
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APPENDIX B 

SAMPLE R U N  OF A TRIPLES COMBINATION 

The following pages are copies of the complete computer output pack- 
age obtained from a two-second simulation of a t r ip les  combination in a 
braki ng-in-a-turn maneuver. The example i l l  ustrates use of optional 
spring tables,  t i r e  tables and brake torque tables. Antilock brake con- 
t rol  systems are used on the t ractor  tandem rear axles, and cycling of 
the t r a i  1 ing  ax1 e can be observed on  o u t p u t  page numbers 1.06.1, 1.10.1, 
and 1.14.1. 

The f i r s t  20 pages a re  echo of the i n p u t  data i l lustrat ing parameters 
for a t r ip les  combination; tab1 es for suspensions, t i r e s  and brakes; an 
antilock system; and the vehicle summary page. These pages are normally 
reviewed to ensure that  the desired vehicle and maneuver i s  being simulated. 

The 60 remaining pages are the output indicating the response of 

each vehicle in the maneuver. In the process of exercising a l l  options, 
however, the vehicle obtained i s  not representative and the performance 
indicated here should not be viewed as typical. 
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O P 7 8  
T l l S  1 
T S A t l P L E  
O P T I O N  
OMFGDIF  

P l l E S S l l R R - O F F  T I M F  DEI.AY 
TTflE CONSTANT-WFIFFL R 4 T E  
T I N r  CONSTANT-WIIEFL ACCFL.  
LOGICAL OPERATOR SWITCH 

I1 

I8 

L O G I C A L  OPFIIATOR S Y I T C I I  
I1 

*I 

ONE-SHOT 'I1:lE DIIn ATION 
AVTI-LOCK S A t l P L I N G  R A T E  
S I D E - T O - S I D I  
SIDE-TO-s I D E  T O L E R A N C E  

S I J S F E N S I O N  2 AXLE 1 RIGIIT  
S I J S P E N S I O N  2 AXLE 1 L E F T  

S I C E  WILL HAVE T I I E  S A N E  ANTI-LOCK S Y S l E l l  A S  
S I E E  

S U S P E N S I O N  2 AXLE 2 L E F T  
SI ISPBNSTON 2 AXLE 1 L E F T  

S I D E  W11.L llAVE T H E  S A R B  ANTI-LOCK S Y S T E n  AS 
S I C E  

*** UNTT 1 
IINIT 1 

S I I S P E N S I O N  2 AXLE 2 RIGI IT  
S I I S P E N S I O t 4  2 AXLE 1 L E F T  

S I D E  WILL MAVE T l l E  S I R E  ANTI-LOCK S Y S I E H  A S  
S I C E  

*** I INIT  2 S U S P E N S I O N  2 AXCE 1 L E F T  S I D E  W I L L  nAVE NO ANTIL-LOCK SYSTEM 

*** 11NI1' 2 

***  U N I T  2 

***  I INIT  2 

*** I l l l I T  3 

*** U N I T  3 

*** U N I T  3 

*** U N I T  3 

*** U N I T  3 

*** I l N I T  3 

*** U N I T  4 

*** I INIT  4 

*** U N I T  4 

*** U N I T  4 

*** U N I T  4 

*** U N I T  4 

***  11NTT 4 

*** TINIT 4 

S I J S P E N S J I l N  2 AXLE 1 RI( ; l lT S I D E  WILL IlAVE NO ANTI1.-LOCK S Y S T E f l  

S113PENSION 2 AXLE 2 L E F T  S I D E  WILL HAVE NO ANTIL-LOCK S Y S T E n  

S I C E  Y I L L  IIAVE NO ANTIL-LOCK S I S T E l l  

S I D E  WILL IIAVE NO ANTIL-LOCK S Y S T E H  S U S P E N S I O N  1 AXLE 1 L E F T  

S I J S P E N S I O Y  1 AXLE 1 R I G l l T  S l C E  Y I L L  NAVE MO ANTIL-LOCK S Y S T B n  

S I D E  WILL NAVE NO ANTIL-LOCK S Y S T E f l  

S I D E  Y I L L  IIAVB NO ANTTL-LOCK S r S T E N  

S I D E  W I L L  I I A V E  NO ANTIL-LOCK s r s T E n  

5lDE WILL MAVE NO ANTrL-LOCK S Y S T E B  

S I C E  U I 1 . t  UAVE NO ANTXI-LOCK S Y S T E t I  

S I C E  WIT.1. IIAVE NO ANTIL-LOCK S I S T E n  

S I R E  Y I L L  UAVE NO ANTIL-LOCK SYSTEM 

S I D E  WILL IIAVE NO ANTIL-LOCK S Y S T E N  

S U S P E N S I O N  2 AXCE 1 L E F T  

S I I S P E N S I O N  2 AXLE 1 RIGIIT 

S I I S P E N S I O N  2 AXLE 2 L E F T  

S1ISPENI;ION 1 AX1.E 1 L E F T  

S U S P E N S I O N  1 AXLE 1 Q I G I I ' I  

S 1 l S P E N S I f ) t l  1 AXLE 2 L E F T  

SIJSPENSIClt4  1 AXLE 2 R I G l l T  

S U S P E N S I O N  2 AXLE 1 L E F T  S I D E  WILL IIAVE NO ANTIL-LOCK S Y S T E 5  

S I D E  WILL HAVE NO ANTIL-LOCK S Y S T E N  

S T C E  WILL IIAVE NO ANTIL-LOCK S I S T E R  

S l C E  WILL IIAVE NO ANTXL-LOCK S Y S T E a  
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I l ~ l ~ l ~ L I N ~ ;  S J R I J L A T I C N  CF T R I I C K S ,  T R A C T O R - S E H I T R A I L E R S ,  D O I I B L E S ,  AND T R I P I E S  - P H A S E  4. OUTPUT P A G E  NO. 
S 4 Y P I . E  h l l N  - T R I P L E S  B R A K I N G  I N  A I l l R N .  ( V A R I O U S  O P T I O N S  E X E R C I S E E )  

T R A C T O R  SPI3IJNG H A S S  POSITION --------------------------------------------------------------------------------- 
L 4TLItAI .  V E R T I C A L  R O L L  P I T C H  I I E A C I N G  T U R N  

( F r )  IPT) ( D E G )  ( D  E  G) (DEG) R A D I U S  
(PT) 

0.0 d . 0 0.0 0.0 0.0 **********+* 
0.0003 3,0000 -0.0037 -0.000 1 0,0015 3434.6738 
0.0020 0.0002 -0,0223 -0.5030 0.0110 1901.5537 
0.0n62 0.0014 -0.0527 -0.0236 0.0344 1306.5378 
0.0140 0.0056 -0.0854 -0.0742 0.0763 992.2312 
0.0267 0.0147 -0. 1184 -0.1554 0.1408 798.0481 
0 .0451 0.0?90 -0.1585 -0.256 1 0.2321 665.2861- 
0.0 106  0.006'i - 0 -2114  -0.3768 0.3540 560.0181 
D. 10'42 0.0634 -0.2742 -0.5137 0. 5093 469.8289 
1). 1472 0.0769 -0.3403 -0.6268 0.7004 403.2927 
0.200R 0. Of352 -0.4057 -0,6784 0.9281 357,3643 
0.2658 O.OR70 -0.4715 -0.6774 1. 1917 324,2126 
0. 3428 0.0831 -0.5398 -0.654e 1.4885 300.3394 
0.4'123 0.0766 -0.6 103 -0.6244 1.8163 279.6824 
0.5340 0.0712 -0.6019 -0.5eh4 2. 17 18 249.7223 
0.6510 0.0692 -0.7560 -0.5548 2.5570 236.8976 
0.7014 0.0705 -0.8325 -0.5567 2.9679 2 15.8598 
5.9167 0.0744 -0.9097 -0.5997 3.4080 199.0483 
1.0077 0.0805 -0.91322 -0.6600 3.8007 182. 4574 
1.2607 0.0R78 -1.045 9 -0,7113 4.3893 166.7319 
1.4592 0.0942 -1.0392 -0.7504 4,9355 154. 1320 
1.6707 3.0979 -1.1368 -0.7801 5.5183 156.2698 
1.0087 0.0987 -1. 1470 -0.8043 6.1304 156.2193 
2.19 11 0.0975 -1.1418 -0.7955 6.7650 154,0296 
2.3'300 0.0953 -1.1409 -0.7619 7.4164 150.3525 
2. fib05 0.0924 -1.1487 -0,7284 8.0787 146.2389 
2.951n 0.0094 -1.1554 -0.7 117 8.7474 142.2749 
3.2478 0. 0078 -1.1575 -0.7066 9.4198 138.4256 
3.555fl 0.0892 -1.16U5 -0.7047 10.0937 134,6778 
3.0754 0.090 1 -1.1835 -0.7114 10.7671 131.2444 
4.20 60 0.0921 -1.2065 -0,734 1 11.4380 125,7937 
11.  5479 0.0931 -1.2196 -0.7413 12.1052 113.7892 
4.9025 0.0R99 -1.2171 -0.7016 12.7726 1Otl. 2998 
5.2680 0.0816 -1.2072 -0.6339 13.4379 111. 0251 
5.6U -12 0.0791 -1.1996 -0.5850 14.0858 120.8770 
6.022'J 0,0664 -1.1919 -0.567 2 14.7125 126.0487 
6.4U71) 0.0676 -1.1767 -0.5768 15.3223 123.221 5 
6.1355 0.0752 -1.1489 - 0 - 6  179 15.9195 116.7011 
7.1R90 9.9fl61 -1.1052 -0,6913 16,5064 103.4266 
7.51111 11.0950 -1.0464 -0.7462 17,0873 95.3043 
7.9966 41.0969 -0.979 1 -0.7515 17.6533 95. 48 13 
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tISRI/PIVflA B R A K I N G  A N D  I l A ' J n L I t J ~ ;  S1:llJl.ATICN CF 'XRllCKS, TRAC'FOR-SEHITRIILERS, DOUBLES. A N D  TRIPLES - PHASE 4. OUTPUT PAGE NO. 1.09.1 
S A P l P L E  E l l N  - T R I P L E : ;  D R A K I N G  I N  A TIIRN. (VABIOUS OfTIGNS EXERCISEC) 

TRACTOR R E A H  SIISPRNSION - E R I K E  SUNHARY 
L E A D I N G  TANDEH A X L E  

T Itl E 
( s e c )  

0.0 
0.05 
0.10 
0 .15  
0.20 
0.25 
0 - 3 0  
0 .35  
0.40 
0.145 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.  no 
0 .85 
0.90 
0.95 
1.00 
1.05 
1 - 1 0  
1 .15  
1.20 
1. 25 
1.30 
1 .35  
1.140 
1 .45  
1 .50 
1.55 
1.60 
1 - 6 5  
1.70 
1.75 
1.00 
1 .n5 
1.90 
1.95 
2 .oo 

LEFT --- ------ ------------------- 
U l I R K E  C R A K E  TIEE 
PI(I:TSIIRC TCIRQIII: E R A K E  

( P S I )  ( IN-In)  FCRCE 
(Ian) 

0.0 0 .0  -0.0 
0.00 9 .  35 -1.19 
1.04 207 1.00 -52-85 
3.70 7407.99 -243.71 
6.79 13587.86 -531.41 
9.52 19041.65 -817.08 

11.93 23854.67 -1075.86 
14.05 28102. 17 -1290.19 
15.93 31R50.26 -1456.56 
17.5fl 35157.62 -1599.54 
19.04 38n7h.ui  -1731.97 
20. 33 4Of152.21 -1151.70 
21.46 42925, 35 -1961.07 
22.47 44931.4'3 -2066.96 
23.35 46701.87 -2168.15 
24.13 48264.21 -2254.55 
29.82 45642.97 -2325.53 
25.43 50859.70 -2385.25 
25.97 51933.52 -2442.62 
26.44 52081.05 -2496.99 
26.06 53717.25 -2536.52 
27.23 54455.16 -2566.98 
27.55 55 106.30 -2597.44 
27.84 55680.98 -2624.91 
20.00 561f!R.08 -2649.41 
28.72 56635.63 -2667.87 
28.52 57030.70 -3687.49 
1 8 - 6 9  57379.27 -2710.97 
28.f34 57687.00 -2730.83 
28.08 57959.50 -27414.19 
29.10 58190.0U -2755.07 
29.20 58909.53 -2791.53 
29.30 59596.07 -2802.68 
29.3fl 58767.77 -2763-42 
29.45 5Y00h.l)n -2742.86 
2q.52 59034.33 -2765.11 
29.57 59147.51 -2794. 33 
29.62 55247.33 -2811.05 
29.67 52335.50 -2829.25 
29.71 59413.31 -285?.83 
29.74 554n1.3tl -2819.40 

S I D E  
. - -  ..---- 
WHEEL 
SLIP 

0.0 
0.0000 
0.0017 
0.OD7R 
0.0171 
0.0263 
0.0346 
0.01413 
0.0470 
0.0519 
0.0556 
0.0584 
0.0613 
0.0643 
0.0666 
0.0679 
0.0691 
0.0706 
0.0724 
0.0733 
0.0737 
0.0744 
0.0751 
0.0753 
0.0749 
0.0744 
0.0746 
0.0749 
0.0748 
0.0745 
0.0746 
0.0760 
0.0759 
0.0738 
0.0735 
0.0746 
0.0753 
0.0756 
0.0766 
0.0782 
0.0773 

--------- 
ANCIlLAR 
WIIEEL 
VEL.  

(RAD/SEC) 
26.40 
26. UO 
26.35 
26.13 
25.79 
25.45 
25.16 
24.90 
24.61 
24.30 
21.95 
23.58 
23.18 
22.78 
22.40 
22.04 
21.69 
21.34 
21.00 
20.68 
20.36 
20.04 
19.71 
19.38 
19.04 
1 8 - 6 9  
18.34 
17.99 
17.65 
17.32 
16.90 
16.63 
16.44 
16.12 
15.69 
15.26 
14.87 
14. 53 
14.20 
13. 94 
1 3.67 

------- ------------------ 
A N G U L A R  E R A K E  E B A K E  
WHEEL ELISSURE TOEQUE 
ACCEL. (PSI)  (IN-1.H) 

(RAD/S**2) 
-0.0 0.0 0.0 

0.03 0.00 9.35 
-2.22 1.04 2071.80 
-5.53 3.70 7407.89 
-6.46 6.79 13587.86 
-5.90 9-52 19041.65 
-5.10 11.93 23859-67 
-5.02 14-05  28102.17 
-5.94 15.93 31850.26 
-6.91 17.58 35157.62 
-7.50 19.04 38076.41 
-7.90 20.33 40652.21 
-8.09 21.46 42925.35 
-7.84 22.47 44931.45 
-7.29 23.35 46701.87 
-6-93 24.13 148264.21 
-6.84 24.82 49642-97 
-6.89 25.43 50859.70 
-6.73 25.97 51933.52 
-6.42 26.44 52881.05 
-6.52 26.86 53717.25 
-6.80 27.23 54455.16 
-6.89 27.55 55106.30 
-6.95 27.04 55680.98 
-6.99 28.09 56188.08 
-7-16 28.32 56635.69 
-7.16 28.52 57030.70 
-6.90 28.69 57379.27 
-6.70 28.84 57607.00 
-6.71 28.90 57958.50 
-6.76 29. 10 58198.08 
-5.63 29.20 58409.53 
-5.55 29.30 58596.09 
-7.63 29.38 50760.77 
-8.04 29.45 58906.08 
-8.15 29.52 59034.33 
-7.12 29.57 59147-53 
-6.61 29.62 55247.33 
-6.01 29.67 55335.50 
-5.15 29.71 59413.31 
-6.76 29.74 59461.98 

R I G l l T  SIDE 
.----------------------------------- 

T I R E  Y I I E I L  A N G U L A R  A N G U L A R  
E R A K E  SLIP WHEEL Y HEEL 
FORCE V E L  ACCEL. 

(LD) (EAc/SEC) (RAD/S**2) 
-0.0 0 .0  26.40 -0.0 

1.82 -.0001 26.40 -0.10 
-46.19 0.0015 26.33 -2.51 

-234.63 0.0075 26.10 -5.93 
-519.56 0.0167 25.73 -6.98 
-002.62 0.0259 35.37 -6.53 

- 1057.92 0.0343 25.04 -5.89 
-1269.43 0.0412 24.73 -5.93 
-1433.19 0.0472 24.40 -6.96 
-1572.61 0,0527 24.03 -8.09 
-1704.06 0.0572 23.62 -8.72 
-1824.69 0.0609 23.18 -9.08 
-1934.14 0.0648 22.72 -9.26 
-2038.78 0.0690 22.26 -9.07 
-2  142.64 0.0726 21-82 -8.40 
-2233.93 0.0749 21.42 -7.83 
-2298.94 0.0770 21.01 -8.00 
-2354.47 0.0801 20.59 -8.23 
-2410.69 0.0834 20.18 -8.12 
-2462.86 0.0860 19.79 -7.91 
-2507.25 0.0078 19.41 -7.80 
-2536.43 0.0899 19.02 -8,111 
-2564.98 0.0930 18.61 -8.3 1 
-2606.32 0.0951 le .23 -7.76 
-2639.87 0.3956 17.87 -7.40 
-2661.37 0.0958 17.51 -7.444 
-2678.63 0.0968 17.13 -7.55 
-2700.16 0.0985 16.77 -7.37 
-2727.70 0.0995 16.42 -6.84 
-2740.61 0.0997 16.09 -6.87 
-2745.83 0.1011 15.74 -7.17 
-2784.07 0.10182 15.43 -5.96 
-2808.00 0.1038 15.19 -5.32 
-2781.61 0.1013 14.90 -6-83 
-2760.74 0. 1002 14.52 -8-06 
-2773.85 0,1012 14-12 -7.77 
-2802.94 0.1024 13.76 -6.77 
-2827.70 0.1017 13.45 -5.88 
-2034.20 0.1017 13.16 -5.79 
-2E62.81 0.1028 12.92 -4.71 
-2849.72 0.0994 12.70 -5.43 
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1 5 - 7 5  0 . '1 0 .0  -0 .02  0 .0000 26.14 0.00 0.0 0.0 0.05 -.OOOO 26.14 -0.00 
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30.00 26.42 26417.9'1 -1 159.80 0 .0273 23.97 -7.05 26. 42 26417-89  - 1  139.19 0 ,0316  23.81 -8.03 
30.00 27.33 27330.5 I -1209.75  0.0278 23.65 -6.82 27.33 27330.53 -1191.00 0.0330 23.44 -7.72 
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30.00 2R.52 28517.4ll -1260.77 0.0269 2 2 - 9 0  -7.19 28.52 28517.44 -1242.05 0 .0343 22.70 -8.09 
30.00 2n. 3 0  28095.07 -1279.46 0 .3273  22.63 -7.19 28.90 28895.07 - 1555.03 0.0360 22.30 -8.36 
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30.00 2q .  5U 29542.49 -1317.49 0 .0265 21.66 -6.91 29.54 25542.49 -1301-25  0 ,0385 21.21 -7.68 
30.00 29 .66  29659.90 -1316.62  0 .0266  21.31 -7 .22  29.66 29658.98 -1294.27 0.0397 20.83 -8.29 
30.00 29 .75  29745.74 -1319.25  0 .0271 20.96 -7.30 29.75 25745.74 -1295.06 0.0418 20.43 -8.46 
30.00 29.81 29010.44 -1324.58  0.0270 20.62 -7.20 29.81 25810.44 -1308.26 0.0429 20.06 -7.98 
30.00 29.06 25858.63 -1  225.75 0.0265 20.27 -7.26 29.86 29858.63  -1315.91 0 .0425 19.70 -7.73 
30.00 2 9 . 0 9  29094.53 -1323.47  0.0262 19.91 -7.45 29.89 29894.53 -1311.09 0 .0423 19.32 -8.04 
30.00 29.92 29921.27 -1322.59 0.0264 19.54 -7.56 29.92 29921.27 -1307.72 0.0430 le.94 -8.27 
30.00 2 9 - 9 4  2994 1 - 2 8  -1326.50  0 .0265 19.18 -7.42 29.94 29941.28 -1316.54 0.0435 18.57 -7.89 
30.00 2S.96 29956.13 - 1 3 0  17  0.0262 18.84 -7.28 29.96 29956.13  -1325.97 0.0426 18.22 -7.48 
30 .00  29 .97  25967.18  -1329.53  0 .0258 19 .48  -7.34 29.97 29967-  1 8  -1322.74 0.0415 11 .87  -7.66 
30.00 20 .90  29975.43 -1327.55  0 .0259 18 .12  -7.45 29.98 25975.43 -1314.08 0 .0418 17.50 -8.99 
30.00 29.qH 29981.56 -1320.90  0 .0263 17.76 -7 .40  29.98 259E1.56 -1314.04 0.0429 17.12 -8.11 
30.00 29 .99  29986.14 -1332.17  0 .0264 17. 42 -7.26 29.99 25986.14 - 1322.92 0 .0434 16.77 -7.70 
30.00 29 .99  29989.56 -1 334.54 0 .0263  17 .07  -7.15 29.99 24989.56 -1325.45  0 .0430 16 .41  -7.58 
30.00 29.99 29912.69 -1330.79  0.0266 1 6 - 7 2  -6.95 29.99 25992.09 -1321.99 0.0436 16.05 -7.75 
30.00 29.99 2S995.01) -1343.  35 0 .0269 16.39 -6.74 29.99 29994.00 -1328.15  0.0450 15.70 -7.47 
30.00 30 .00  29945.39 - 1341). 3 6  0.0264 1 6 - 0 8  -6.89 30.00 29995-39  -1340.25 0.0442 15.39 -6.89 
30.00 30.00 29996.114 - 1 3 2 7 . 9 5  0.0258 15 .73  -7.48 30.00 29996.44 -1332.81 0.0417 1 5 - 0 7  -7.25 
30.00 30 .00  29997.22  -1316 .68  0.0259 15.34 -8.02 30.00 29997.22 -1316.06 0 .0401 14.70 -8.05 
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30.00 30 .  J O  2999R. 52  -13311.10 0.0270 14.22 -7.16 30.00 25998.52 -1335.42 0 .0403 13.62 -7.13 
30.00 70.00 29990.02  -1343.43  0 .0282  13 .87  -6 .75  30.00 25950.82 - 1338. 09  0 .0398 13.29 -6.97 
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IISHT/flVNA IlitAKEtIG AND 

T I M  I? 
( S E C )  

T R E 1 D I . E  
P R E S S I I R E  

( P S I )  

H A N E L I N G  S I " l r l l . A T 1 C N  O F  T l ? l l ( ~ K S ,  T R A C T O R - S E n I T R A I L E R S ,  D O U B L E S .  AND T R I P L E S  - F I I A S E  4. OIJTPOT PAGE NO. 1.07.3 
SAlrP1.1; FUN - ' P R T F L E S  l lRAKINr;  I N  A  T U R N .  ( V A R I O U S  O P T I O N S  E X E R C I S E D )  

T ? & T L E I t  NO. 2 PROIlT S U S P E N S I O N  - PRARE S U H I A F Y  

-----------------a 

n l l h R E  BRAKE 
PRE:;SIlRE TOGQUE 

I )  (TN-CII)  

0 . 0 
0.0 
0.0 
0.16 
3.10 
9.00 

14.41 
in .  38 
21 -34  
23.55 
25. 19 
26.42 
27.33 
20.01 
28. Ti2 
28. 90 
29.1R 
2'1.39 
29.54 
29.66 
29.75 
29. fl1 
29. Oh 
20. n9 
29.92 
29.94 
29.96 
29.97 
29.90 
29.9R 
29.99 
29.99 
29.99 
29.09 
3 0 . 0 0  
30.00 
30.00 
30 . 0 0 
3 0 . 0 0  
3 0 . 0 0  
30. o n  

L E F T  
- - - - - - - - - - 

T I G E  
E R A R E  
F C R C E  

t 1 . w  
-0.0 

0.00 
0.07 
0.71 
9.29 

3 3 - 8 1  
-259.06 
-649.99 
-B93.94 
-960.011 
-994.43 

-1014. 74 
-1042.31 
-1066.85 
-1068.11 
-1058.68 - 1063.93 
-1071.96 
-1076.44 
-1075.71 
-1079.44 
-1082.35 
-1082.96 
-1084.15 
-10R9.68 - 1091.13 
- 1086.13 
- 1082.02 
-1083.00 
-1084.00 
-1083.73 
- 1085.34 
-1089.10 
- 1092.63 
-1096.32 
-1097.51 
-1093.44 
-1005.09 
-1079.45 
-1079.55 
-1004. Ph 

----------------- -------- 
ANGULAR ANGULAR ERAKE 
WflEEL WHEEL F E E S S U R E  
V  EI.. A C C E L .  ( P S I )  

( R A D / S E C )  ( R A D / S * * 2 )  
?6.14 -0.0 0.0 
26.14 -0.00 0.0 
26.14 -0.00 0.0 
26.14 -0.03 0. 16 
26.12 -0.44 3.18 
26.07 -1.61 9.08 
25.75 -8.47 14.41 
25.30 -8.58 18.38 
24. 9 1  -6.17 21.34 
214.60 -5.62 23.55 
24.33 -5.92 25.19 
24.03 -6.39 26.42 
23.70 -6.16 27.33 
23.39 - 5 - 7 9  28.01 
21.11 -6.33 28.52 
22.78 -7.22 28.90 
22.40 -7.45 29.18 
22.02 -1.17 29.39 
21.68 -7.14 29.54 
21.32 -7.31 29.66 
20.95 -7.28 29.75 
20.59 -7.17 29.81 
20.24 -7.20 29.86 
19.88 -7.19 29.89 
19.52 -6.96 29.92 
19.18 -6.91 29.94 
19.84 -7.17 29.96 
18.47 -7.37 29.97 
18.10 -7.33 29.98 
17.74 -7.30 29.98 
17.38 -7.32 29.99 
17.01 -7.24 29.99 
16.66 -7.07 29.99 
16.31 -6.90 29.99 
15.99 -6.73 30.00 
15.64 -6.67 30.00 
15.31 -6.87 30.00 
19.96 -7.26 30.00 
1U.60 -7.53 30.00 
14.22 -7.53 30.00 
13.85 -7.28 30.00 

--------- 
CRAKE 
T O F Q U E  
( I N - L O )  

R I G l i T  S I D E  .................................... 
T I R E  WIIEEI. ANGULAR ANGULAR 
PRAKE S L I P  WHEEL WHEEL 
FaKCE V E L  ACCEL.  

[ L o )  ( C A E / S E C )  ( R A E / S * + 2 )  
-0.0 0.0 26. 14 -0.0 

0.00 -.OOOO 26.14 -0.00 
0.07 -.OOOO 26.14 -0.00 
0.71 -.OOi)O 26.14 -0.03 
9.28 -.0002 26.12 -0.44 

33.78 -.0008 2 6 - 0 7  -1.61 
-259.59 0.0059 25.75 -8.45 
-651.23 0.0141 25.31 -8.52 
-895.48 0,0187 24.91 -6.09 
-961.75 0.0197 24.61 -5.54 
-996.29 0.0205 24. 34 -5.83 

-1016.63 0.0213 24.05 -6.30 
-1043-76 0.0217 23.72 -6.09 
-1067.42 0.0215 2 3 - 4 2  -5.76 
- 1067.83 0.021 1 23.13 -6.34 
-1057.72 0.0212 22.80 -7.27 
-1059.16 0.0219 22.42 -7.53 
-1069.12 0.0224 22.04 -7.30 - 1072.62 0.0224 21.68 -7.32 - 1071.34 0.0222 2 1 - 3 1  -7.52 
-1073.87 0.0222 20.93 -7.50 
-1077.66 0.0225 20.56 -7.40 
-1078.13 0.0229 20.20 -7.43 
-1079.62 0.0233 19.83 -7.rtO 
-1085- 76 0.0233 19.46 - 7 - 1 4 ,  
-1087.49 0.0231 1'3.11 -7.08 
- 1082.23 0.0230 18.76 -7.35 
-1077.81 0.0232 18.38 -7.58 - 1078.95 0.0235 18.00 -7.53 
- 1080.23 0.0235 17.63 -7.48 
-1080.23 0.0234 17.26 -7.48 
-1081.90 0.0234 16.89 -7.41 
-1085.90 0,0234 16.52 -7.22 
-1089.77 0.0236 16.17 -7.04 - 1093.82 0.0238 15.83 -6.85 
- 1095, 2 1  0.0238 15.49 -6.78 
-1090.93 0.0235 15.15 -6.99 
- 1082-24 0.0231 14.80 -7.40 
-1076.27 0.0231 14.42 -7.68 
-1076.24 0,0234 14.04 -7.69 
-1081.95 0.0237 13.66 -7.42 



I I S R l / V V t l A  IIRAKING AND 1IA:if)I .Iti~: S I M l 1 1 . A T I C N  CF TIIIICKS, T R A C T O R - S E f l I T R A I L E R S ,  D C U E L E S ,  ANC T R I P I E S  - P H A S E  4 .  O U T P U T  F I G E  NO. 1 - 0 9 . 3  
' ; ~ ~ I P I . E  L U N  - T R I P L E S  ~ ~ A K I N G  I N  A T U R N .  ! V A R I O U S  C F T I C N S  E X E R C I S E D )  

T n A I L E R  NO. 2 REAR S U S P E N S I O N  - [RAKE SUHflAGY 
LEADTNG TANDEM A X L E  

T I R E  
(sec) 

T R E A D L E  
PRESSIJRI'; 

( P S I )  

D R A K E  BGAKE 
P R C S S U R E  TOnQl lE  

( P S I )  ( T  N-LO) 

0 . 0  
0 . 0  
0 .  0 
0 . 1 6  
3 . 1 8  
9 - 0 8  

1 4 . 4  1  
i n .  l n  
2 1 . 3 4  
2 3 .  Ti5 
2 5 - 1 0  
2 6 . 4 2  
27 .3  3 
2 8 . 0  1 
2 8 . 5 2  
2 8 . 9 0  
2 9 . 1 8  
2 9 . 3 9  
2 9 . 5 4  
2 9 - 6 6  
2 s .  7 5  
29.  n i 
2 9 . 0 6  
29 ,  tl'j 
2 9 . 9 2  
2 9 . 9 4  
2 9 . 9 6  
2 9 . 9 7  
2 9 - 9 0  
2 9 . 9 8  
2 9 . 9 9  
2 9 . q 9  
2 9 . 9 9  
2 9 . 9 9  
3 0 . 0 0  
3 0 .  o r )  
3 0 . 0 0  
3 0 . 0 0  
3 0 . 0 0  
3 0 . 0 0  
3 0 . 0 0  

T I E E  
BRAKE 
F O R C E  

- 0 . 0  
0 . 0 0  
0 . 0 7  

- 2 . 0 3  

S I D E  ------- 
WHEEL 
S L I P  

0 . 0  
- . 0 0 0 0  -. 0000  
0 . 0 0 0 0  
0 . 0 0 2 5  
0.OI)fl3 
0 . 0 1  47 
0 . 0 1 8 5  
0 . 0 1 9 8  
0 . 0 2 2 4  
0 . 0 2 6 5  
0 . 0 2 8 0  
0 . 0 2 7 2  
0 .0283  
0 .0304  
0 . 0 2 9 9  
0 .0287  
0 . 0 2 9 7  
0 . 0 3 0 8  
0 . 0 2 9 6  
0 . 0 2 8 7  
0 . 0 2 9 7  
0 . 0 3 0 2  
0 . 0 2 9 2  
0 . 0 2 9 0  
0 . 0 2 9 9  
0 . 0 2 9 8  
0 . 0 2 9 1  
0 . 0 2 9 3  
0 . 0 3 0 1  
0 . 0 2 9 8  
0 . 0 2 9 2  
0 . 0 2 9 7  
0 . 0 3 0 3  
0 .0301  
0 . 0 3  00  
0 . 0 3 0 6  
0 . 0 3 1 0  
0 . 0 3 0 6  
0 . 0 3 9 4  
0 . 0 3 0 9  

---------------- --------- 
ANGULAR ANGULAR ERAKE 
W l l E E L  WHEEL E R E S S U R E  
v EL.  n c c r ~ .  ( P S I )  

( R A D / S E C )  ( R A D / S * * 2 )  
2 6 . 1 4  - 0 . 0  0 . 0  
2 6 . 1 4  - 0 . 0 0  0 . 0  
26 .14  - 0 . 0 0  0 . 0  
26 .13  - 0 . 2 8  0 .16  

. - - - - - - - - -  

ERAKE 
TO hQU t 
( I  N - I D )  

R I G I i T  S I D E  ................................... 
T I R E  WHEEL ANGULAR ANGULAR 
ERARE S L I P  YHEEL Y  H E E L  
FORCE VEL A C C E L .  

( L B )  ( 6 A C / S E C )  ( R A C / S + * 2 )  
- 0 . 0  0 . 0  2 6 . 1 4  - 0 . 0  

0 . 0 0  - . O O O O  2 6 . 1 0  - 0 . 0 0  
0 . 0 7  -.OOOO 2 6 - 1 4  - 0 . 0 0  

-2 .03  0 . 0 0 0 0  2 6 . 1 3  - 0 . 2 8  
- 102.29  0 . 0 0 2 5  2 6 . 0 5  -2 .62  
-333 .35  0 . 0 0 8 3  2 5 . 8 3  - 5 . 5 U  . 
- 563 .74  0 . 0 1 4 7  25 .52  - 7 - 1 4  
-763 .84  0 . 0 1 8 5  25 .19  - 6 . 9 7  
-915 .52  0 . 0 1 9 8  2 4 . 8 8  -6 .72  

- 1 0 0 6 . 6 5  0 . 0 2 2 2  24 .55  -7 .58  
- 1079 .80  0 . 0 2 6 2  2 4 . 2 0  -7 .97  
- 1166.  45  0 . 0 2 7 5  2 3 . 8 9  -6 .74  
- 1 2 1 0 . 2 3  0 . 0 2 6 5  2 3 . 6 1  -6 .80  
-1222 .35  0 . 0 2 7 6  2 3 . 2 7  - 7 . 8 3  
- 1 2 Q 4 . 9 5  0 . 0 2 9 6  2 2 . 9 3  -7 .95  
- 1 2 7 3 - 1 3  0 .0291  2 1 . 6 2  -7 .49  
- 1 2 7 1 . 9 2  0 . 0 2 8 2  22 .27  - 8 . 2 2  
- 1266 .31  0 .0294  2 1 . 0 8  -8 .98  
- 1282 .90  0 . 0 3 0 8  2 1 . 4 9  -8 .56  
- 1 2 9 9 . 1 4  0 . 0 3 0 0  2 1 . 1 4  -8 .06  
- 1291 .97  0 . 0 2 9 5  2 0 . 7 8  - 8 . 6 0  
- 1 2 8 8 . 1 2  0 . 0 3 1 0  2 0 . 3 8  -8 .94  
- 1 3 0 4 . 3 3  0 . 0 3 2 0  2 0 . 0 1  - 8 . 2 8  
- 1 3 1 3 . 2 1  0 . 0 3 1 1  19 .67  -7 .94  
- 1 3 0 5 . 7 1  0 , 0 3 0 9  19 .31  - 8 . 3 6  
-1304 .87  0 . 0 3 1 8  18 .93  -8 .45  
- 1 3 1 4 - 7 4  0 . 0 3 1 8  18 .59  - 8 . 0 2  
- 1 3 1 2 . 5 4  0 . 0 3 0 8  18-2U - 8 - 1 5  
- 1302.88  0 . 0 3 1 0  17 .86  -8 .63  
- 1 3 0 4 . 7 6  0 . 0 3 1 8  1 7 . 4 8  -8 .55  
- 1 3 1 4 . 6 0  0 . 0 3 1 4  1 7 . 1 1  -8 .09  
- 1 3 1 3 . 9 0  0 . 0 3 0 7  16 .76  - 8 . 1 3  
-1311 .38  0 . 0 3 1 1  1 6 . 3 9  -8 .26  
- 1 3 2 0 . 1 3  0 . 0 3 1 8  1 6 . 0 3  -7 .85  
-1331 .04  0 . 0 3 1 4  1 2 . 7 0  - 7 . 3 3  - 1327.66  0 . 0 3 0 8  15 .37  - 7 . 4 9  
- 1 3 1 8 . 9 3  0 . 0 3 1 0  15 .02  - 7 . 9 1  
- 1 3 1 6 . 9 1  0 .0311  14 .67  -8 .01  
- 1 3 1 6 . 7 7  0 .0302  14 .31  -8.02 
-1313 .11  0 . 0 2 9 8  13 .93  -8 .19  
- 1 3 1 5 . 9 3  0 . 0 3 0 4  1 3 . 5 6  - 8 . 0 6  
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T R A I L E R  NU. 2 REAR S U S P E N S I O N  - ERAKE S U n f l A F Y  
I R A I L I N C  TANDEFI A X L E  

T I N  E 
( S F C )  

0 .o 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
o.no 
0.05 
0.90 
0.95 
1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1.30 
1.35 
1.40 
1.45 
1.50 
1.55 
1 - 6 0  
1.65 
1.70 
1.75 
i .no 
1 .R5 
1.90 
1.95 
2 - 0 0  

T R E A D L E  
PRESSl lRE 

( P S I )  

L E F T  ----------- 
T 1 I ; E  
D B A K E  
F O R C E  

( I n )  
-0.0 

0.00 
0.07 

-2.03 
-101.89 
-329.51 
-556.07 
-757.53 
-910.18 
-995.69 

- 1064.25 
-1159.01 
-1205.16 
-1210.10 
-1233.55 
-1272.19 
-1270-  70 
-1261.12 
-1282.43 
-1304.58 
-1295.92 
-1291.12 
-1309.39 
-131fl.53 
-1309.76 
-1300.78 
-1319.15 - 1316.87 
- 1307.36 
- 1309.96 
-1319.99 
-1319.13 
-1316.99 
-1325.26 
-1334.74 
- 1330.76 
-1322.31 
-1320.58 
-1320.75 
- 1217.73 
-1321.28 

s r n e  
.------- 

WHEEL 
S L I P  

0.0 
- .OD00 -. 0000 
0.000c) 
0.0025 
0.0085 
0.0154 
0.0197 
0.02 13 
0.0243 
0.0292 
0.0313 
0.0303 
0.0317 
0.0344 
0.0339 
0.0329 
0.0336 
0.0349 
0.0334 
0.0321 
0.0331 
0.  0.336 
0.0322 
0.0317 
0.0325 
0.0323 
0.0311 
0.0311 
0.0310 
0.0311 
0.0301 
0.0304 
0.0309 
0.0303 
0.0298 
0.0302 
0.0304 
0.0295 
0.0290 
0.0293 

---------------- ------------------ 
ANGULAR ANGULAR E S A K E  ERAKE 
HtIEEL WHEEL E R E S S U R E  T O F Q U E  
V E L .  A C C E L .  ( P S I )  ( I N - L B )  

( R A D / S E C )  ( R  A D / S * * 2 )  
26.14 -0.0 0.0 0.0 
26.14 -0.00 0.0 0.0 
26.14 -0.00 0.0 0.0 
26.13 -0.28 0.16 161.07 
26.05 -2.64 3.18 3175.51 
25.83 -5.72 9.08 9083-05  
25.50 -7.50 14.41 14413.03 
25.16 -7.27 18.3R 18384.68 
24.89 -6.98 21.34 21344.23 
24.50 -8.11 23.55 23549.72 
24.12 -8.72 25.19 25193.21 
23.79 -7.09 26.42 26417.89 
23.50 -7.04 27.33 27330.53 
23.16 -8.41 28.01 2801U.60 
22.80 -8.49 28.52 28517.44 
22.49 -7.54 28.90 28895-07  
22.16 -8.27 29.18 29176-49  
21.77 -9.23 29.39 29386.20 
21.39 -8.58 29.54 29592-49 
21.07 -7.80 29.66 25658.58 
20.72 -8.42 29.75 29745.74 
20.34 -8.80 29.81 29810.44 
19.99 -8.04 29.86 29858.63 
19.66 -7.69 29.89 29894-53 
19.32 -8.17 29.92 29921-27  
18.96 -8.26 29.94 29941.28 
18.62 -7.80 29.96 29956.13 
18.20 -7.94 29.97 29967.18 
17.92 -8.41 29.98 29975.43 
17.54 -8.30 29.90 29981.56 
17.20 -7.84 29.99 29986.14 
16.85 -7.88 29.99 25989.56 
16.49 -7.99 29.99 29992.09 
16.15 - 7 - 6 0  2 9 - 9 9  29994.00 
15.83 -7.15 30.00 29995-39  
15.50 -7.35 30.00 2S9S6.44 
15.16 -7.75 30.00 29997.22 
14.81 -7.84 30.00 29997.83 
14.46 -7.83 30.00 25998.21 
14.09 -7.97 30.00 29998.52 
1 3.72 -7.83 30.00 29998.82 

R I G f l T  S I D E  ................................... 
T I R E  WIIEEL ANGULAR ANGULAR 
DRAKE S L I P  WllPEL Y HEEL 
F O E C E  V E L  A C C E L .  

( L a )  ( E A C / S E C )  ( B A D / S * * 2 )  
-0.0 0.0 26.14 -0.0 

0.00 -.OOOO 26.14 -0 -00  
0.07 -.OOOO 26.14 -0.00 

-2.03 0.0000 26.13 -0.28 
-101.89 0,0025 26.05 -2.64 
-329.58 0.0085 25.83 -5.72 
-556.41 0,0154 25.50 -7.48 
-758.60 0 -0197  25.16 -7.22 
-912 -13  0.0212 24.85 -6.88 
-999.21 0,0240 2 4 - 5 1  -7.94 

-1069.81 0.0286 24.lU -8.45 
- 1163.54 0.0303 23.82 -6.87 
-1208.72 0,0291 23.54 -6.87 
-1215.54 0.0303 23.21 -8.15 
-1238.20 0.0327 22.86 -8.27 
-1272.00 0.0322 2 2 . 5 5  -7.55 
-1268.82 0.031 1 22.21 -8.36 
-1258, 44 0.0326 21.81 -9.35 
-1 276.67 0.0344 21.41 -8.85 
-1296.74 0.0335 21.07 -8.17 
-1286.17 0.0330 20.70 -8.88 
-1278.21 0,0349 20.30 -9.41 
-1 296.90 0.0364 19.92 -8.64 
-1 308.35 0.0356 19.58 -8.17 
- 1297- 25 0.0355 19.21 -8.77 
-1294-20 0.0371 18.83 -8.96 
-130?.18 0.0374 le.48 -8.38 
-1305.27 0.0364 18.13 -8.49 
-1291.47 0.0370 11.75 -9.17 
-1292-58 0.0385 17.35 -9.13 
-1305.67 0.0385 16.99 -8.52 
-1303-81  0 -  0378 16 -63  -8.61 
-1 297-38 0.0300 16.26 -8 -93  
- 1  306.47 0,0402 15.89 -8.50 
- 1320-2 1 0.040 1 15.56 -7.85 
-1315.19 0.0396 15.23 -8.09 
-1303.51 0,0404 14.@8 -8.65 
-1302.76 0 - 0 4 1 1  14.51 -8.68 
-1304,18 0.0405 14.16 -8.62 
-1297.47 0.0404 13.78 -8.94 
-1297.32 0.0419 13.40 -8.95 
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HSRr/flVfl A H R A K I F I G  A N I )  I IA N D J . J N G  STf l l l I .AT  ION C F  TRIICKS , TRACTOR-SEHITRAILERS. DOUBLES, A N D  TRIPLES - PBASE 4. OUTPUT P8GE NO. 1.09.4 
S A N P L E  S U N  - TRIPLES D R A K I N G  I N  A T U R N .  ( V A F I O I I S  OETICNS EXERCISEC) 

T R A T L E R  NO. 3 R E A R  SUSPENSION - E R A K E  SURflAFY 
L E A D I N G  TANDEn AXLE 

LEFT SICE RIGHT SIDE --------------------------------------------------- ..................................................... 
TIM S TREADLE BRIKE f l R A K E  TIRE WHEEL ANGIfLAR ANGULAR E R A K I  P R A K E  TIRE WHEEL A L G U L A B  A N G U L A R  
(SEC) PRESSIIRC PRESSURE TORUlJS E R B K E  SLIP WHEEL WHEEL PRESSURE TOSQUE E R A K E  SLIP Y H E E L  WHEEL 

( P S I )  ( P S I )  (IN-LO) FORCE V El.. ACCEL. (PSI) FORCE VFI ACCEL. (IN-LB) 
1J.B) (RAD/SEC) (RAD/S++2) (LB) IRAE/SEC) (BAD/S**2) 

0.0 0.0 0-o 0. o -0.0 0.0 26.14 -0.0 a. o 0.0 -0.0 0.0 26.14 -0.0 
0.05 15.75 9.0 0.3 0.01 -.0000 26.14 -0.00 0.0 0.0 0 .01 -.OOOO 26.14 -0.00 
0.10 30.00 0.1) 0.9 0.02 -,OOOO 26.14 -0.00 0.0 0.0 0.02 -.OOOO 26.14 -0.00 
0.15 30.00 0.16 161.07 -2.52 0.0001 26.14 -0.26 0. 16 161.07 -2.52 U.0001 26.14 -0.26 
0.20 30.00 3 .  l e  3175.51 -100.31 0.0024 26.05 -2.71 3. 18 3175.51 -100. 31 U.002U 26.05 -2.71 
0 . 2 5  30.00 9.98 9093.05 -327.55 0.0081 25.81 -5.82 5.08 5083.05 -327-55 0.0081 25.81 -5.82 
0.30 30.00 14.41 14413.03 -552.73 0.0148 25.47 -7.66 14.41 14413.03 -552.73 0.0148 25.47 -7.66 
0.35 30.00 10.38 18384.68 -741.08 0.0204 25.10 -8.05 18.38 1831U.68 -741.00 0.0204 25. 10 -8.05 
0.40 30.00 21.34 21344.23 -805.30 0.0240 24.73 -8.16 21.34 21344.23 -885.29 0.0240 24.73 -8.16 
0.45 30.00 23.55 23549.72 -983.67 0.0271 24.35 -8.68 23.55 23549.72 -983.60 0.0271 24.35 -8.68 
0.50 30.00 25.19 25193.21 -1074.12 0.0309 23.98 -8.25 25.19 25193.21 -1073.97 0.0309 23.98 -8.25 
0.55 30.00 26.4 2 26417.n9 -1165.25 0.0330 23.68 -6.79 26-42 26417.09 -1  165.06 0.0330 23.68 -6.80 
0.60 30.00 27.33 27330.53 -1210.69 0.0335 23.41 -6.78 27.33 27330.53 -1210.58 0.0335 23.41 -6.78 
0.65 30.00 28.01 2ROlO.GO -1222.02 0.0350 23.11 -7-84 28.01 28010.60 -1222.08 0.0350 23.10 -7.84 
0.70 30.n0 28.52 28517.44 -1247.70 0.0366 22.79 -7.82 28.52 28517.44 -1248.09 0.0366 22.79 -7-80 
0.75 30.00 2 R .  90 28095.07 -1270.60 0.0360 22.49 -7.61 28.90 28eS5.07 -1271.33 0.0360 22.49 -7 -58  
0.80 30.00 29.18 29176.49 -1250.89 0.0355 22.15 -0.84 29.18 291?6.44 -1259.71 0.0355 22.15 -8.80 
0.05 30.00 29.39 29386.20 -1250.09 0.0368 21.75 -9.75 29.39 29386.20 -1251.20 0.0366 21.75 -9.70 
0.90 30.00 29-54 295'42.U7 -1271.20 0.0373 21.36 -9.11 29.54 2S542.45 -1272.25 0.0371 21.36 -9.06 
0.95 30.00 23.66 25658.90 -1i82.57 0.0361 20.99 -8.85 29.66 29658.98 -1283.33 0,0361 21.00 -8.81 
1 . O O  30.00 29.75 25795.74 -1275.79 0.0367 20.60 -9.38 29.75 29745.74 -1276.45 0.0364 20.61 -9-34 
1.05 30.00 29.nl  29810-44 -1286.74 0.0381 20.21 -9.01 29.81 29810.44 -1287.24 0.0379 20.22 -8.98 
1.10 30.00 29.46 29858.63 -1310.91 0.0378 19.87 -7.97 29.86 29858.63 -1310.84 0.0376 19.80 -7-97 
1.15 10.00 29.89 29894.53 -1309.17 0.0370 19.54 -8.13 29.89 29894.53 -1300.85 0.0368 19.55 -8.15 
1.20 30.00 29.92 29921.27 -1298.40 0.0378 19.19 -8.71 29.92 29921.27 - 1297.92 0.0377 19.19 -8.73 
1.25 30.00 79.39 29941.28 -1307.79 0.0385 18.84 -8.31 29.94 29941.28 -1306.98 0.0385 18.84 -8-35 
1.30 30.00 29.96 29956.13 -1314.39 0.0373 18. 51 -8.03 29.96 24956.13 -1313.40 0.0374 18.51 -8.08 
1 .35  30.00 29.97 29967.18 -1300.32 0.0369 18.16 -8.73 29.97 29967.1@ -1299.26 0.0371 18. 16 -8.78- 
1.40 30.00 29.99 29975.43 -1294.18 0.0379 17.78 -9.04 29-98 29975.43 -1293.04 0.0382 17.77 -9.09 
1 .45 30.00 29.98 299n1.56 -1305.63 0.0379 17-41 -8.51 29.98 2S981.56 -1304.59 0.0382 17.41 -8-56 
1.50 30.00 29.99 29986.14 -1305.14 0-0368 17.06 -8.54 29.99 29986.14 -1304. 1 7  0.0370 17.05 -8.59 
1.55 30.00 29.99 299n9.56 -1296.9f4 0-0372 1 6 - 6 8  -8.97 29.99 29989.56 -1295.29 0.0375 16-67 -9.02 
1 - 6 0  30.00 23.99 29992.09 -1303.88 0.0383 16.30 -8.62 29.99 29992.09 -1302.67 0.0386 16-30 -8-67 
1.65 30.00 29.99 29994.00 -1318.92 0,0377 15.97 -7.91 29.99 29994.00 -1317.85 0.0380 15.96 -7.96 
1.70 30.00 30.00 29995.31 -1318.93 0.0372 15.63 -7.91 30.00 29995-39 -1317.76 0.0375 15.62 -7-96 
1 .75  30.00 30.00 29996.44 -1318.55 0.0383 15.29 -7.93 30.00 29946.44 -1317.16 0.0385 15.28 -8.00 
1.00 30.00 30.00 29997.22 -1328.52 0.0387 14.98 -7.46 30.00 29997.22 -1327.33 0.0390 14.96 -7-51 
1 .fl5 30.00 30.00 29907.03 -1326.21 0.0376 1 4. 67 -7.57 30.00 29997.83 - 1325.43 0.0378 14.66 -7-60 
1 . Y O  30.00 381.UO 29990.21 -1307.32 0.0373 14.32 -8.47 30.00 29998.21 - 1306.66 0.0374 14.31 -8-50 
1.95 30.00 30.0J 29990.52 -1297.07 0.0382 13.94 -8.96 30.00 29998.52 -1296.71 0.0382 13.92 -8.97 
2.00 30.00 30.00 29998.82 -1300.36 0.0378 13.56 -8.80 30.00 29998-82 -1300.60 0.0376 13-54 -8.79 



IlSRT/tlVflA n R A K I N G  A N D  1 I n N n I . X N G  SINlI1.A'~ION G F  TRlJCKS, TRACTOR-SEnITRAILERS. DOUBLES, A N D  TRIPLES - PIIASE 4. DUTPOT PAGE NO. 1.10.4 
S A 4 P I . E  F I I N  - TRIPLES D R A K I N G  I N  A T U R N .  (VAEICUS CETICNS EXERCISEE) 

TRAlLER NO. 3 R E A R  SUSPENSION - E R A K E  SUfltlAFY 
TRAILING TANCEH A X L E  

TREADLE 
PRESSllRC 

(PSI)  

r). r) 
161.07 

3175.51 
9on 3. orb 

14fl13.ll3 
183~rr .6r1  
21344.23 
23549.72 
25133.21 
2641 7.89 

L E F T  
. - - - - - - - - - - 

TIRE 
P R A K E  
FCRCE 

( L B )  
-0.0 

0.01 
0.02 

-2.52 
-99.99 

-324.16 
-544. 73 
-731.53 
-876.57 
-972.55 

-1061.27 
-1157.13 
-1203. 70 
-1210.3P 
-1237.69 
- 1266.62 
-1251.79 
-1238.82 
-1264. 5 9  
- 1278.32 
-1266.03 
-1276.21 
- 1306.24 
-1303.18 
-1287.77 
-1300.21 
-1310.77 
-1292.86 
-1284.58 
-1300.69 
-1 200.7r4 
-1287.92 
-1296.16 
-1315.12 
-1313.17 
-1310.17 
-1323.22 
-1322.90 
-1301.26 
-1290.26 
-1296.96 

SIDE 
.----------------------- -------- 
YIiEEL ANGULAR LNGIILAR E R A K E  
SLIP WHEEL U I I E E L  PRESSORE 

V EL. ACCEL. (PSI )  
(RAD/SEC) (RAD/S**2) 

0.0 26.14 -0.0 0.0 - . 0000 26.14 -0.00 0.0 - .0000 26.14 -0.00 0.0 
0.0001 2 6 - 1 4  -0.26 0.16 
0.0024 26.05 -2.73 3.18 
0.0082 25.81 -5.98 9.08 
O.i)155 25.45 -8.04 14.41 
0.0219 25.06 -8.51 18.38 
0.0261 24.68 -8.58 21.34 
0.0299 24.28 -9.21 23.55 
0.0345 23.89 -8.86 25.19 
0.0372 23.58 -7.18 26.42 
0.0379 23.30 -7.11 27.33 
0 . 0 3 ~  2 2 - 9 9  -8.40 28-01 
0.0419 22.66 -8.29 28.52 
0.0414 22.37 -7.81 28.90 
0.0408 22.03 -9.18 29.18 
0.0424 21.62 -10.29 29.39 
0.0432 21.22 -9.43 29.54 
0.0420 20.87 -9.05 29.66 
0,0424 20.48 -9.8Y 29.75 
0.0443 20.00 -9 -51  29.81 
O.OUS1 19.74 -0.19 29.86 
0.0429 19.42 -8.42 29.89 
0.04 39 19.07 -9.22 29.92 
0.0443 18.71 -8.67 29.94 
0.04 34 18.39 -8.20 29.96 
0.0427 18.04 - 9 - 0 8  29.97 
0.0441 17.66 -9.50 29.98 
0.0440 17.30 -8.74 29.98 
0 -  0425 16.96 -8.75 29.99 
0.01429 16.58 -9.37 29.99 
0.0443 16.20 - 8 - 9 8  29-99 
0.0435 15.87 -8.09 29.99 
0.0426 15.54 -8.18 30.00 
0.0438 15.21 -8 .33 30.00 
0.0444 14.89 -7.71 30.00 
0 .0428 16.59 -7.72 30.00 
0 .0423 14.25 -8.76 30.00 
0.0433 13.87 -9.27 30.00 
0.0427 13.49 -8.96 30.00 

---------- 
E R A K E  
T 0 6 Q U E  
(IN-LE) 

R I ----- ----- 
TIRE 
E R A K E  
FOfiCE 

( L o )  
-0.0 

0.01 
0.02 

-2.52 
-99.94 

-324.16 
-504. 1 3  
-731.54 
-I376.54 
-972.44 

-1061-03 
-1  156.85 - 1203- 54 
-1210.49 
-1238.31 
-1267.67 
- 1253.21 - 1240.81 
-1266.62 
-1279.96 
- 1267.83 
- 1277.86 - 1306.96 - 1303- 50 
-1287.96 

.GHT SIDE --------- 
WllEEL 
SLIP 

---------------- 
A L C U L A B  A N G U L A R  
Y H E E L  WHEEL 
V E L  ACCPL. 

(RAE/SEC) (RAD/S**2) 
26. 14 -0.0 
26.14 -0.00 
26.14 -0.00 
26.14 -0.26 
26.05 -2.73 
25.81 -5.98 
25-45 -8.04 
25.06 -8.51 
24.68 -8.58 
24.28 -9.21 
23.89 -8.87 
23.58 -7.19 
23.30 -7.12 
22.99 -8.39 
22.66 -8.26 
22.37 -7.76 
22.03 -9.11 
21.63 -10.19 
21.24 -9.33 
20.88 -8.97 
20.49 -9.75 
20.10 -9.43 
19.76 -8.16 
19.44 -8.41 
19.08 - 9 - 2 1  
18-73 -8.70 
18.41 -8.25 
18.05 -9-  14 
17.67 -9.57 
11.30 -8.82 
16.95 -8.80 
16.57 -9.48 
16.19 -9.12 
15.85 -8.22 
15.52 -8.34 
15-10  -8.53 
14.86 -7.91 
14.55 -7.90 
14.21 -8.96 
13.82 -9.48 
13.44 -9.13 
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Output Page Option 
Keys 

E ight  d i g i t s  key fo r  e i g h t  page 
types (O=no p r i n t ,  ] = p r i n t )  as 
fo l lows:  

-Sprung Mass Pos i t i on  Page 
-Sprung Mass Ve loc i ty  Page 
-Sprung Mass Accelerat ion Page 
-T i re  Forces Page 
-Brake Sunm~ary Page 
-Lateral  Pages 
-Unsprung Mass Page 
-Brake Model Ten~peratures 

Truck/Tractor /Trai ler  Parameters -- 
Wheel base 

Base Vehicle Curb 
W t .  on FA 

Center-to-center distance, f r o n t -  
to - rear  suspensions on t rucks /  
t r a c t o r s / f u l l  t r a i l e r s ;  k ingp in  t o  
center  o f  rea r  suspension on 
semi t ra i l e r s  

Front ax le  curb weight on t rucks/  
t r a c t o r s / f u l l  t r a i l e r s  w/o payload 
o r  h i t c h  load 

Base Vehicle Kingpin Weight a t  k ingp in  o f  sem i t ra i l e r  
S t a t i c  L.oad I W/O payload o r  h i t c h  loads 

Base Vehicle Curb 
W t .  on RA 

Rear ax le  curb weight w/o payload 
o r  h i t c h  loads 

Sprung Mass CG Height Distance above ground ( a t  f i n a l  load I condi t ions) 
Sprung Mass 

-Ro l l  Moment o f  
I n e r t i a  

-P i tch  Moment o f  
I n e r t i a  

-Yaw Moment o f  
I n e r t i a  

Moment o f  i n e r t i a  proper t ies  o f  
sprung mass on ly  

i n .  

i n .  

WHBS 

DELTA 

Payload may be included 
i n  base veh ic le  

Payload may be included 
i n  base veh ic le  

Payload may be included 
i n  base veh ic le  



Payload Weight I 
- D i s t .  Ahead o f  

Rear Susp. 
-CG Height  

- R o l l  Moment o f  
I n e r t i a  

- P i t c h  Moment o f  
I n e r t i a  

-Yaw Moment o f  
I n e r t i a  

Long. l o c a t i o n  ahead o f  r e a r  susp. 

t fe igh t  above ground ( a t  f u l l  l o a d  
c o n d i t i o n )  
Payload mo~nent o f  i n e r t i a  p r o p e r t i e s  

I, I 

I, I, 

F i f t h  Wheel L o c a t i o n  I Long. d i s t a n c e  ahead o f  r e a r  susp. 

F i f t h  Wheel He igh t  I He igh t  above ground a t  p i t c h  
a r t i c u l a t i o n  

T r a c t o r  Frame I Frame t o r s i o n a l  s t i f f n e s s  
S t i f f n e s s  (Typ. 20,000-250.000) 

D o l l y  Key I Choice o f  conver te r  ( 1 )  o r  f i x e d  
(2 )  d o l l y  

T rac to r  Frame 
Tors iona l  Ax is  
Height  

He igh t  above ground 

Turn tab le  L o c a t i o n  I D i s t .  ahead o f  d o l l y  susp. c e n t e r  

D i s t .  f rom Turn tab le  
Center t o  P i n t l e  
tlook 

Turn tab le  He igh t  He igh t  o f  p i t c h  a r t i c u l a t i o n  on 
Above Ground I d o l l y  

Length o f  d o l l y  tongue 

L o c a t i o n  o f  P i n t l e  I D i s t .  behind r e a r  susp. o f  tow ing  
tioo k  v e h i c l e  

Height  o f  P i n t l e  I D i s t .  above ground on tow ing  veh. 
Hook 

Suspension and A x l e  paaranle= -- -- 
St~spens i o n  Key 

I 
Choice o f  s i n g l e  (0 ) .  f o u r - s p r i n g  
tandem ( 1  ) , o r  wal king-beam 
tandem ( 2 )  

I b  

i n .  

i n .  

i n - 1  b-sec2 

i n - 1  b-sec2 

i n - 1  b-sec2 

i n .  

i n .  

i n - 1  b/deg 

i n .  

i n .  

i n .  

i n .  

i n .  

i n .  

May be lumped w i t h  base 
v e h i c l e  

3.3.1,3.4.1 

PW 

PX 

PZ 

FJ(L.1) 

PJ(-.,2) 

PJ(_.,3) 

BB 1 

n 

MC 5 

HFRAM 

KDOl-LY 

APH I 

BB 1 

D 

A 3 

PI1 

KEY 

3.3.1,3.4.1 

E n t r i e s  o n l y  when payload 

- 

E n t r i e s  i n  t r a c t o r  
parameters o n l y  when 
t r a i l e r s  a r e  s p e c i f i e d  
i n  c o n f i g u r a t i o n  

E n t r i e s  o n l y  w i t h  a f u l l  
t r a i l e r  ( e n t e r  p reced ing  
f u l l  t r a i l e r  wheelbase) 

E n t r i e s  f o r  t r a i l e r  tow ing  
a f u l l  t r a i l e r  

3.4.1,3.5.1 

1 
I 
I 
1 3.3.4.2 







Antilock Parameters -- 

Vehicle Antilock Key 

Ant i  lock Parameters 

Rerun Parameter 

Rerun 

Vehicle ant i lock  key, 0-no a n t i l o c k ,  
01-indicates ant i locks  used 

See Appendix D 

Key a t  end o f  data input  l i s t  
0 0  - ends simulation run 
01 - indicates another run 

fol lows 

ILOCK 

RERUN 

3.6, App. U 

3.7 a s t  l i n e  o f  input  l i s t  

-- 



APPENDIX D 

ANTTLOCK SIMULATION 

The documentation presented in this appendix represents the most 
recent version of the HSRI antilock program. The simulation concentrates 
on the three areas common t o  most antilock systems: ( 1 )  wheel speed 
sensor, ( 2 )  control logic module, and ( 3 )  pressure modulator. Ax1 e-by- 
axle systems are a1 lowed for, as we1 1 as four side-to-side options: ( 1  ) 
worst wheel, ( 2 )  best wheel, (3 )  average wheel, and ( 4 )  independent wheel. 

A block diagram showing the relationship between the anti 1 ock elements 
and the main program is shown in Figure D-1 . The wheel speed signal, U. 

i s  received from the main program and processed by the wheel sensor wherein 
an effective time delay occurs resulting in delayed wheel speed and accel- 
eration signals wd and ; These signals, along w i t h  vehicle velocity, 

d.: 
i ,  vehicle acceleration, x,  and feedback from the pressure modulator, are 
input to the control logic module. The control logic module outputs and 

ON/OFF solenoid comnand signal t o  the pressure modulator which in turn 
generates the brake pressure, P ,  returned t o  the main program, 

A complete description of the antilock simulation and explanation of  

i t s  use is  presented in the following sections. 

0.1 User Dictionary of Variables/Pararneters. In  order t o  offer 
much greater f1 exi bi 1 i t y  t o  the program user as regards variable and para- 
meter progranuni ng choices, a tab1 e or dictionary of such variabl es/parameters 
has been added. This dictionary, as shown in Figure D-2, is  simply a 1 isting 
of various variables and parameters which might be considered t o  be of scme 
importance or interest to an antilock system. A user selects, for y o -  
gramming purposes, a parti cul ar variabl e/parameter by referring t o  i t s  

variable I.D. numeral shown in Table D-Land Figure 0-3. If a user has 
need for additicnal variables or parameters n o t  included in the dictionary, 
they can be added by rather simp7e additions t o  the FORTRAN code. 

The purpose of the dictionary is to a l low the program user 
to select, from a wide variety of possible antilzck variables/ 
parameters, only tnose which are of interest to the particular 
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Table 3-1. . Variable/Paraneter Oer'ini tions 

I .  0. 
Code - 
1 

Symbol 
1 * o  

Oefini t i  on 
Constant ; Uni ty Parameter 

Units - 
TIM F Time in simulation 

OR EGA Wheel speed a t  t i  re-road 
' interface (expressed as an 
equivalent translational 
velocity ) 

OMEGADOT Wheel accel era t i  on a t  t i  re-road 
interface (expressed as an 
equivalent translational 
accel era t i on)  

X DOT 

XDDOT 

POFFI 

Vehicle velocity 
Vehicle accel era t i  on 
Brake pressure a t  l a s t  "OFF" 
signal 
Brake pressure a t  "OFF" signal 
i n  next t o  l a s t  cycle 
Brake pressure a t  l a s t  "ON" 
signal 
Brake pressure a t  "ON" signal 
in next to l as t  cycle 

TOFFI 
TON1 
X DOFF 

Time a t  l'ast "OFF" signal 
Time a t  l a s t  "ON" signal 
Vehicle velocity a t  l a s t  
"OFF" signal 

XDON Vehicle velocity a t  l a s t  
"ON" signal 

( f t / s  ec) 

Wheel speed a t  l a s t  "OFF" 
signal 

WON Wheel speed a t  l a s t  "OM" 
signal 

WOOFF Wheel acceleration a t  l a s t  
"OFF" signal 

WDON Wheel acceleration a t  l as t  
"ON" signal 

W DMAX 

WDMIN 

Maximum wheel acceleration' 
i n  l a s t  cycle 
M i n i m u m  wheel acceleration 
in l a s t  cycle 



Tab1 e - 12-1 (Cont.  ) 
1.0. 
Code - Symbol 

TPMAX 1 

Units - 
(set) 

Definition 

Time of maximwn pressure in 
l a s t  cycle 

Time o f  minimum pressure in 
l a s t  cycle 

WLOCK Parameter having value 1.0 i f  
wheel i s  locked; otherwise 
having value of 0.0 

TLOCK Time ramp beginning a t  s t a r t  
of any wheel lock 

SLON 

SLOFF 

PMAX l 
PMAX2 

PMINl 

P M I N 2  

Wheel s7ip a t  l a s t  "ON" signal 

Wheel s l i p  a t  l a s t  "OFF" signal 

Maximum pressure from l a s t  cycle 

Maximum pressure from cycle 
before l a s t  

Minimum pressure from l a s t  cycle 

Minimum pressure from cycle 
before l a s t  

Tread1 e pressure 

Parameter havi I I ~  value of 1 .0  
Curing "ON"  signal ; otherwise 
0.0 

Time o f  modu1al:ion for the pulse- 
width modul atec, square wave 

SLIP 
p 

CY CNT 

Wheel s l i p  

Brake pressure 

Cycle counter beginning a t  0 
and i ncrementi ng i ts c o u n t  by 
1 every "OFF" signal 

SQUARE Pulse-width modulated square 
wave having value 1 . 0  or 0 .0  

SQUARN 

TOFFZ 

SQUARE - 1.0 

Time of "OFF" signal in cycle 
before l a s t  

Time of "ON"  signal in cycle 
before 1 as t  

First  one-shot variable having 
value 1.0 du r ing  one-shot f ir ing;  
otherwise having value o f  0.0  



Table t-7 (Cont . )  

1.0. 
Code - 

42 

Sym bo 1 

FOS2 
FOS3 

GPCNT 

WMAX 1 

Definition Uni ts - 
Second one-shot variable 
Third one-shot vari able 
General purpose counter 
Maximum wheel speed i n  1 ast  
cycl e 
Maximum wheel speed i n  cycle 
before las t  
Time of maximum wheel speed 
in las t  cycle 
Time of maximum wheel speed 
in cycle before las t  
Minimum wheel speed in last  
cycl e 

TWMIN Time of  minimum wheel speed 
i n  l a s t  cycle 
Time of maximum brake pressure 
in cycle before l ast  
Time of minimum brake pressure 
in cycle before las t  

GPV 1 
GPV2 

GPV3 
GPV4 

GPVS 

FOS4 

FOS5 

IFEGDIF 

Fi r s t  general purpose variable 
Second general purpose vari ab7 e 
Third general purpose variable 
Fourth general purpose variable 
Fifth general purpose variable 
Fourth one-shot variable 
F i f t h  one-shot variable 
Side-to-side wheel speed di fference 
i ndi caior having the va 1 ue 7.0 
(otherwise 0 .0 )  when the same axle 
side- to-side wheel speed Ci fference 
(f t /sec)  is greater than the input 
parameter, WWDIF. 





system he i s  attempting t o  simulate. Those familiar with the 
previous anti lock simulation may recall t h a t  such variable/ 
parameter choices were fixed - and 1 imi ted to wheel speed, 

acceleration, and four or five other variables. Thus, the 
present approach should el imina t e  most problems where the user 
was handicapped w i  t h  the previ ous program because a parti cul a r  
variable or parameter was n o t  available. 

Wi th in  the antilock variables/parameters are stored in an 
-1 array of  dimension 60 call  ed VARIB(J) , J=1,60. I nerefore, 

VARIB(1) contains the constant 1 . O ,  VARIB(2) contains the present 

value of the time, t ,  and so on as defined i n  Table D-1 .  
-. 

3.2- General Expression Form. T'hroughout the remai nder 
of this discussion a particular algebraic expression will be 
encountered repeatedly. I t  woul d therefore be he1 pful beforehand 
t o  define each term in the expression and then discuss i t s  
purpose. The expression referred to. i s  of the genera7 form: 

The Ci ( 1 , .  . 5 are constant coefficients for each t e n .  
Any of these coefficients may be adaptive t o  as many as two 

different variables. This adaptive feature will be discussed 
i n  detail  in Section 0-4. The x i ,  (i.1,. . . ,5)  and yi , ( i=4 ,5)  

are variables or parameters ava i  lable in the user dictionary. 
Note that  the fourth and f i f t h  terns are quadratic i n  form. During 
execution of the program :he xi and yi, which the user has 
selected from the dictionary to f o rm some relationship, are 
actually assigned values from the array 'iARIB(J). 



The purpose o f  these expressions i s  to allow the user t o  
form various a1 gebraic re1 ationsh ips between the variables and 

parameters available in the dictionary, subject to the form of 
the genercl expressi on ( 0-1 ) . A 'form of this  general expression 
appears i n  almost every section o f  the program from control logic 
inequality expressions t o  evaluation of one-shot conditions. Only 

those terms necessary t o  fom a desired expression are required. 
Some simple examples i l lus t ra t ing the use of these general 
express ions are presented in the f o l  lowi ng sections. 

: D:3; Wheel .Sensor Module. The primary effect of a 
wheel sensor i s  a phase sh i f t  and/or  time delay between the actual 
wheel rate and the derived wheel rate. This input-output relation- 
ship can often be described adequately by transfer functions of 
various order and/or transport time delay expressions. The 
present version assumes a general first-order f i l t e r  of the form 
l / t  p + 1 relating actual wheel rate to derived wheel ra te ,  where 

W 

T i s  the time constant of ' the f i l t e r  and p i s  an  operator 
W 

denoting di fferen t i a t i  on with respect t o  time. 

Many anti1.ock systems make use o f  wheel acceleration derived 
from the output of the wheel sensor. This normally involves 
additional delays along with a differentiation process. The 
assumed transfer function here aas taken as p / ~ * ~ p  + 1 relating 
derived wheel rate t o  derived wheel accsleration. The derived 
wheel acceleration calculation normally takes place within the 
electronic control u n i t .  However, since i t ,  a l o n g  with wheel 
rate,  i s  a primary input t o  the control unit logic, i t  i s  included 
here within the wheel sensor module so t h a t  the control u n i t  can 
be characterized by logical or decision-maki ng processes only. 
The wheel sensor module can then be described by the input-output 
relationships shown in Figure 0-4. 





The delayed wheel speed and acceleration signals, ud and  

lid, are used as the primary inputs t o  the control logic module. 
The assumed wheel sensor and derivative circuit  input-output 
relationships are therefore described by two i n p u t  parameters, 

r and T ~ ~ ,  which represent the first-order i i  1 ter  time constants 
W 

of the wheel sensor and i t s  derivative circuit .  The variables, 

Wd and id, appear in the user dictionary as OMEGA and OlrEGADOT, 
I.D. codes 3 and 4. (The symbols u and ; are used interchangeably 
throughout this section for ad and k d . )  

Other variables are provided as possible i n p u t s  t o  the 
control logic module, however, no simi 1ar operations are attempted 
on these other input variables. 

'-0.4.. Control Logic Module. The control logic is 
characterized by a se t  of eight inequality expressions which the 
user forms as conditions for generating "ON" and "OFF" signals. 
Associated w i t h  each arithmetic inequality expression i s  a 
log ica l  variable. These logical variables, reflecting the state 
or polarity of the inequal i ty express ions, are 1 ogfcal l y  combined 
t o  generate the "ON" and "OFF" signals. "ON"  is  defined here as 
a i r  being applied t o ,  or " O N , "  the brake a i r  chambers. Figure 
0-5 s m a r i z e s  the overall structure of the control logic module. 

Ineaual i t v  Exorass i ons . 
Each o f  the eight arithmetic inequalities has the generai 

C 
l om: 

where 





'ij , (j=1,5) are the constant coefficients of each 
t e n .  

\ 
V j j ,  W i k  9 ( j = 1 , 5 ;  k=4,5) a r e  the variables/ 

parameters selected from the user 
dictionary. 

The f i r s t  four  ineaualities, Fl through F4, are used for 
generating the "OFF" signal ; the las t  four inequalities for the 
"ON" signal . 

As an example, suppose the condition 

was ussd as the f i r s t  "OFF" condition. Then F, would become 

with -1.0 and -100, required as c,,  and clZ. OMEGAOOT, (;) , 
would be selected from the user dictionary for v l  and the unity 
parameter, 1 . 0 ,  would be selected as v l P .  As will be described 
in detail in Section 0-7 , five numbers would be required as 
program input for forming this expression: ( a )  the number of terms 
involved in  the expression, ( 2 ) ;  ( b )  two coefficients, ( - 7 . 0 )  

and (-100.); and ( c )  two variable I .D.  codes from the user 
dictionary, ' 4 '  and '1 ' for OMEGADOT and  the u n i t y  parameter, 
respectively. 

- - -. -- . - - - - 
5 e e  definition of O M E G A O O T - - ~ ~ ' T ~ ~ I ~  - - ~11, - 



A simp1 e description of the sequence of operations taking 
place within the anti lock control logic module i s  as follows: 

During a braki ng maneuver, the vari abl  es/parameters 
selected by the user are substituted in the user-defined inequality 
expressions. These expressi ons are eval ua ted , and based upon 
their  polarity, OFF signals or ON signals are sent t o  the 
pressure modulator. A t  the beginning of the braking  maneuver, 
evaluation of the inequal i t ies  associated wi t h  generati ng the 
"OFF" signal takes place until a n  "OFF" signal i s  generated. 
Attention then i s  focused on the inequalities associated w i t h  

generating an "ON" signal until an "ON" sipnal i s  generated. This 
sequence continues until either the treadle valve pressure demanded 
by the driver f a l l s  t o  near zero, or until the vehicle velocity 
decreases t o  be1 ow some cut-off velocity. 

Logical Vari ab1 es 

Each of the eight inequalities has assigned t o  i t  a logical 
variable that i s  defined as TRUE i f  the inequality is  satisfied 
as shown; FALSE i f  not. In other words, i f  Fi > 0, then the - 
logical  variabie Li  associated w i t h  Fi assumes the value TRUE. 
If Fi c 0, then L .  assumes the value FALSE. Since there are four 

1 
inequalities for the generation of the "OFF1' signal , there are 
four logical variables associated w i t h  the "OFF1' slgnal. The 
purpose of these logical variables i s  t o  fac i l i ta te  the genera- 
tion of an "OFF" signal b y  allowing them t o  be "AND"-ed and "OR"-ed 

together by the program user. I f ,  for example, the user had 

decided t h a t  F1 and F2 musT be satisfied or else F3 or F4 be 
satisfied (F1, F2, F j ,  and F F  having been previously defined by 

the data set selected by the user), the proper "OFF1' signal would  

be defined by the fo l l owing  expression: 

OFF = ( L 1  AND L2) OR (L3 OR L4) , 



The same discussion applies t o  the "ON" signal and associated 

logical variables L5, L6, L 7 ,  and L8. 

The user specifies the logical operations between L, and 

Lp , Lg , and L4, and between the bracketed expressions by means 

of three logical operator switches , OP1 Z, OP34, and OPZ3, 

respectively. I n p u t  values of 0 imply logical "OR" operations; 

values of 1 imply logical "AND" operations. The same rules apply 

t o  logical variables L5 ,  L6, L7, L8 and their  logical operator 

switches OPS6, OP78, and OP6,. The general forms of these 

logical equations are: 

OFF = ( L 1  OPIZ  L2) OPZ3 (Lg OP34 $1 

and 

The user i s  required t o  input data only for the number of 

i nequal i t y  expressions needed. The detai 1s re1 ating t o  data 

i n p u t  for the inequality expressions and  Icgical operators are 

explained i n  Section L.7 . 

Time Delays 

Four programable time delays are available in the control 

logic. The f i r s t  time delay, i l y  i s  the delay bet~een the 

evaluations of F1 and the evaluations of eiLher F2, F3, or F4. 

The second time delay, ;*, i s  the delay between the time of 

generation of the "OFF" signal and the time that F5 may be 

evaluated in the generation of the next "ON" signal. r3  i s  

the delay between the time of evaluation of F5 and  the time of 

evaluation o f  either F6, F7, or Fa. ' 4 i s  the delay between the 

time of generation of the "ON" signal and the time t h a t  F1 may 

be evaluated in the generation of the next "OFF" signal. For 
. time delay effects other t h a n  those described here, the one-shot 

variables (Section 0.6) may be employed. 



Example 

A brief exarnpl e covering the above ou t l  ined features should 

prove he1 pful . Consider an anti 1 ock system whi ch generates an 
"OFF" signal subject t o  the following iaws: 

-50 ft/secZ 1 )  UJ 5 
and 2 )  a t  a time .05 second af ter  ( 1 )  i s  satisfied,  - 

u 5 .9 i must also be satisfied. 

Suppose the corresponding "ON" signal must satisfy the 
following requirements 

3 )  ; > 0.5 ft/sec2 - 
and 4 )  a t  a time .02 second af ter  ( 3 )  is  satisfied,  - 

u > .8 must also be satisfied. - 
Suppose a lso  that once the "ON" signal i s  generated during any 
cycle, the tes t  for the next "OFF" signal must n o t  take place 
f o r  a t  least 0.1 second, guaranteeing a certain amount of brake 
on- time. 

Rewriting ( 1  ) as 

C1 2 = -50. 

The variable I .D. codes for v , ,  and v 1 2  
would be "4" and "1 ," corresponding to 
GMEGAOOT and the unity parameter from 

the user dictionary. 

Simi? arly, for  ( 2 ) ,  



The variable I.D. codes for vZ1 and vl l  
would be "3" and "5". 

Since F3 and F4 are not required, no input for these expressions 
wouTd be needed. OPIZ should be entered as 1 since OFF = L1 - AND 

L2. OPZ3 and OPZ4 have no meaning here and can therefore be 
either 0 or 1.  The time delay between F1 and F2 implies 

'1 = 0.05. Since there i s  no time delay specified between the 
generation of the "OFF' signal and the evaluation for the next 
" O N "  signal, r2 = 0.0. 

Similarly, for the "ON" c r i te r ia ,  ( 3 )  may be rewritten as 

F5 = ; + 5 > 0  - 
~ 5 ,  = 1.0 

= 5.0 

With variable I.D. codes for vS1 and vS2 

o f  "4" and "1". 

Li kewi se 

With variable 1.0. codes for v6, and v62 

o f  "3" and "5". 

Since F, and F are n o t  required, no input for these 8 
expressions would be needed. OP56 should be entered as 1 for 
the required "ANG" operation, while OP6, and OP,* are meaning- 
less here and can be either 0 or 1 .  The time delay between F5 

and F6 requires r j  = 0.02. The time delay between the " O N "  

signal and the test  for the next "OFF" signal requires T~ = 0.10. 



Adaotive Coefficients 

Many antilock systems possess adaptive capabilities for 

changing coefficients involved in their  control logic. For 
this reason, and increased programi ng f l  exi bi 1 i ty , an adaptive 

coefficient feature i s  provided for in this program. Each 

coefficient, Ci j, involved in the inequality expressions may be 

altered t o  change i t s  value as a function of one or two 
dictionary variahlcs in the manner shown in Figures 0-6 and 

I n  Figure 0-6 , the value of C i j  i s  A ( i t s  init ial .  value), 
0 

i f  u i j  < b l .  If u i j ,  the adaptive variable, i s  qreater - than 

i t s  breakpoint value of bl , C .  . i s  equal t o  A1.  
1 J 

I f  two adaptive variables are involved, as i 11 ustrated in 

Figure 0-7, 

< b, and zi  I b2 A. i f  u i j  - 
'i j 

f A, i f  u i j  > bl and z i j  5 b 2  

By including an additional numerical switch in the input, 

the two adaptive variable case may be altered t o :  

A, i f  u i j  2 bl 

- 
j 

- A1 i f  u i j  > bl and z i j  5 b 2  

A i f  u i j  b ,  and z i j > b  2 

as illustrated in Figure 0-8. 

The detai 1s  of the numerical input fomat are explained 

i n  Section D.7. 









Side-to-Si de Options 

Three different side-to-side options per axle are available. 
One antilock system i s  allowed for each ax1 e w i t h  the same 
pressure being returned t o  both sides for each o f  the available 
options. These are summarized be1 ow: 

OPTION 1 - Worst Wheel. The wheel having the lowest . . , - - .  

rotational rate (omega) for a given axle i s  selected by the 
control logic as i t s  input. The same pressure i s  returned t o  

b o t h  sides based on this input. 

OPTION 2 - Best Wheel. Same as Option 1 except that the . .- - 
wheel wi th  the highest rotational rate i s  selected as input. 

OPTION 3 - Average Nheel. Both wheel rates are averaged-_ --. _ _  

by the control logic module and used as input. The same pressure 
i s  returned t o  both sides. 

See Section 3.7 for the numerical input and format 
required for each option. 

Logic Sampling Rate Control 

The program user i s  asked t o  specify a logic sampling period, 
TSMPLE, which controls the rate a t  which the antilock logic i s  . 

interrogated. If TSMPLE i s  specified t o  be less than  or equal 
t o  the digital simulation tfme step, then no sampling rate 
control i s  in effect. I f ,  however, a logic sampling period 
greater than the digital simulation time step !s called for, 
a l l  control logic and special option features pertaining t o  the 
control logic module are interrogated a t  time intervals set  by 

the logic sampl ing period, TSMPLE. Wheel sensor computations 
and pressure modulator activit ies are n o t  affected. 

For vehicle velocities less t h a n  7 f t /sec,  the antilock 
simulation is inactivated and line pressures will' fol low the 
treadle pressure. 



0.5.. Pressure Modulator. The pressure modulator va l  ve 
i s  simulated by two time delays and several programnable rise 
and fa1 1 rates for b o t h  exponential and 1 i near characteristics. 
The programnable rise and fa1 1 rates make possible the simula- 
tion of  relatively complex pressure modulator activity 
including designs invoivi ng pneumatic logic or pulse-width 
modul atars . 

Time Delays 

The input received by the pressure ~odulator is simply the 
"ON" and "OFF" signals generazed in the control logic module. 
Once a control signal is  received there i s  normally a time deiay 
before actual pressure reduction or i ncrease takes p1 ace. These 
time lags are denoted in the simulation as TON and tOFF and 

are program inputs specified by the user. 

Exponential Fall and Rise Rates 

The pressure rise i s  defined t o  be exponential in tine with 
the .upper pressure 1 imi t set  by the tread: e valve o u t p u t  or by 

a programnable limit PORSE offered as a special option and 

explained in Sectior! . 12.6- Likewise, the pressure fall is 
exponential in time with its lower limit as zero pressure or 
by a programnable lower 1 imit, PgFALL, offered as a special 
optionand defined insection : . i tT Asrnany as three pressur2 
f a l l  rates and three rise rates can be prcgrarnned. The f a l l  

and  rise rates referred t o  are defined as the inverse o f  the time 
constants associated w i t h  the exponenti a1 pressure rise and fa1  1 . 

The three exponential f a l l  rates are denoted as PFEi, 
( i=1,3) ;  the three exponential rise rates are defined as ?REi, 
( i = 3 ) .  For reasons of flexibility these f a l l  and  rise rats 
are defined to be functions of variables denoted as c1 and s2 ,  

respectively. r l  and EZ are defined by the general form 

expressions: 



where H i  and G i  , (i=1,5) are the constant coefficients of each 
term, and v .  and wk, ( 1  5 k=4,5) are variables/parameters 

J 
available in the user dictionary. 

These relationships are shown in Figures r-$- and-4-19. 
The break-points X I ,  X 2 ,  X j ,  and X 4  along the E, and r Z  axes 
separate the fa17 and rise rate regions. 

In t e n s  of transfer function notation, the above 

relationships can be expressed as: 

Pressure Fa1 1 : 

PDFALL or 

Pressure Rise: 

PDRISE or 

where PFE, , 2 , 3  and PRE, ,* , 3  defined above are functions of E ,  

and c 2 ,  respectively, and p is an operator denatin? differentiation 
with respect t o  time. 



Exponential Prcssu rc  F a l l  Rate 

F i g u r e  0-9.- 

Exponen t i a l  Pressure  Rise Rate 

F i g u r e  D-'10. 



Linear Fall and Rise Rates 

The pressure fal l  and r i fe ,  under this option, i s  linear 
in time w i t h  an upper limit as treadle pressure, P d y  and  a lower 
limit as zero pressure. Three fal l  rates and three rise rates 
may be specified as in the exponential case. The linear fal l  

and r ise rates are denoted as PFLi and PRLi , ( i=1,3) ,  
respectively. Again, for programing flexibil i ty,  the l inear 

fal l  and r ise rates are defined as functions of variables 
denoted as c3 and r 4 ,  respectively. c3 and E~ are defined by 

the general form expressi ons : 

where R .  and S , (j=1,5) are the constant coefficients of each 
J j 

term, and v j  wk , ( j= l ,5 ;  k=4,5) are variables/parameters 
available in the user dictionary. These relationships are 
illustrated in Figures u-11 and 2-12. The pressure returned i s  
given simply by the fo7 1 owing two equations: 

~ ( t - t o )  = [ P R L ~ ( E ~ ) I  ( toto) + P ( t o )  ; ( r i se )  

X 5 ,  X6, X,, a n d  X8 are the associated break-points similar 

t o  the exponential case. 



Linear Pressure ~ a l i  Rate . 
PFL 

PFL, I 

Linear Pressure Rise Rate 

PRL,  I 1 

Figure -0-T2 



Pressure Modul a t o r  Key 

A pressure modulator key, IPKEY, i s  read during input just 
prior t o  any data related t o  the pressure modulator. The value 
of this key distinguishes for the program whether exponential , 
1 inear, or b o t h  exponential and 1 i near characteri s t ics  w i  11 be 
canputed. The following key defines the IPKEY values required 
for each case: 

, exponenti a1 

IPKEY = 9 1 i near 

, exponential and 1 inear 

The exponential and linear option (IPKEY=Z) returns a 
pressure representing the summation of the exponential and 1 inear.  
pressure computations. 

Finally, a1 1 coefficients appearing in the general form 
expressions for the pressure modulator possess the adaptive 
coefficient feature. 

Consider the foll owing example of a certain pressure modulator 
having only exponential pressure fa1 1 and rise characteristics: . 

1 )  "ON" delay = "OFF" delay = 0.05 seconds. 

2 )  The exponential pressure rise rate assumes an 

approximate value of ( 0 . 2 ) - I  = 5 .0  for  

differences between treadle valve o u t p u t  

pressure and line pressure of 50 psi or more, 
and an approximate exponential r ise rate of 
(0.33)-I = 3.0 for pressure differences of less 
than 50 psi . t 

3)  The exponential pressure fall  rate is  approximately 
constant for a l l  line pressure values with a fall  
rate equal t o  (0.25)-I = 4.0.  



This could be simulated by the following choice of i n p u t  

parameters: 

IPKEY = 0 

Variable I.D. code for Pd = 31. 
See User Diectionary . 

Variable 1.0. code for P = 35. 

The number o f  terms required f o r  E, , ( 1  t e n )  and c2 

( 2  terms) would also be required as input as explained 
in Section D..?. 

D.6. Special Options.  Five special options have been 
included in the model in order t o  fac i l i ta te  simulation of 
certai n features displayed i n  some actual anti lock sys terns while 
also providing increased grogramni ng f l ex i  b i  1 i t y .  The five 
options referred to are: ( 1  ) treadle pressure rnodul ation/ 
programni ng , ( 2 )  p u l  se-width modulated square wave, ( 3 )  five programable 

one-shots , ( 4 )  general purpose counter, and ( 5 )  general purpose va r '  a b l  es . 
Each o f  these o p t i o n s  wi l l  be explained i n  the ?allowing sections. 

Treadle Pressure Modul a t i  on/Programni na 

Most pressure valves operating w i t h o u t  anti lock i ntarruption, 
and many under antilock cycling, fo l l ow  or are limited above 

by the treadle pressure appiicati on; while similarly, the o u t p u t  
pressure of these valves fa1 1 t o  treadle pressure or zero 



pressure when treadle pressure i s  decreased or removed. However, 
i n  same valves, during antilock cycling, pressure may rise t o  
some limiting pressure less t h a n  treadle and/or fa1 1 t o  some 
pressure greater than zero. Such treadle modulation or pro- 
graming of demanded pressure i s  a feature which i s  allowed for 
under this option. 

Prior t o  any input for this option, a key, IPDKEY, for 
treadle pressure modulation, i s  read. A value of -1 or less 
negates the use of this option, while values greater than or 
equal t o  0 activate the option. Variables PDFALL and PDRISE 

become the demanded pressure during pressure fall  and r ise periods, 
respectively. These variables are defined by the fo l  1 owing 
general form expressi ons: 

PDFALL 4 Vlvl + VZv2 + V3v3 + V v w + V v w 4 4 4  5 5 5  

A PDRISE - Wlvl + W2v2 + W3v3 + LJqv4w4 + W5v5w5 

where, 

V . and  W , (j=1,5) are constant coefficients 
J j 

for each t e n .  The adaptive coefficient feature 
i s  provided for these coefficients. 

vj, wk , (j=1,5; k=4,5) are variables/parameters 

selected from the user dictionary. 

As an example, suppose an antilock system operated so as t o  
always rise t o  the maximum pressure attained in the previous 
cycle rather t h a n  t o  treadle pressure. PDRSE would then be 
defined as simply 

PDRSE = (1  . O )  POFFl ' 



where 1.0 i s  W1 and POFF1, the maximum pressure from the l a s t  
cycle, i s  selected from the user dictionary for  vl . In this  
case, the coefficient, 1.0, and the variable I .D. code for 
POFFI, 7 ,  would be required as i n p u t  fo r  the option. 

Pulse-Width Modulated Square Wave 

A time, or pulse-width, modulated square wave i s  provided 
as an option for general use. This o p t i o n  was motivated by a 
particular antilock system known t o  possess such a feature for 
purposes o f  tread1 e pressure modula t ion .  The square wave 
generated under this o p t i o n  can be used i n  any portion of the 
program and i s  available in the user dictionary under the name 
SQUARE. Figure 2-13 i l lus t ra tes  the parameter and variable 
re la t i  onships which define the square wave. The period o f  the 
suqare wave, PERIOD, is  constant. The amount of time modulation, 
represented by TMOD, may be variable and progr3mmable. This i s  
accomplished in the program by allowing the ra t io ,  MOD/PERIOD, 
t o  be a tabular function of a variable, r 5 ,  as shown i n  Figure 
2- 7 4. 

5 i s  defined as a general form expression: 

where 

PWi , ( i=1,5)  are constant coefficients for each 
term. The adaptive coefficient feature is  
provided for these cceff'cients. 

V i 3  Wk , ( i=1,5;  k = 4 , 5 )  are variables/parameters 
selected from the user dictionary, 

Note that the FZi values in the TMOO/PERIOO table should 
not be greater than 7.0 or less t h a n  0 .0 .  Values of 1 . 0  ideal l y  

signify 100% modula t ion ;  values of 0.0, no iilodulation. . ( In  







actual i t y  , the degree of rnodul a t i o n  attainable depends on the 
simulation time step used and the period chosen for the square 
wave. ) 

Input data required for this o p t i o n  includes: (a )  five 
pairs of FZi and Zi  , ( b )  PERIOD, and (c)  coefficient values and 

variable I .D. codes used in the general form expression for 

€5 * As before, a key for the pulse-width modulation 'option, 
IPWMKY, is read prior t o  any input for this op t ion .  IPWMKY values 
greater than or equal t o  0 enable the option. 

I f  desired, two addi tionai sets of FZi values may be input. 
Each set is associated w i t h  a specific variable/parameter chosen 
by the user from the dictionary and a break-point for that 
vari abl e/parameter . If  the specified variable exceeds the break- 
point value for the given FZi se t ,  that FZi se t  replaces the 
original or previous set  used by the program. The purpose of this 
is  t o  al low for sme adaptive capability within the FZi table, 
if  desired. The details of the numerical input for this adaptive 
option are explained in Section - D * 7 .  

One-Sho t s  

Three programnable one-shots are provided under thi-s op t ion  

and can be used for several different purposes. Two common uses 
are: ( 1 )  simulating time delay effects and ( 2 )  as auxiliary 
binary variables for use in any general purpose expressions. 
The three one-shots, as defined in this docament, are binary 
variables having the numerical value of 1 . 0  or 0.0.  These are 
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 trigger or input condition (ineauality) 
changes frcm neqative t o  positive, the one-shot wi 11 change 
i t s  value from 0.0 t o  7.0 for a fixed length of time, specified 
by the user, then return t o  0.0. During a one-shot firing ( 1 . 0  



value), the trigger i n p u t  is disabled and cannot effect recurrent 
firings from this state. The one-shot is  reset for another firing 

by two necessary occurrences: ( 1 )  the time duration of the present 
one-shot firing has been exceeded, followed by or concurrent with, 
( 2 ) '  the trigger condi t ion  being negative. A trigger cdndi ti an va l  ue 

o f  0.0 i s  interpreted by the program as positive. See Figure 3-75. 

The one-shot can also be reset by a clear command which i s  pro- 
gramned siinilarly as the trigger condition. lt-%ay be used t o  over- 
ride any current trigger comnand t o  clear or reset the one-shot. The 
one-shot i s  reset whenever the clear condition is positive or zero. 
The clear condition is always evaluated after the trigger condition 
a t  each program time step. 

The trigger condition i s  defined by the general form expression: 

where 
OSi ( i l l  ,5)  are constant coefficients for each t e n  and 

possess the adaptive coefficient feature. 

vi 'wk ( i ~ 1 , S ;  k-43) are variabies/parameters from the 
user dictionary. 

The clear condition is defined by the general form expression: 

where 
RIDCLi (i=1,5) are constant coefficients for each term 
and possess the adaptive coefficient feature. 

Vi ,Wk ( - 7  5 ;  K=4,5) are variables/parameters from the 
user dictionary. 

Each one-shot trigger and clear command i s  programmable by a 
genera7 form expression as shown above. Tne one-shot time durations 
are denoted as TOSl,. . . . . ,TOSS and are required as i n p u t  for each 
one-shot used. 

General Pur~ose Counter 
This o p t i o n  allows the user t o  generate a count sequence by i n -  

crernenting a counter by 1 every digital time step, i f  a particular i n -  

equality expression is greater than or equal to 9. The variable 



Trigger Copdit ion 

.. - 

F i gu re  D-15. Cne-shot opera t ion .  ( t i e a r  c o n d i t i o n  < 0) 



containing the count is  called GPCNT and i s  in the user dictionary 

with the I.D. code 44. The general form expression i s  given by 

where 

GPi (i=1,5) are constant coefficients for each tenn and 

can be adaptive. 

v i  ,wk (i=1,5; k-4,s) are variables/parameters from the 
user dictionary. 

If the above inequality is  satisfied, the GPCNT count i s  incre- 
mented each time step. If only a one count increment i s  desired when- --- 
ever a particular condition i s  satisfied, then a one-shot could be 
fired for a time period equal t o  or less t h a n  the digital time step, 
with the general purpose counter incrementing i tself  every one-shot 
firing. 

The above discussion applies whenever the logic sampling period 
is specified as less t h a n  or equal t o  the digital simulation time step. 
If the user specifies a larger logic sampling period (slower sampling 
rate) ,  then the general purpose counter will be incremented only each 
1 ogf c samp I i ng period. . 

The counter can be reset t o  zero by a1 lowing the f nequa? ity expres- 
s ion  t o  become less than or equal to -10,000. 

General Purpose Variables 
This o p t i o n  a1 lows the program user t o  define new dictionary 

variables as linear combinations and products of any other variables 
available in the dictionary. Each general purpose variable is defined 

by a general form expression: 

G P V  = GP'IV1~l + GPVV2v2 + GPV'J3v3 + G P V V 4 ~ 4 ~ 4  + G?VY5~5~5 

:vhere 
GPII i s  the general purpose variable 

, 

G?VVi ( = , )  are constant coefficients for each tern and 

possess the adaptive coeifi ci ent feature. 

0 . 7 .  Input Data Fomat - General Form Expressions. The rilost 
frequently occurring f o n  enountered by the program user i s  t h e  general 
form expression which appears in almost every program segment and special 
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option. As discussed in Section D.2, - i t  has the form 

Clxl + C2x* + C3x3 + C4x4y4 + C5x5~5  

where 

Ci  (i=1,5) are the constant coefficients of each t e n .  

x i  ,yk ( = 1  k-43) are variables/parameters available 

i n  the user dictionary. 

The user defines a given general form expression for the program 
by inputting three different pieces of information: (1) the number of 
terms in the expression required (1 t o  S ) ,  ( 2 )  the variable I.D. codes 
corresponding t o  the x i ,  yk from the user dictionary for each variable/ 
parameter used in constructing the express ion, and ( 3 )  the coefficients 
of each t e n ,  C i ,  used in the expression. The following data input 
sequence i s  what would be required for defining a general form expression: 

NT , number of terms ; 11 format 
(I.D. code of x l )  ; F10.4 format 
(I.D. code of xp)  ; F10.4 format 
(I.D. code of x j )  ; F10.4 format 
(I.D. code of x4),(I.D. code of y4) ; 2F10.4 format 
(I.D. code of x5),(I.D. code of yj) ; 2F10.4 fomat 

Coefficient of xl  ; F10.4 format 
Coefficient of x2 
Coefficient of x3 
Coef f i c i en t of x4y4 

Coefficient of x5y5 

; F10.4 format 
; F10.4 format 
; Fi0.4 fomat 
; F10.4 format 

If NT i s  5, the above fomat i s  used. If NT = M < 5,  only M I.D. 

code cards and M coefficient cards are required. Note t h a t  the second 
fields of the I.D. code cards are used only for the 4 t h  and 5th terns. 
  he 4 t h  and 5 t h  terms al low for quadratic representations, b u t  can be 
linear if one of the two variable I.D. codes i s ,  selected as 1.0 

(unity parameter). 



4 

Constant terms are represented by the unity parameter, 1.0, 

and the desired constant coefficient. 

As an example, consider the general form expression, 

i - UJ - 10. The required input fo r  th is  would be: 

number of terns required; I1 fomat 

variable 1.0. codes from the user 

dictionary corresponding t o  i ,  U, 
and the constant; Fi0.4 f o n a t  

the Ci  coefficients for each of 

the terms; F10.4 format 

Adaptive Coefficient Inout Format 
- - 

As explained i n  Section $5, an adaptive coefficient 

feature exists  t o  a1 low the coefficients appearing in the general 

form expressions t o  change value as a function of one or two 
vari abl es frcm the user dictionary and thei r associated break- 

points. The t h i r d  and fourth fields (columns 21-30, 31-40) 

of each variable 1.0. input card are used t o  identify the - 

variabl e ( s )  t o  which the corresponding term's coefficient i s  

adaptive. Similarly, the fourth and f i f th  fie1 ds (columns 31-40, 

41-50) of each coefficient card are used for specifying their  

associated break-points. The alternate coefficients are 

specified in the second and third fields (calumns 11-20, 27-30) 

of each coefficient card. Consider the example from the previous 

section and suppose i t  was desirzd t o  a l t e r ' the  coefficient of 

i ,  i . ,  I . ,  t o  values of - 5 ,  and . 2  according t o  the following 

ru7 e: 



( 1.0 in i t i a l  or naninal value 

Coefficient of i = f 0.5 whenever w > 25 and 

The input requi red woul d now become: 

where the numbers 4. and 2 .  are the I . D .  codes for ; and t ,  

respectively, and occur on the I .D. card for i n  f ields 3 

and 4. 

If  only one adaptive variable i s  required, then f ield 4 

of the I . D .  code card and f ields 3 and 5 of the coefficient card 

should not  be used. Neqative I.D. codes are permitted for the 

adaptive variables. This will cause the program t o  invert the 

sign of the adaptive variable. I t  would be used i f  one found 

i t more convenient t o  have the adapti ve coridi ti on, ui > b, , 
interpreted as 

Reference was made in Section 72.4 t o  a numerical switch 

which a?  lows the adaptive coefficient feature t o  be defined by 

Equation (D-6 rather t h a n  by Equation { L-5). I f  this optional 



definition i s  desired, any negative number should be entered 
in f ie ld  2 (columns 11-20) of the variable 1.0. card. Normally, 
this  field i s  not used except when 4 or 5 terns are needed in 

a general form expression. In the case of a 4 t h  or 5th term 
and the optional definition, the negative o f  the variable 1.0. - 
code should be used in f ie ld  2.  

Pul se-Width Modulation Table - Adaptive Capabi 1 i  t y  

The adaptive capabil i ty for the FZi t ab1  e i s  implemented 
by the following numerical input procedure: If field 6 

(cdium 51-60) of the f i r s t  FZi card i s  non-zero, two more 
5Zi cards are read. Each o f  these cards maintain the same five 
i i  elds for the al ternate FZi input. However, two additional 
f ields are included (columns 51 -60, 61-70) and are used t o  specify 
the adaptive variable I .D. code and i t s  associated break-point 
'or that card (al ternate table) .  The second aiternate card takes 
precedence over the f i r s t  a1 ternate in the event b o t h  break- 
points are exceeded. The following sample input is an example: 

Zi  card: -30. 1 0  0. 10. 50. 

i s i  FZi card: 0. . lo .  -20 .50 .90 99. 
- 

1 s t  a1  ternate FZi card: 0. -05 .10 . 25  .45 5 .  50. 

2nd alternate FZi card: 0. .025 .05 .12 , 22  5 .  7 0 .  

The number 99. i n  f ieid 6 for the 1st  FZi card simply 
causes the next two cards t o  be read. B o t h  aiternate cards are 
adaptive in th is  case to the same variable, vehicle velocity 
(1.0. code 5 ;  f ieid 6). The respective break-points are 50. 

f t /sec and 70. f t /sec.  The effect of this  input i s  t o  cause 
the program to use table 3 for speeds above 70 f t /sec,  table 2 
for speeds between 70 f t / sec  and 50 f t / sec ,  and  table 1 for 

speeds less t h a n  50 ft/sec. The adaptive variables d o  n o t  have 
t o  be the same, as in the example. 



Antilock Input Stream 

Before any input data for the antilock subroutine is read, a key 
parameter (ILOCK) is read to indicate whether or not any wheel of the 
vehicle possesses an antilock system (see Section 3.6 of the Users 
Manual). If any or all wheels do, the key parameter (ILOCK) in the in- 
put stream should be s e t  to 01 (I2 format). If no antilock system at 
a11 is desired, ILOCK should be set to 0. No antilock data should 
follow ILOCK if ILOCK is 0. For ILOCK set to 01, the following table 
number and input parameter discussion applies for each wheel on the 
vehicle train. 

A table number not currently in use for a tire, spring, or other 
antilock table, causes the program to read antilock data for the speci- 
fied table number. Subsequent wheels on the vehicle train requiring the 
same antilock data as one previously read, need only enter the same 
table number. An entry of 0 for any anti lock table number imp1 ies no 
antilock system for that wheel. 

The fol lowing example illustrates the antilock table number usage 
for a tractor-trailer with tandem rear suspensions on the tractor and 
trailer. Fo1 lowing an 01 ILOCK entry indicating antilock systems on 
the vehicle train: 



No antilock on the tractor front axle 

0 .  ( l e f t  and right wheels) 

New table number of tractor rear suspension, 
front tandem axle, l e f t  side 

. Antilock data for front tandem axle, 
l e f t  side . 

Same antilock data requested for front 
tandem, right side 

Same a n t i  1 ock data requested for rear tandem, 
l e f t  and right sides 

New table number for t ra i l e r  rear suspensions, 
front tandem, l e f t  side 

: 1 Antilock data for t ra i l e r  front tandem, 

Same antilock data requested for t ra i ler  front 
tandem, right side 

No antliock data for t ra i l e r  rear tandem 

0 o I axle, l e f t  and right wheels 



The numerical inputs for OPTION, the side-to-side option key, 

are as follows: 

OPTION 

01 => Worst Wheel 

02 => Best Wheel 

03 => Average Wheel 

04 => Independent Wheel 

( I 2  format) 

The following list defines all the input parameters available for 

each antilock system used. The parameters required should be entered 

in the order given below. 

It should be noted that this complete listing is presented to 
define the order and format of any required input data, The program, 

however, requires only that amount of input data needed to define a 

particuiar system. 



Input 

I LOCK 

TN 

OPTION, 

WWDIF 

Oescription 

global antilock key 

Format 

I2 

Tablenumberentry for 1st wheel (front 12 
axle, left side) 
side-to-side op'ti on, 1 st wheel I2 

side-to-side wheel speed di fference F10.2 
operator (see variable I.D. 60 
def i n i  ti on) 

No. of 'OFF' inequalities 
to f0110w 

No. of terms in 1st inequality 

M I  variable I.D. code cards 
for logic inequality 1 

MI coefficient cards 

No. of terms in 2nd inequality 

M2 variable I.D. code cards 
for logic inequality 2 

M2 coefficient cards " i 
No. of tens in 3rd inequality 

ior NOFFl inequalitjr expressions, NOFFl 4. 



No. of ' O N f  i n e q u a l i t i e s  
t o  follow 

No. i n e q u a l i t y  

M5 v a r i a b l e  I.D. code cards 

f o r  l o g i c  i n e q u a l i t y  5 

M5 c o e f f i c i e n t  cards 

No. of terms i n  6 t h  i n e q u a l i t y  

For NONl i n e q u a l i t y  express ions ,  NONl - < 4 .  

.c - 
T 1 9  L 2 3  f3, L~ Logic time delays 

Pressure  modulator key 

No. of  terms i n  fl 

expression (IPKEY=O , 2 )  

N l  v a r i a b l e  I . D .  code cards 

N1 c o e f f i c i e n t  cards 



No. o f  terms i n  the  c 2  
expressions 

N 2  variable  I.D. code cards 

N 2  c o e f f i c i e n t  cards 

€1 break-poin ts  

e2  break-poin ts  

exponent ial  f a l l  r a t e s  

exponent ial  r i se  r a t e s  

No. of  terms i n  e T  

expression (IPKEYal, 2 )  

N 3  v a r i a b l e  I.D. code cards 

N3 c o e f f i c i e n t  cards 

No. o f  terms i n  c 4  
express ion  

N4 v a r i a b l e  I.D. code cards 



N4 c o e f f i c i e n t  cards  

c 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 

PRLl PRL2 PRL3 

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

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 delays 

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  

l o g i  cal o p e r a t o r  swi tches  

l o g i c a l  o p e r a t o r  swi tches  

IPDKEY t r e a d l e  p r e s s u r e  modulator key 

No, o f  terms f o r  PDRISE 

N 5  v a r i a b l e  I.D. code cards 

N 5  c o e f f i c i e n t  cards 

No. of  t e r n s  i n  PDF4LL 
express ion  

N6 v a r i a b l e  I .D. code ca rds  



N 6  c o e f f i c i e n t  cards 

pulse-width modul a t i o n  key 

PERIOD pe r iod  o f  pulse-width  modulated F10.4 
square  wave 

Ho. o f  terms in  c 5  expression 

N 7  v a r i a b l e  1.D. code cards 

N 7  c o e f f i c i e n t  cards 

z 1 , Z 2 , Z 3 9 Z ~ ~ z 5  "OD IT!n'm t a b l e  b reak-po in t s  

TWD t a b l e  inpu t  FZ1#FZt ' F Z 3 8 F Z 1 3 F Z 5  p m  

a l t e r n a t e i a d a p t i v e  FZi input  
( see  Sec t ion  1 

one-shot  opt ion  key 

Yo. of terms f o r  1 s t  one-shot 
express ion  

8 1  v a r i a b l e  I . D .  code cards 



TOS 

N 1  coefficient cards 

no. of t e n s  for 1st one-shot 'clear' I 1  
express ion 

NC1 variable I . D .  code cards 

NC1 coefficient cards 

time duration of 1st one-shot 

no. of terms in 2nd one-shot 
express i on 

N2 variable 1.0. code cards 

N2 coefficient cards 

no. o f  terms for 2nd one-shot 'c lear '  11  
express i on  

NC2 variable 1.0. code cards 

NC2 coeff i c i  ent cards 



RIDCL, 

: I 

time duration of  2nd one-shot 
expression 

no, o f  terms in 3rd one-shot 
expressi on 

N3 variable 1.0. code cards 

N3 coefficient cards 5F10..4 

no. of tern for 3rd one-shot 'c lear '  1 1 
expression 

NC3 variable I .  D . code cards 4F10.4 

NC3 coefficient cards 

time d u r a t i o n  of 3rd one-shot 

no. of terns for 4 t h  one-shot 
expression 

N4 variable 1.9. code cards 

N4 coefii ci ent cards 



no, of terms for 4th one-shot 'c lear '  I1 
express i on 

NC4 variable I.D. code cards 

NC4 coefficient cards 

time dura t ion  of 4 t h  one-shot 

no. of terms f o r  5th one-shot 
express i on 

N5 variable I.D. code cards 

N5 coefficient cards 

no. of terms for  5th one-shot 'c lear '  I 1  
express ion 

NC5 variable I.D. code cards 

NC5 coefficient cards 

time duration o f  5 th  one-shot. 



general purpose counter key 

no. of terms in general purpose 
counter expression 

NG variable I.D. code cards 

NG coefficient cards 

general purpose variable o p t i o n  key I2 

no. of terms in f i r s t  general purpose i l  
expression 

NV1 variable I .D. code cards 

NV1 coefii ci ent cards 

no. o f  terms in 2nd general purpose 
expression 

NV2 variable I . D .  code cards 

NV2 coefficient cards 

no. o f  terms i n  3rd general purpose 
expressi on 



TSMPLE 

OPT I ONZ 

NV3 variable I .D .  code cards 

NV3 coeff i c i  en t cards 

no. of terms in 4 t h  general purpose I1 
variable express ion 

NV4 variable I.D. code cards 

NV4 coef f ic ien t  cards 5F10.4 

no. o f  t e rns  i n  5th genera1 purpose 11 
variable expression 

NV5 variable I .D .  code cards 4F10.4 

NV5 coeff i c ien t  cards 5F10.4 

control logic sampling period F10.4 

.Table number entry f o r  2nd  wheel ( f ront  12 axle, right s i d e )  

OPTION fo r  2nd wheel I2  

Same input format  as fo r  wheel 1 I 



Tabie number entry for 3rd wheel 

OPTION for 3rd wheel 

Same input format as for wheel 1 1  

End o f  ant5lock input  

- - - - - - - w - w - - - - - i - w - - - - - - - - - - - - - - - - - - - - - -  



-- - 
The following section provides tno example problems and 

their associated i n p u t  1 ists .  

Examp 1 e Prob 1 ems 

EXAMPLE 1 .  

Suppose an antilock system possesses the following 
features: ( 1 )  a wheel sensor time delay effect 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 fa l l s  below -50.0 ft/sec2 and an "ON" signal 
for wheel accelerations greater t h a n  -10.0 f t /sec2; ( 3 )  pressure 
modulator time delays of 40 ms. for "OFF" signals and 60 ms. 
for "ON" signals. The supposed exponential pressure rates are 
functions of wheel acceleration defined as ' foll ows : 

( 0 . 1 ) ~ '  = 10.0 f o r  ; c -100 ft/sec2 
Pressure Fa11 Rate ' z 

( 0 . 2 ) ~ '  = 5.0 for ; > -100 ft/sec2 

( 0 . 2 ) ~ '  = 5.0 for;  - c 50 ft /sec2 
Pressure Rise Rate 5 

(0.1)- '  = 10.0 for ; > 50 ft/sec2 

The following choice of i n p u t  parameters would describe the 
above anti 1 ock sys t e ~ :  



I . D .  Code for = 4 .  

Code for 1.0 = 1. 

P F E l  = 10.0 

PFE? = 5.0 



OPIZ = OPZ3 = OPs4 = OP 56 = ope, = OP 7 8 = e i t h e r  0 o r  1 

- 
'ON = 0.06 

The following input  l i s t  would be required:  



I LOCK 

TN1 . 

worst-wheel side-to-side option 

WWDIF 

NOFFl 

?41 

I.D. code for ; 
I.D. code f o r  1 . 0  

1st term c o e f f i c i e n t ,  CI1 

2nd term c o e f f i c i e n t ,  CI2  

I.D. code f o r  w 

1.D. code f o r  1 . 0  

1st t e r n  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  

1.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  E, 

1.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, 
L 

2nd term c o e f f i c i e n t  for E, - 



I PDKEY 

I PWMKY 

I OS KEY 

IGP KEY 

IGPVKY 

TSMPLE 



EXAMPLE 2.  

Simulation of an an t i lock  system having the following 

f ea tu r e s  : 

Wheel Sensor: f W ' T wd = .010 seconds 

Control Logic: 

OFF s igna l  given by 

F1 = i - w - 74 > 0 ,  f o r  > 50 i t / sec  - 
= i - ~ - l l > O ,  - f o r 1 < 5 0  - 

AND - 

Fj = SLIP - .50 > 0 - 
ON s ignal  generated when 

AND - 
- F6 - r; - 20. > 0 - 



Pressure Modul a tor :  

a )  = .015 sec. ; OFF = .010 sec. 

b )  One exponential fa l l  rate of 14. secol. 

c )  One exponential r ise rate of 14. sec" . 
and one 1 inear rise rate of 45. sec" . 

The exponential and linear pressure rise regions are determined 
by a decaying time ramp-from the maximum pressure in the previous 
cycle. For pressure below this time ramp, the pressure rise i s  
exponential ; for pressure. grea ter  than  the time ramp, the 
pressure rise i s  linear (see Figure 0-16). The decaying time 
ramp can be written as 

PMAXl - 85. ( t  - TPMAXI) 

where 

PMAX1 i s  the maximum pressure in the las t  cycle 

t i s  time 

TPMAXl i s  the time of  the maximum pressure in 
the las t  cycle 

and 85. is  the rate of decay. ( ~ s i / s e c )  

By subtracting the above expression from brake pressure, 
P ,  the EZ and c4 general expressions become: 

E2 = P - PMAX7 + 85 T - 85 TPMAXI 

and 

4 
= P - PMAXl + 85 T - 85 TPMAX1, 





the switching point occurring a t  r2 = e4 = 0. Therefore, the 

desired rise characteristic can be simulated by the following 

set  o f  pressure inputs: 

The following input l i s t  would be required: 



I LOCK 

-11. , - 1 4 .  , , SO., t 

OPTION, 

WWDIF 

NOFF, 



A 

IPKEY 



P R L 1 ,  P R L Z ,  PRL3 

IOSKEY 



I G P K E Y  

I G P V K Y  



Output-Echo Format 

Figures 0-17 through 0-20 show an example o f  the kind of o u t p u t -  

echo produced by the antilock subroutine. The f i r s t  o u t p u t  page i s  
simply the user dictionary of variables/parameters. The succeeding 
pages represent a computer echo of the anti lock input. The "First" 
and "Second Adaptive Value" columns refer t o  the alternate coeffi- 
cients available with the adaptive coefficient feature. The "First" 
and "Second Adaptive Variable" columns echo the variable I ,D. codes 
for the two adaptive variables, while the columns labeled "First" 
and "Second Break-Point" contain their associated break-points. I f  

the secondary adaptive coefficient definition (Figure 0-8) i s  used, 
rhe word "AND" appears between the First and Second Adaptive 
Variable columns in the o u t p u t  echo for that coefficient. Any i n p u t  

not associated with a general form expression is 1 isted under 
"Non-Adaptive Antilock Parameters." 











Examples o f  t h e  use o f  t h e  a n t i l o c k  program and example da ta  

can be found i n  References [ I  6, 19, 20, 21, 22, 25, 281. 



APPENDIX E 

THE EqUATIONS OF MOTION 

To explain the equations of motion of the system, i t  is convenient 
t o  describe several subsystems and their interconnections. These sub- 
systems are described in an orthogonal coordinate system which will be 
defined f i rs t .  

E.1 The Coordinate Systems 

The coordinates systems used are unchanged from the Phase I1 

HSRI/MVW program [2]: and details can be found in Section 4.1.2 of 
this manual. To briefly summarize: 

E a c h  sprung mass has a set of body axes fixed t o  the sprung mass 
origin a t  the sprung mass center designated as x ,  y ,  z ,  where x goes 
toward the front, y goes to the right, and z goes down. 

A second set o f  axes i s  the inertial set designatad as X ,  Y, 2.  
These are fixed and never change direction. In the initial condition 
for any simulation r u n ,  the sprung mass c.g. of the truck/tractor i s  
a t  the origin of X ,  Y, 2 ,  facing i n  the X direction. 

A third set of axes, called the yaw plane system, is  required. - - - 
- These are designated as x, y ,  z, and have an origin which i o l  lows the 

sprung mass c.g. The direction of  7 remains normal t o  the road, and - 
x and 7 foliow the rotation of the vehicle around the a x i s .  Thus, - 
x faces a long  the projection of x in the road plane. 

There i s  frequent need to rotate forces and moments from one 
coordinate system t o  another. These are done using the " A "  matrix, 
which rotates vectors bet~een body and inertial,  and the "BZtt  matrix, 
which rotates vectors between body and yaw plane. The cosine and sine 
o f  the yaw angle, $, is used t o  go between the yaw plane and inertial 
systems. 

*Numbers i n  brackeb designate references appeari ng i n Section 
6.0. 



E.2 General Equations 

Each sprung mass has body axes x, y ,  z, A1 1 forces are rotated 
into these directions, resulting in rFx, iF rF, which in the com- 

Y '  
puter code are called FSUM(1) , FSUM(2), and FSUM(3). As is  typical 
in the vehicle dynamics 1 iterature, the velocity in the x direction 
is u ,  the velocity in the y direction i s  v, and the velocity in the z 
direction is w. The rotation rate about  the x axis is  p, the rotation 
rate a b o u t  the y axis i s  q ,  and the rotation rate a b o u t  the z axis i s  

r .  

The translational equations of motion are then: 

~ ( i  - vr + wq)  = zF, 

M(; + ur - wp) = 
"Y 

M(i + uq - v p )  = EF, 

where M is the sprung mass and the d o t  indicates differentiation w i t h  

respect t o  time. In the computer program these equations are solved 
for i, t, and S a t  the beginning o f  each integration time step. 

There are also the equations o f  rotational motion about each body 

axis. All moments on the sprung mass are rotated i n t o  the x, y ,  and 

z directions, thus resulting in TM,, :M , and EM, which in the computer 
Y 

code are called TSUM(1), TSUM(2), and TSUM(3). The equations of rota- 
tional motion are Euler's equations with zero cross-products o f  inertia, 
namely: 

where p is  the rotation rate about  x, q abou t  y ,  and r a b o u t  z. The 
program solves for j, i, and a t  the beginning of each integration 
time step. 



The accelerations of the sprung mass motions depend on the forces 
FSUM(1) and the moments TSUM(1). Each of those forces and moments will 
be discussed i n  the next sections. 

E.3 Forces on the Scrung Mass 

There are several forces on the sprung mass, These forces are 
applied either through the suspensions or the f i f th  wheel (pintle hook) .  

Consider f i r s t  the suspension forces. 

E.3.1. Suspension Forces. There are suspension forces i n  the 
x,  y ,  and z directions. The force i n  the z direction i s  the most 
straightforward. For a sing1 e ax1 e,  the calculations are unchanged 
from Phase I1 [2], i .e., the force, SF, in the z direction i s  the 
deflection o f  the spring times the spring rate plus the force of coulomb 
and viscous friction. Some notes: 

1 )  Tension i s  positive. Zero force i s  a t  s t a t i c  equili- 
brium. Thus the preload in the spring, which i s  the 
weight on that spring a t  s t a t i c  equilibrium, drops o u t  
of the calculations. 

2 )  The springs may be made nonl inear by using a table 
lookup. 

3) The coulomb friction break-point i s  se t  based on the 
masses, coulomb friction, and integration time step. 
Details of the theory are presented i n  [ 4 0 ] .  

4) Suspension force calculations take place in subroutine 
LINE. 

For tandem axles, the SF use the same algorithms as the single 
axle. B u t ,  i f  braking occurs, suspension force is  added t o  the lead 
ax1 e and subtracted from the trai 1 i n g  ax1 e according t o  the rule 



BTORQ i s  the total brake torque of a l l  four brakes on 
the tandem se t ,  FSHIFT comes from the dynamic load trans- 
f e r  and TD i s  the fore-aft separation distance of the 
tandem axles. 

The load transfer calculations are found in subroutine L I N E ,  

The lateral and longitudinal suspension forces are also calcu- 
lated using the Phase I1 [2] procedure. To explain briefly, the 
lateral forces a t  the suspensions may be viewed as constraint forces 
which hold sprung and unsprung masses together. To calculate these 
forces, the foilowing procedure i s  used: 

1 )  The sprung and unsprung masses are assumed to move 
as a u n i t  w i t h  yawing b u t  not in rolling or  pitching. 
Thus an estimated acceleration for the vehicle can be 
calculated using the entire mass and the known forces 
a t  the ti re-road interface. 

2 )  The unsprung mass acceleration i s  assumed t o  be a 
simpi e function of the gross acceleration calculated 
in ( 1 ) .  Then, since the yaw plane forces on the t i r e s  
are known, the yaw plane constraint forces can be 
found. 

3 )  These yaw plane constrzint forces are appl ied t o  the 
sprung mass in the ful l  blown equations of motion.  

The user shculd note that the purpose of the method i s  t o  a v o i d  dynamic 
coupling which requires matrix inversions each ~ t .  The height of the 
constraint point i s  the roll center height given as an  i n p u t  parameter. 
Finally, the accuracy of the method i s  quite good. (See 1411 for 
details.) - 

E.3.2 The Forces a t  the F i f t h  Nheel. The PEASE 4 -simulation, 
1 i ke Phase 11 [Z], uses a spring-dashpot for the f i f t h  wheel and pintle 
hook connection. Two advantages accrue: 



1 ) ' removal of dynamic coup1 ing 

2 )  the ab i l i t y  to  simulate rol l  compliance a t  the hitcn. 

The method works as follows. A t  each integration time step the 
position of the t r ac to r  f i f t h  wheel, a p o i n t  located on the t rac tor ,  
i s  calculated and the position of the t r a i l e r  f i f t h  wheel, a point on 
the t r a i l e r ,  i s  calculated. A force i s  assumed t o  ac t  along the l ine 
between these points. The magnitude o f  the force i s  assumed t o  be a 
spring rate ,  PIN, times the distance between the points plus a damping 
rate, CFW, times the relat ive velocity between the points. 





APPENDIX F 

PARAMETER ESTIMATION METHOD 

This appendix describes simp1 i f ied  methods for estimating the mass 
moments of iner t ia  for  heavy vehicles w i t h  as l i t t l e  user time and energy 
as possible. 

In the simulation program, the s t a t i c  loads on the tires are entered, 
along w i t h  the unsprung weights and the wheel base. Note that  the fore-aft 
mass center location i s  imol i c i t l y  input by the user. 

From t h i s  same datz, one may find the total  weight supported by the 
front and rear suspensions. Referring t o  these as WF and NR, and locating 
the mass center leads t o  the vehicle representation shown i n  the figure 
below. 

Schematic diagram of sprung mass 



I t  i s  obvious that for conventional vehicles one must expect the 
sprung mass pitch moment of inertia, I t o  be 1 imited by 

YY ' 

Since one expects (at least in the unloaded condition) 

we were led t o  try the fo rmu la t i on  

A comparison between empirical data and computed results has led t o  
the conclusion that the value a = .4  leads t o  reasonable pitch inertia 
values for unloaded vehicles. Furthermore, even in the case of  loaded 
vehicles , Equation ( 3 )  1 eads t o  very reasonable resul ts .  

Given the pitch inertia from Equation (3), empirical data has shown 

i t reasonable t o  assume that the sprung mass yaw moment of inertia, IZZ, 
i s  equal to the pitch inertia,  and the roll inertia may be related t o  the 
pitch and yaw inertias by a mu1 t iple  of the vehicle dimensions. I n  

particul ar 



APPENDIX G 

PATH-FOLLOWER, CLOSED-LOOP DRIVER MODEL 

Section 3.2 of the Users Nanual explains the input requirements 
for the closed-loop driver model . This appendix will ou t1  ine the 
manner i n  which the model works and demonstrate i t s  use i n  simulating 
a closed-loop double lane-change maneuver with a tractor-trailer.  

The driver model i s  based on a technique, discussed more completely 
in Reference [341 whish selects. a steering control a t  each p o i n t  in 
time by minimizing the current preview error (squared error) .  Referring 
t o  Figure G - 1 ,  the sol id 1 ine shows the desired path trajectory input 
by the program user (table values), and the dashed 1 ine the estimated 
trajectory of the vehicle using the current steering control. The 
preview interval (user input), over which the path estimates are made, 
extends from the current vehicle position, time t,  t o  the end of the 
interval,  time t + T. This interval i s  divided into ten equal parts 
and position errors, c i ,  between the desired and estimated trajectories 
are calculated for each. The current steering control i s  then selected 
to  minimize the sum of the squares, 

Estimates of the vehicle position over the preview interval ( t ,  t +T )  
are obtained from an internal 1 inear model representation of the truck/ 
tractor vehicle. 

Example Usage 

The fol lowing di scussion demonstrates the use of the driver model 
in s imu? a t i  ng a cl osed-1 oop doubl e 1 ane-change maneuver measured on an 

actual tractor-trai ler.  The input data describing the experimental ly 
measured vehicle path, and the necessary driver model parameters are 
shown in Table G - 1 .  The format corresponds t o  the requirements discussed 
in the Users Manual, Section 3.2. 



Estimated P a t h  Tra- 
jectory Using Curren 
S teeri ng Con tro 1 

Oesi red P a t h  
Trajectory 

Figure G.  1. Closed-loop s teer ing model. 



Table  G-1 

Closed-loop key ( -  s i g n )  ) 16 points  i n  p a t h  table. 

x-y path table 

0.0 ) T r a n s p o r t  l a g  

1 . I 0  1 Prev iew in terva l  



The two driver model parameters fo l lowing  the p a t h  table input 

a* the driver transport lag and the preview interval parameter, T, 

discussed- above. In this example, the driver transport 'tag was selected 
as Z e 6 ' a n d  the preview interval parameter value varied to f i n d  the 
best match between simulated and measured responses for the maneuver. 

Simulation results for this data set are shown i n  Figure G-2 ,  

along w i t h  corresponding measured vehicle responses. The f i r s t  time 
history is tractor lateral acceleration (simulated and measured), 
fo l  lowed by tractor yaw rate and front-wheel steering angle. Excel 1 ent 
agreement between the simulated and measured responses is demonstrated 
in Figure G-2 even though  estimates of t i r e  cornering stiffness had t o  
be used in this case. 

Very similar responses can be obtained for non-zero driver trans- 
port 1 ags (more accurate representations of human operator 1 imitations) 
by increasing the value af the preview interval parameter. For example, 
a transport l a g  of 0.25 seconds would require an increase of the pre- 
view interval parameter value from 1.1 to a b o u t  1 .5  i n  order t o  obtain 
responses similar t o  tnose shown i n  Figure 6-2. The principal effect 
would be somewhat decreased damping in each of the simulated time 
hi stories responses. 







APPENDIX H 

USER-WRITTEN ROAD SUBROUTINE 

Entry of a negative value for the road key, IROAD, referred t o  
in Section 3.2 of the Users Manual, allows the program user to define 
an al ternate  road surface for  use in the simulation. By entering code 
(e.g., FORTRAN) in SUBROUTINE ROAD, which calculates the road eleva- 
tions, Z ,  a t  each wheel as a function of X and Y iner t ia l  coordinates, 
the user i s  free t o  define nearly any road surface desired. The on ly  

restr ic t ions are that  ( 1 )  the complete vehicle t ra in s t a r t s  from a 
f l a t  or horizontal surface and ( 2 )  a11 gradients (cross-slopes, down- 
grades) encountered by the vehicle t ra in during the simulation remain 
7 ess than about 0.10 ( r i se /  run). 

The vehicle t ra in i s  assumed t o  s t a r t  a t  time zero pointing in a 
s t raight  1 ine along the X iner t ia l  coordinate axis as shown in Figure 
H - 1 .  Since the vehicle t ra in  s t a r t s  from a f l a t  horizontal plane, the 
code defining the road surface must guarantee that  the road surface 
elevation is zero for  negative values of the iner t ia l  X-coordinate. 

The user-written subroutine (SUBROUTINE ROAD) must use the 
following FORTRAN format (or alternate equivalent): 

SUBROUTINE ROAD(X Y ,Z ,T) 

Codes for  the calculation of road elevation, Z 
( in  fee t )  as a function o f  X ,  Y ( i n  f ee t )  iner t ia l  
coordinates-suppl ied by the main call ing program. 

RETURN 

ENTRY R O A D D Z ( X , Y , D Z D X , D Z D Y )  

Code for the calculation of road gradients 
dz/dx(DZDX) and dz/dy(DZDY) consistent w i t h  the 
elevation definition above. 

RETURN ' 

END 



User4lef i ned Road Surface 

r 

Trac to r  
I 

Semi trai 1 er 
/ 

/ F l a t  Hori  t o n t a l  
/ 

Surface / 
X < O  - / 

Ful l  Trailer 

Figure H - 1 .  Vehicle position a t  zero time. 



The argument 1 i s t  for  SUBROUTINE ROAD i s  defined as 

X forward iner t ia l  coordinate of the wheel, suppl ied 
by the cal l  ing program 

Y la teral  iner t ia l  coordinate of the wheei , suppl ied 
by the call  i ng program 

Z vertical road elevation ( in  f ee t )  calculated by the 
user code using X and Y--returned t o  the call  i ng 

program 

T simulation time supplied by the calling program 
for  possible use in the subroutine calculations. 

The argument 1 i s t  for  ENTRY ROADOZ i s  : 

X same as above 

Y same as above 

DZDX user=cal cul ated gradient (dz/dx) of the road surface 
a1 ong the X iner t i  a1 coordinate di rection 

DZDY user-calculated gradient (dz/dy) of the road surface 
along the Y iner t ia l  coordinate direction. 

The DZDX and DZDY calculations should be consistent with the definition 
of Z = f (X,Y) .  For example, i f  Z = X 2 Y  + Y2 in ROAD,  

DZDX = 2XY 

DZDY = X 2  + 2Y 

should be calculated i n  ROADDZ. The derivatives are used t o  e s t a ~ i  i s h  

the yaw plane coordinate system in the simulation procedure. I n  the 
case of a rough, b u t  essentially horizontal road, the derivatives may 
be a rb i t r a r i ly  se t  t o  zero. 

Examol e Road 

The following code should be used t o  describe a super-elevated, 
500-foot c ircular  roadway (cone): The roadway i s  horizontal for values 
of X - c 0. The super-elevation, E ,  i s  increased linearly between X=O 



and X=290 to a maximum value of 0.08. For values of X > 200, the 
super-elevation i s  fixed'at 0.08 (F igure  H-2). R i s  the actual 
radius (calculated) of the (X ,Y)  point supplied by the calling program. 

SUBROUTINE ROAD! X ,Y ,Z ,T) 

R = SQRT(X-2 + (Y+500)*2) 

E = 0.08 * X/200. 

IF(X.GT. 200.) E = 0.08 

IF(X,LT, 0.) E = 0.0 

Z = E * (500-R) 

RETURN 

ENTRY ROADDZ ( X , Y , DZ D X  , DZDY ) 

D Z D X  = - E * X / R  

DZDY = - E * (Y+500)/R 

RETURN 

EN D 



Center o f  the ,. Lone 
E=O ' u  

Figure H-2. t i  rcular super-elevated roadway example. 





APPENDIX I 

TIRE, BRAKE, SUSPENSION, FRAME COMPLIANCE , 
AND STEERING SYSTEM OPTIONS 

This appendix contains eight sub-appendices I. 1 through I .8 which 
document and explain various model options which are available in the 

PHASE 4 computer program. 

1.1 A Semi-Empirical Tire Model 

The original Phase I1 directional response model contained a semi- 
empirical tire model employing a simp1 ified theory incorporating an 
"adhesion" region and a "sliding" region in the tire contact patch. 

However, the T3DRS:Vl program as delivered to FHWA did not include any 
theoretically based representation of the tire traction field. The con- 
ceptual tire model outlined herein is intended to provide the capability 
for using a limited number o f  readily obtained (or estimated) parameters 
in computing the shear forces and a1 igning moment produced in braking 
and/or steering maneuvers. 

The parameters used in specifying a tire are defined in Table 
1.1.1. The main advantage of this set of parameters over those used in 
the Phase I1 model is that LI S , and us can be read directly from a 

P '  P 
desired p-sl i p curve. 

The partial derivatives specified in the list of parameters are 
included to provide a means for fitting particular trends observed in 
test data. 

The derivation of the equations for the tire model is detailed, 
but straightforward (once the assumptions are understood). The primary 
assumptions are: 

1) the contact patch can be divided into a sliding region 
and an adhesion region, 

2 )  the shear force generated in the adhesion region depends 
upon elastic properties of the tire, and 

3) the shear force generated in the sliding region depends 
upon the frictional properties of the tire-road interface. 



Table 1.1.1 

Sym bo 1 s Definitions 

maximum fr ic t ion  value for a U-s l ip  curve 
obtained a t  F and V o  

instantaneous value of sl ip 

value of s l i p  a t  maximum of p-slip curve 

f r ic t ion  value for a locked wheel for a 
p-slip curve obtained a t  F and V o  

z , 

nomi na1 cornering s t i f fness  

nominal pneumatic t r a i  1 

la teral  deflection s t i f fness  

nominal vertical load 

nominal velocity 

ra te  of change of C with respect to load 
a 

rate  of change of u with respect to load 
P 

ra te  of change of ps  with respect to load 

rate  of change of S with respect to load 
P 

ra te  of change of X with respect to load 
P 

ra te  of change of C with respect to load 
Y 

ra te  of change of C with respect to velocity 
a 

rate of change of p with respect to velocity 
P 

ra te  of change of p s  with respect to velocity 

rate of change of S with respect to velocity 
P 

ra te  of change of X with respect t o  velocity 
P 

ra te  of change of C with respect to velocity 
Y 



The conceptual model i s  implemented on the computer as follows. 
I f  the partial  derivatives are non-zero, then p '  S t ,  p i ,  C' ,  XI, and 

P '  P a P  
C' are  calculated accordingly a t  each time step, that  i s ,  

Y 

as as 
= S + J ( F  -F ) + -$ ( V - V  ) 

p a F Z  Z Z ~  o 

a x  a x  
= X + 2 ( F  -F ) + $ ( V - V  ) X b  p a F z  z  zo 0 

a~ a c 
and Ci = C + ( F  -F ) + ( V - V  ) 

Y a F z  zo 0 

These parameters are then employed t o  compute the auxiliary 
quantities P and Cs using the following equations: 



= A - B S  

Once these p r e l i m i n a r y  c a l c u l a t i o n s  a r e  performed, then  t h e  f r a c t i o n  

(Xs/a) i s  c a l c u l a t e d ,  where t h e  q u a n t i t y  X s  i s  t h e  d i s t ance  from t h e  

f r o n t  o f  t h e  c o n t a c t  pa tch  t o  t h e  p o i n t  where s l i d i n g  s t a r t s  and t h e  

q u a n t i t y  R i s  t h e  l e n g t h  o f  t h e  c o n t a c t  patch. The express ions used f o r  

t h i s  c a l c u l a t i o n  are:  

and 

I f  Xs/a > 1.0, X,/e i s  s e t  equal t o  1.0 ( n o t e  t h a t  Xs/e > 1.0 

means t h a t  t h e r e  i s  no s l i d i n g  r e g i o n ) .  Under these cond i t i ons ,  t h e  

t i r e  l o n g i t u d i n a l  f o r ce ,  Fx ( p o s i t i v e  i n  t h e  b rak i ng  d i r e c t i o n ) ,  i s  

g i ven  by: 

X 
Css F = -  
1 -S where S i s  t h e  l o n g i t u d i n a l  s l i p  

and t h e  l a t e r a l  f o r ce ,  F i s  g i ven  by:  
Y '  

-C' t a n  a 
- - a 

F~ 1 -S 
where a i s  t h e  s l i p  angle .  

I f  XS/e < 1  .O, t h e  f o r c e  components f rom t h e  adhesion r e g i o n  

a re  : 



and t h e  f o r c e  components f rom the  s l  i d i n g  r eg ion  a re  obta ined as 

f o l l ows :  

F = -FT ( t a n  a/ST) 
s  s  

And, f i n a l l y  i n  t o t a l  

The a l i g n i n g  to rque  i s  d i f f i c u l t  t o  p r e d i c t  accu ra te l y  us ing  a  

simp1 e  t h e o r e t i c a l  model. However, reasonably accurate  r e s u l  t s  can be 

obta ined us ing  e m p i r i c a l l y  obta ined values o f  X and C I n  t h i s  
P  Y '  

approach, t he  a1 i g n i n g  torque, AT, i s  approximated as f o l l ows :  

The simp1 i f i e d  t i r e  model descr ibed here d i f f e r s  from prev ious 

vers ions i n  two main respects :  ( 1 )  a1 i g n i n g  torque i s  approximated 

even i n  t he  case o f  combined l o n g i t u d i n a l  and l a t e r a l  s l i p  and ( 2 )  

the  r e s u l t a n t  f o r c e  produced by t he  s l i d i n g  p o r t i o n  o f  t h e  con tac t  

patch opposes t h e  d i r e c t i o n  o f  s l i d i n g .  



I .2 Brake Model 

The brake model o p t i o n  i s  inc luded  f o r  use i n  research s tud ies  

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

o f  foundat ion  brakes. ( I t  should be emphasized t h a t  f o r  appl  i c a t i o n s  

n o t  r e q u i r i n g  a comprehensive examinat ion o f  t h e  brakes, brake per-  

formance may be represented by a pressure-input/torque-output t a b l e  

(see Sec t ion  3.3.6) . )  The brake model c o n s i s t s  o f  two p r imary  p a r t s :  

( 1 )  a heat  f l o w  a n a l y s i s  f o r  brake temperatures and ( 2 )  a semi-empir i -  

c a l  model f o r  r ep resen t i ng  an instantaneous brake f a c t o r .  

F i gu re  I .2-1 shows t he  r e l a t i o n s h i p  o f  t h e  semi-empir ica l  model 

f o r  t h e  brake f a c t o r  t o  ( 1 )  t h e  a c t u a t i o n  e f f o r t  and ( 2 )  t h e  ca l cu la -  

t i o n s  of brake temperatures and wheel speed. Empi r i ca l  r e s u l t s  f rom 

brake t e s t s  i n d i c a t e  t h a t  t h e  instantaneous to rque  produced by a 

brake du r i ng  a s top  i s  p r i m a r i l y  a f u n c t i o n  o f  pressure, b u t  i t  may be 

s t r o n g l y  i n f l uenced  by temperature and s l i d i n g  v e l o c i t y  e f f e c t s .  Hence, 

the  concept o f  an instantaneous brake f a c t o r  has been employed t o  

represen t  t h e  i n - s top  fade and recovery  t y p i c a l  o f  c e r t a i n  types o f  

drum brakes. I n  t h i s  r ep resen ta t i on  (F igu re  I .2-1) , brake torque,  TB, 

i s  a f u n c t i o n  o f  ( 1 )  t h e  pressure i n  t he  a i r  chamber, P, ( 2 )  t h e  wheel 

speed, U, and ( 3 )  t h e  temperature d i s t r i b u t i o n  throughout  t he  brake, 

The d e t a i l s  o f  t he  conceptual  models imp1 emented f o r  computing 

brake temperatures and brake fade a r e  presented i n  t h e  f o l l o w i n g  

sec t ions ,  1.2.1 and 1.2.2, r e s p e c t i v e l y .  

I .2.1 Brake Temperature. Temperature ca1 c u l a t i o n s  were f i r s t  

i n t roduced i n t o  t he  Phase I s t r a i g h t - 1  i n e  b rak ing  program t o  p rov ide  

a means f o r  p r e d i c t i n g  i n - s top  fade. I n  t h a t  case, t h e  i n t e r f a c e  

temperature between t he  drum and l i n i n g  was c a l c u l a t e d  us ing  s p e c i a l l y  

developed numerical  methods f o r  s o l v i n g  c l a s s i c a l  heat  f l o w  equat ions 

appl i e d  t o  a simp1 i f i e d  model o f  t h e  brake drum [l I]. Later ,  work i n  

s tudy ing  i n e r t i a  dynamometer r e s u l t s  employed a f i n i t e  element model 

o f  t he  ac tua l  brake drum t o  compute temperatures throughout  t he  drum 

[15]. I n  a d d i t i o n ,  simp1 i f i e d  lumped parameter models o f  t he  brake 



t 
i-K-l [ Ac tua t ion  1 r - l  Instantaneous 

I system I J E f f o r t  I F~ ) Brake r-1 I Prope r t i es  1 (Brake 

Power) 

P = a i r  chamber pressure 

FI = a c t u a t i o n  e f f o r t  

FB = r e s u l t a n t  t angen t i a l  f o r c e  

TB = brake to rque  

u = wheel speed 

3 = temperature d i s t r i b u t i o n  

Po = pushout pressure 

IBT = i n i t i a l  brake temperature 

Factor  9 
Torque Q 
Wheel 

Speed 

Brake 

Temperatures 

F i gu re  I .2-1. Elements o f  t he  brake represen ta t ion .  



have been developed t o  make temperature c a l c u l a t i o n s  f o r  use i n  s tud ies  

i n c o r p o r a t i n g  a n t i  l o c k  system hardware w i t h  v e h i c l e  models [I 91. 

The pas t  work has been reviewed w i t h  t h e  i n t e n t i o n  o f  s e l e c t i n g  

a  conceptual  model s u i  tab1 e  f o r  a n t i c i p a t e d  appl i c a t i o n s  o f  t h e  computer 

s imu la t i on  i n  s tud ies  o f  downh i l l  speed c o n t r o l ,  fade and recovery  

t es t s ,  and i n - s t o p  fade. The f o l l o w i n g  lumped paramet r i c  model has 

been se lec ted  t o  p rov ide  f i r s t - o r d e r  est imates o f  temperatures a t  t h e  

drum/l i n i n g  i n t e r f a c e  and w i t h i n  t he  drum and t he  1  i n i n g .  

F i gu re  1.2-2 i l l u s t r a t e s  t h e  form o f  t h e  model us i ng  an e l e c t r i c a l  

c i r c u i t  analogy t o  represen t  t h e  hea t  f l o w  process. The symbols used 

i n  F igure  1.2-2 a r e  de f i ned  i n  Table 1.2.1. The bas ic  equat ions t o  

be so lved  by t h e  computerized model f o l l o w  Table I .2.1. 





Tab le  1.2.1 

Sym bo 1  

K~~ 

K~ 

C~ 

K~~ 

ll 

B 
W 

T L ~  

T~ 

T~ 

T~ i 

T~~ 

T~ 

D e f i n i t i o n  

heat  convec t ion  c o e f f i c i e n t  f o r  t h e  l i n i n g  

heat  conduc t ion  c o e f f i c i e n t  f o r  t h e  1 i n i n g  

thermal c a p a c i t y  o f  t h e  1  i n i n g  

thermal c a p a c i t y  o f  t h e  drum 

heat  conduc t ion  c o e f f i c i e n t  f o r  t h e  drum 

heat  convec t ion  c o e f f i c i e n t  f o r  t h e  drum 

hea t  f l o w  i n t o  t h e  brake 

brake t o rque  

wheel (drum) speed 

1  i n i n g  e x t e r i o r  su r f ace  temperature 

i n t e r n a l  l i n i n g  temperature a t  a  p o i n t  113 
o f  t h e  d i s t a n c e  f rom t h e  i n t e r f a c e  t o  t h e  
e x t e r i o r  su r f ace  o f  t h e  1  i n i n g  

i n t e r f a c e  temperature 

i n t e r n a l  drum temperature a t  t h e  i t h  l o c a t i o n  
between t h e  i n t e r f a c e  and t h e  e x t e r i o r  su r f ace  
o f  t h e  drum ( i  = 1  t o  10) 

drum e x t e r i o r  sur face temperature 

ambient a i r  temperature 

Note: Ti, TL, TD5, and TB a r e  p r i n t e d  o u t  on t h e  "Brake Model 

Temperature" page i f  t h e  brake model o p t i o n  i s  employed. 



EQUATIONS AND ADDITIONAL SYMBOL DEFINITIONS 

Auxil iary Calculations 

where 

Kd = conductivity of the drum material 

DD = diameter of the drum 

WL = width of the lining 

tD = thickness of the drum 

where 

'(1 
= conductivity of the lining material 

fS = the ratio of 1 ining length to drum circumference 

k 
= thickness of the lining 

where 

Cd = specific heat of the drum material 

d = density of the drum material 

Vd = effective volume of the drum 

(Vd ' rDD W e  TD) 

where 

C, = specific heat of the lining material 

2 
= density of the lining material 

V, = effective volume of the 1 ining (VS dlD we fQ tQ) 



where 

= empirically evaluated convective heat transfer 
KADo coefficient for the drum 

V = velocity of the vehicle 

K~~~ = velocity sensitivity (empirically evaluated) 

where 

= empirically evaluated convective heat transfer 
KALo coefficient for the lining 

K~~~ = velocity sensitivity (empirically evaluated) 

Basic Equations 

and the matrix equation, 

where 







I .  2 . 2  Brake Fade (Torque Characteristics). The torque charac- 
t e r i s t i c s  of commercial vehicle brakes have been studied in several 
projects supported by MVMA. Even t h o u g h  a variety of useful results 
have been acquired [I  1 ,I 51, a complete understanding of the development 
of instantaneous brake torque as influenced by pressure, temperature, 
sliding velocity, work history, temperature gradients, and other factors 
has not been obtained. 

Recent research work [15] has been directed a t  treating brake 
effectiveness as an empirically derived function of pressure, interface 
temperature, and sl iding velocity. However, the empirical expressions 
derived in the recent work appear t o  be unduly complex and too d i f f icu l t  
to obtain t o  be useful for including in the simulation model now. 
Possibly a comprehensive empirical approach would be feasible in the 
future i f  large amounts of brake data were gathered into digital  f i l e s  
sui tab1 e for computer processing. 

The conceptual approach taken in PHASE 4 i s  based on an instan- 
taneous brake factor,  B F ,  that  i s  represented by the following equation: 

where 

BF = the nominal brake factor 
0 

Cv  = the rate of change of brake factor with sl iding 
velocity 

CT = the rate of change of brake factor with 
temperature gradient 

C F  = the rate of change of brake factor with pressure 

u = wheel speed (drum rotational velocity) 

DD = drum diameter 

T I  = interface temperature 

TL = 1 ining temperature 

FI  = actuation effor t  

A, = area of  the lining 



The i n p u t  v a r i a b l e s  needed f o r  computing BF a re  U,  TI, TL, and 

FI. The wheel speed, U, and t h e  temperatures,  TI and TL, a re  a v a i l  ab l e  

from c a l c u l a t i o n s  performed i n  o t h e r  p a r t s  o f  t h e  computer ized model. 

(See F igure  1.2-1 .) The a c t u a t i o n  e f f o r t ,  FI, i s  determined by t h e  

f o l l o w i n g  equat ions,  one f o r  a wedge brake and t he  o t h e r  f o r  a cam 

brake: 

For a Wedge Brake: 

where 
= area o f  t h e  a i r  chamber 

P = l i n e  pressure 

Po = t h e  pushout pressure o f  t h e  brake 

a = inc luded  wedge ang le  

( t h e  c a l c u l a t i o n  i s  f o r  one wedge o f  a dual wedge brake) 

For a Cam Brake: 

where 

= s l ack  a d j u s t e r  arm l e n g t h  

The brake torque, TB, i s  determined by t h e  a c t u a t i o n  e f f o r t ,  FI, 

brake f a c t o r ,  BF, drum diameter,  DD, and l i n i n g  fade us ing  t he  f o l l o w i n g  

equat ion:  

where 

G(TL) i s  a t a b l e  r ep resen t i ng  t he  i n f l u e n c e  o f  1 i n i n g  tempera- 

u re  on brake torque.  (For  example, G(TL) may be chosen t o  

make t h e  brake to rque  fade complete ly  above some maximum l i n i n g  

temperature. ) 



The model represented by Equations ( I  .2.3) through ( I  - 2 . 6 )  i s  

easy t o  use for studying the i t l . .  .es of changes in "brake power" 

( a i r  chamber area and wedge angle for wedge brakes or a i r  chamber area 

and slack adjuster arm length for cam brakes), b u t  the choice of 

parameters t o  represent the effects of changes in 1 ining type i s  not  
obvious and may require considerable effort  in analyzing dynamometer 

d a t a .  For example, Table 1.2.2 1 i s t s  empirically determined coefficients 

for a constant pressure stop from 60 mph of the same type of 15 x 6 dua l  

wedge brake with a 10" wedge angle and type 16 a i r  chamber b u t  equipped 

with three different types of linings. Clearly, the evaluation of the 

influence of lining properties on in-stop fade i s  highly dependent upon 

the availabili ty of appropriate t e s t  d a t a .  

Table 1.2.2 

B C~ T 
Lining Fo ( sec l f t )  ( l /"F)  

551 -D 2.9 0.0029 -0.001 1 

Note: C F  i s  n o t  included here because these results are 

for a single value of a i r  pressure. 

Procedures for processing brake t e s t  d a t a  are being developed. 

Given time histories of wheel speed and brake torque for a particular 

stop a t  a selected pressure level, the temperature model described in 

Section 1.2.1 can be used t o  calculate temperature time histories. Using 

d a t a  points from a l l  of these time histories,  Equations (1.2.3) through 

(1.2.6) can be solved for values of B , C V ,  and CT t h a t  will cause the 
0 

model t o  approximately match the t e s t  da ta .  For example, Figure I .2-3 
i l lus t ra tes  a rough f i t  obtained using torque, wheel speed, and tempera- 

ture data corresponding t o  the three points designated by an "x" i n  





the figure. Nevertheless, the art and science of representing brake 

torque characteristics is not well developed, and until it is, the user 

of the computerized model will have to exercise ingenuity in repre- 

senting brake performance. 



1.3 Spr ing  Envelope Opt ion 

The Spr ing  Envelope o p t i o n  a l l ows  t h e  PHASE 4 program user  t o  

accu ra te l y  represen t  t h e  k i n d  o f  suspension f o r c e - d e f l e c t i o n  charac- 

t e r i s t i c s  t y p i c a l l y  measured on heavy t r u c k  suspensions. F i gu re  I .3-1 

shows an example o f  a  tandem suspension f o r c e - d e f l  e c t i o n  measurement 

r e c e n t l y  made a t  HSRI. References [18] and [39] c o n t a i n  a d d i t i o n a l  

sources o f  such measurements f o r  a  v a r i e t y  o f  heavy t r u c k  sp r ings .  

I n  o r d e r  t o  use t h e  Spr ing  Envelope op t i on ,  f o u r  k inds  o f  data 

i n f o r m a t i o n  a r e  r e q u i r e d  as i n p u t  f o r  each spr ing :  

1  ) a compression envelope t a b l  e  ( f o r c e  versus d e f l e c t i o n )  , 

2)  an ex tens ion  envelope t a b l e  ( f o r c e  versus d e f l e c t i o n ) ,  

3 )  a  d e f l e c t i o n  cons tan t  f o r  compression, a,, which 

descr ibes t h e  r a t e  a t  which t h e  f o r ce -de f l  e c t i o n  charac- 

t e r i s t i c  approaches t h e  compression envelope d u r i n g  s p r i n g  

compression, and 

4)  a  d e f l e c t i o n  cons tan t  f o r  ex tens ion,  a,, which descr ibes 

t h e  r a t e  a t  which t h e  f o r c e - d e f l e c t i o n  c h a r a c t e r i s t i c  A 

approaches t h e  ex tens ion  envelope d u r i n g  s p r i n g  extens ion.  

The compression and ex tens ion  envelopes can be ob ta ined  d i r e c t l y  

f rom most s p r i n g  f o r c e - d e f l e c t i o n  measurement p l o t s .  The compression 

and ex tens ion  envelopes o f  t h e  computer model represen t  hypo the t i ca l  

boundar ies w i t h i n  which t h e  suspension f o r ces  must remain d u r i n g  l a r g e  

amp1 i tude d e f l e c t i o n s .  F i gu re  I .3-1 shows bo th  envelopes as dashed 1  i nes  

superimposed on each p l o t  o f  f o r c e - d e f l  e c t i o n  measurements. Each p a i r  

o f  f o r c e - d e f l e c t i o n  envelope 1  i nes  a re  i n p u t  t o  t h e  PHASE 4 program as 

simp1 e  f o r c e - d e f l  e c t i o n  t a b l  es per  sp r i ng .  

The compression and ex tens ion  d e f l e c t i o n  constants  (6, and ae) 

which descr ibe  t he  r a t e  o f  compression/extension, can a l s o  be ob ta ined  

r e a d i l y  f rom most sp r i ng - f o r ce  measurement p l o t s .  R e f e r r i n g  t o  F i gu re  

1-3.2, 6, and B, a r e  de f i ned  as t h a t  amount o f  d e f l e c t i o n  needed t o  

produce a  63 percen t  r e d u c t i o n  i n  t he  d i f f e r e n c e  between t h e  present  

s p r i n g  f o r c e  and i t s  approaching envelope d u r i n g  compression and ex tens ion  

s t r o k i n g .  
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Figure 1.3-1. Rear tandem suspension force-deflection measurement. 





The assumption here is that the spring force at any given deflec- 

tion during stroking approaches its outer envelope in an exponential 

manner given by the relationship 

where 

i is the spring force at the current simulation time step 

Fi-l is the spring force at the last simulation time step 

'i is the spring deflection at the current simulation 

time step 

'i-I is the spring deflection at the last simulation time step 

is either the compression or extension envelope (depending 

upon whether the spring is compressing or extending) force 

corresponding to the current deflection, tii 

and 6 is either 8, or 6, (again depending upon whether the 

spring is compressing or extending). 

Clearly, no spring conforms perfectly to such an ideal representa- 

tion as given by Equation (I .3.1) . However, quite reasonable approximations 
to the kind of spring force-defl ection characteristics typically measured 

for heavy truck suspensions can be obtained using this model. As an 
example, consider Figure 1.3-3 which shows a comparison of spring force- 

deflection measurements for a mu1 ti-1 eaf front spring and spring force- 

deflection characteristics predicted by the spring envelope model using 
the following input data: 

= 1300 6 + 300 (lb) 
compress ion 

* )  Fenv = 1100 6 - 100 (lb) 
extension 





3) B, = 0.08 ( i n )  

4 )  8, = 0.076 ( i n )  

The compression and extension envelopes, items (1 )  and ( 2 )  (shown here 

as equations ra ther  than the tabular  form used by the PHASE 4 program), 

were selected in t h i s  example as the s t ra igh t - l ine  asymtotes bounding 

the upper and  lower portions of the measured data. The compression and 

extension parameters, B~ and B,, were selected t o  give the best overall 

f i t  to  the hysteresis  loops during stroking. 

The following data,  as described here and in Section 3.3.2, would 

be required by the PHASE 4 program t o  represent the spring force- 

deflection character is t ics  shown in Figure 1.3-3: 

0 2 no. of points i n  compression envelope table 

300. , 0.0 force versus deflection compression 

8100. , 6.0 envelope tab1 e 

0.08 compression deflection constant, B, 

02 no. of points in extension envelope table  

-100. , 0.0 I force versus defl ection extension 

6500. , 6.0 envelope tab1 e 

0.076 extension deflection constant, f ie  

Final l y ,  Figure I .  3-4 shows a suspension force-defl ection time 

history computed by the PHASE 4/Spring Envelope program during a sinusoidal 

s t ee r  ( lane change) maneuver. The plot shows both l e f t  and r igh t  suspen- 

sion forces fo r  a loaded tandem axle. B o t h  force/deflection time his tor ies  

s t a r t  from the s t a t i c  i n i t i a l  condition of 7000 I b  and 1.35 in. Each + 
and * are  0.1 second apart  in time. The to ta l  time interval shown here 

i s  about 3.5 seconds. 
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F i g u r e  1.3-4. PHASE 4 model c a l c u l a t i o n  f o r  a  loaded tandem a x l e .  



1.4 Tors iona l  Compliance i n  t he  T rac to r  Frame 

Previous work on t o r s i o n a l  compliance t r e a t e d  t h e  s t i f f n e s s e s  o f  

both t he  t r a c t o r  and t r a i l e r  frames. As a  r e s u l t  o f  t h a t  work, a  

spec ia l  ve r s i on  o f  t h e  Phase I 1  model was developed f o r  s tudy ing  the  

i n f l uences  o f  frame compl iances and r o l l  s t i f f n e s s e s  on t h e  yaw s t a b i l  i t y  

o f  commercial veh ic les .  

The spec ia l  model was employed i n  an NHTSA-sponsored s tudy e n t i t l e d  

"The Yaw S t a b i l  i t y  o f  T rac to r -Sem i t r a i l  e r s  Dur ing Corner ing.  " Examina- 

t i o n s  o f  t h e  r e s u l t s  o f  t h e  NHTSA study [38] i n d i c a t e  t h a t  t he  t o r s i o n a l  

s t i f f n e s s e s  o f  t h e  t r a i l e r  frames f o r  t y p i c a l  van and f l a t - b e d  t r a i l e r s  

a re  no t  p a r t i c u l a r l y  impor tan t  i n  de te rmin ing  yaw s t a b i l  i ty. Accord ing ly ,  

o n l y  t r a c t o r  frame compl iance ( i n  t o r s i o n )  i s  considered i n  t h e  f o l l o w i n g  

model. 

The conceptual  model i s  sketched i n  F igure  1.4-1 us ing  symbols 

de f ined  i n  Table 1.4.1 

I F i f t h  Wheel 
I C.G. o f  Sprung Mass Connection 

1 
i 
I 

i 

- -  
I 

+ SMY 

Suspension Frame Tors iona l  Ax is  
Reference Po in t  

Figure 1.4-1 



Table 1.4.1 

Sym bo 1  s  

$1 

hfr 

T~~ 

$ 2 ~  

SMY 

D e f i n i t i o n s  

t r a c t o r  sprung mass r o l l  ang le  

h e i g h t  o f  sprung mass c.g. above t h e  frame 
t o r s i o n a l  a x i s  

r o l l  moment t r a n s m i t t e d  t o  t he  t r a c t o r  sprung 
mass v i a  t h e  t o r s i o n a l  frame 

e f f e c t i v e  s t i f f n e s s  o f  t h e  t r a c t o r  frame 

v e r t i c a l  d i s t ance  between t o r s i o n a l  a x i s  
and f i f t h  wheel 

v e r t i c a l  d i s t a n c e  between t o r s i o n a l  a x i s  
and r e a r  suspension re fe rence  p o i n t  

l a t e r a l  f o r c e  on t h e  t r a c t o r  a t  t h e  f i f t h  wheel 

r o l l  moment on t h e  t r a c t o r  f rom t h e  t r a i l e r  
a t  t h e  f i f t h  wheel 

( -Tp) 

r o l l  ang le  a t  t h e  f i f t h  wheel 

l a t e r a l  f o r c e  on t he  t r a c t o r  sprung mass a t  
t h e  suspension re fe rence  p o i n t  

r o l l  moment f rom t h e  r e a r  suspension o f  t h e  
t r a c t o r  

r o l l  moment due t o  a u x i l i a r y  r o l l  s t i f f n e s s  
o f  t h e  r e a r  suspension o f  t h e  t r a c t o r  

h e i g h t  o f  t h e  f i f t h  wheel above t h e  sprung 
mass c.g. 

h e i g h t  o f  t h e  r e a r  suspension re fe rence  p o i n t  
below t h e  sprung mass c.g. , 

The equat ions d e s c r i b i n g  t h i s  system a r e  d e r i v e d  assuming t h a t  

r o l l  e q u i l i b r i u m  e x i s t s  about t h e  frame t o r s i o n a l  a x i s ,  t h a t  i s ,  



where - 
QI - hfr + '5 

- 
Q2 - 's2 - hfr 

M~~~ = c K ~ ~ i  ('axlei - 42c) 
rear ax1 es 

where 'ax1 ei is the roll angle of the ith rear axle 

and K~~ is the auxiliary roll stiffness of the ith rear axle 
i 

The moment, TpT, from the tractor on the trailer sprung mass is 
given by: 

TpT = -Tp' (P INY )P 1 - (SMY)Q2+ MSFf MAUX -TROLL 

The fol lowing equations are used to approximate the influence of 
the articulation angle, r, measured from the trailer's longitudinal 

axis to the tractor's longitudinal axis: 

where $2 is the roll angle of the trailer's sprung mass, 

T ~ T ~ ~ ~ ~  
= TpT cos r (acting on the trailer 

sprung mass in roll) 

T = TpT cos r (acting on the trailer 
P T ~  ITCH sprung mass in pitch) 

Note that the roll moment, TR, transmitted to the tractor sprung 
mass through the torsionally compliant frame is the sum of the tor- 
sional moment and the moment due to a lateral force equal to 
PINY + SMY, viz., 



The computer ized model de r i ved  from t h i s  conceptual  model uses 

a q u a s i - s t a t i c  technique i n  which t he  f o l l o w i n g  sequence o f  c a l c u l a t i o n s  

i s  employed: 

1 )  A t  t h e  end o f  an i n t e g r a t i o n  s tep,  maXle , 02, and r 
i 

are  a v a i l a b l e  t o  compute 42c, TROLL, and MAuX. 

2) PINY, SMY, and MSF a r e  eva luated as they were p r e v i o u s l y  

i n  T3DRS:Vl except m2, i s  used i n  p lace  o f  4,  where 

appropr ia te .  

3 )  T T , and T a r e  then c a l c u l a t e d  f o r  use i n  
R '  P T ~ ~ ~ ~  P T ~  ITCH 

t he  n e x t  i n t e g r a t i o n  s tep.  

Wi th  regard  t o  T3DRS:V1, t he  change descr ibed here i s  approx imate ly  

equ i va l en t  t o  removing t h e  so -ca l l ed  " f i f t h  wheel sp r ing ,  MC5," and 

i n s e r t i n g  a new spr ing ,  TCC, between t h e  r e a r  suspension of t h e  t r a c t o r  

and t h e  t r a c t o r  sprung mass. Wi th  r espec t  t o  r o l l  , t h e  r e a r  suspension 

o f  t h e  t r a c t o r  w i l l  be r i g i d l y  coupled t o  t h e  t r a i l e r  and e l a s t i c a l l y  

coupled t o  t h e  t r a c t o r ' s  sprung mass. 

For t h e  user  o f  PHASE 4, t h e  frame t o r s i o n a l  compliance model 

r equ i r es  two i n p u t  parameters, t h e  frame t o r s i o n a l  s t i f f n e s s  and t h e  

h e i g h t  o f  t h e  frame t o r s i o n a l  a x i s  above t h e  ground under s t a t i c  cond i -  

t i o n s .  The va lues o f  these parameters a r e  "echoed" i n  t h e  computer p r i n t  

o u t  nex t  t o  t h e  l a b e l s  "TRACTOR FRAME STIFFNESS" and "TRACTOR FRAME 

TORSIONAL AXIS HEIGHT," Note t h a t  these two parameters app ly  o n l y  t o  

t r a c t o r s  ( l e a d  u n i t s )  p u l l i n g  one o r  more t r a i l e r s ,  and should n o t  be 

entered f o r  t r u c k  o r  b o b - t a i l  t r a c t o r  c o n f i g u r a t i o n s  (VEHICLE 

CONFIGURATION parameter = 00). 



Steering System Model 

The steering system on a heavy truck plays a significant role in 
i t s  hand1 ing behavior as perceived by a driver. Though  the steering 
control i s  input a t  the steering wheel , the forces and compl iances in 
the system a l t e r  the steer angles obtained a t  the front wheels. The 
significance of the effect i s  seen in the fact  that the steering system 
has been identified as a major source of understeer on heavy trucks. In 
truck performance studies, the actual steer angles obtained may be only 
half that expected from the steering-wheel angle and gear rat io ,  due t o  
the action of these effects.  

In order t o  allow the user of the simulation t o  replicate these 
effects and apply steering control t o  the simulation in the more familiar 
form of steering-wheel angle, a steering system model has been added as 
an option in the program. 

The conceptual model ou t1  ined here i s  si'milar t o  a model developed 
by T.D.  Gillespie. (Reference: T.D.  Gillespie, "Front Brake Inter- 
actions with Heavy Vehicle Steering and Handling During Braking," SAE 

Paper No. 760025.) The work reported by Gillespie describes the addition 
of a quasi-static steering system model t o  the Phase I1 directional 
response program developed for MVMA. 

Figure 1.5-1 i l lus t ra tes  the distribution of compliances, torques, 
and angular displacements used in the conceptual model. As indicated in 
Figure I .  5-1, the steering wheel steers the l e f t  front wheel through a 
gear and a compliant element. The right front wheel i s  steered by the 
l e f t  front wheel through a compliant t i e  rod linkage. Clearly, the 
equations for the model are extremely simple i f  the torques are known, 
viz., 





where 

6sw = STEERING WHEEL ANGLE* (deg) 

G = STEERING GEAR RATIO* ( - )  

TSw 
= s t e e r i n g  wheel torque ( i n -1  b) 

KS S 
= STEERING STIFFNESS* ( i n - 1  b/deg) 

Ml f 
= l e f t  f r o n t  wheel to rque  ( i n - 1  b )  

= l e f t  f r o n t  wheel angle  (deg) 

Ktr = TIE ROD STIFFNESS* ( i n - l b / deg )  

'rf 
= r i g h t  f r o n t  wheel angle  (deg) 

Mrf = r i g h t  f r o n t  wheel to rque  ( i n - 1  b) 

Typ ica l  values o f  KSS and Ktr f o r  heavy t r ucks  range from 

5,000 t o  10,000 in -1  b/deg and 10,000 t o  20,000 i n -1  b/deg, 

r e s p e c t i v e l y .  

*Parameters r equ i r ed  i n  t he  s imu la t i on  i npu t .  

The torques developed a t  each k i ngp in  a r e  t he  r e s u l t  of t h e  fo rces  

and moments exer ted  on t he  t i r e s .  The k i ngp in  a x i s  i s  assumed v e r t i c a l  

i n  t he  model, hence t h e  major components c o n t r i b u t i n g  t o  t he  torque a re  

those shown i n  F i gu re  1.5-2. By SAE convent ion,  t he  fo rces  and moments 

a c t i n g  on a  t i r e  a re  measured a t  t he  cen te r  o f  t i r e  con tac t ,  which l i e s  

v e r t i c a l l y  under t he  wheel a x i s  a t  the  l a t e r a l  c e n t e r l i n e  o f  t he  t i r e .  

Long i t ud ina l  fo rces  on the  t i r e s  produce torques i n  p ropo r t i on  t o  t h e  

LATERAL OFFSET OF STEERING A X I S ,  ym, between the  cen te r  o f  t he  t i r e  and 

t h e  k i ngp in  ax i s .  The LATERAL OFFSET i s  de f ined  as the d is tance  measured 

a t  t he  ground p lane and t h e r e f o r e  depends on t he  l o c a t i o n  o f  t h e  k i ngp in  

a x i s  r e l a t i v e  t o  the  wheel and t he  k i ngp in  i n c l i n a t i o n  angle  i n  t h e  

l a t e r a l  d i r e c t i o n .  The o f f s e t  i s  p o s i t i v e  when the  wheel cen te r  f a l l s  

ou t s i de  of t h e  k i ngp in  ax i s .  L a t e r a l  fo rces  produce torques i n  propor-  

t i o n  t o  t h e  l o n g i t u d i n a l  d i s tance  ( o f t e n  c a l l e d  t he  MECHANICAL TRAIL), xm, 

between t he  cen te r  o f  t h e  t i r e  and the  k i ngp in  ax i s ,  as measured a t  t he  





ground plane. The MECHANICAL TRAIL derives from caster angle on the 
axle, and l ike the caster,  i s  positive when the kingpin axis f a l l s  
ahead of the t i r e  center. The aligning torques translate directly as 
torques about the kingpin. 

Using the convention for the positive forces and torques shown in 
the figures, the equations for the torques about each kingpin are: 

where the subscripts r and 1 mean right and l e f t  sides of the vehicle, 
respectively; 

AT = t i r e  a1 igning torque ( i n - 1  b)  

F~ 
= t i r e  lateral force ( I b )  

F = t i r e  longitudinal force ( I b )  
X 

xm = MECHANICAL TRAIL (due t o  caster angle and steering 
axis location) ( i n )  

= LATERAL OFFSET of the steering axis (due to kingpin 
Ym inclination and location) ( in )  

During braking maneuvers, the reaction of the brake torque on the 
front axle i s  absorbed by the suspension springs. The forward roll o f  

the axle associated with the wrap-up of the springs reduces the caster 
angle and hence the MECHANICAL TRAIL. The effect i s  modeled as a 1 inear 
function of brake torque by the equation 

where 

x,( t )  = the instantaneous MECHANICAL TRAIL 

xm = in i t ia l  MECHANICAL TRAIL (entered as input) 

T ~ ~ , T ~ ~  = l e f t  and right brake torques 

Kw = TORSIONAL WRAP-UP STIFFNESS 

t = t i r e  radius 

8 = vehicle pitch angle 

34 1 



The TORSIONAL WRAP-UP STIFFNESS i s  de f i ned  as t h e  t o t a l  a x l e  brake 

to rque  r e q u i r e d  t o  reduce t h e  MECHANICAL TRAIL by one i n c h  measured i n  

t he  ground plane. The s t i f f n e s s  i s  always p o s i t i v e  i n  s ign .  A 

reasonable va lue  f o r  t h i s  s t i f f n e s s  i s  n o t  r e a d i l y  a v a i l a b l e ,  b u t  can be 

est imated, knowing t h e  f r o n t  suspension s t i f f n e s s  and t h e  l e n g t h  o f  t he  

f r o n t  spr ings,  us i ng  t he  equa t ion  

where 

KS 
= nominal s t i f f n e s s  o f  each f r o n t  s p r i n g  ( I  b / i n )  

= s p r i n g  l e n g t h  ( i n )  

R t  = t i r e  r ad ius  

For example, on a f r o n t  suspension w i t h  50- inch f r o n t  sp r ings  hav ing a 

r a t e  o f  1200 l b / i n  and a t i r e  r a d i u s  o f  20 inches 

The computer ized model de r i ved  from t h i s  conceptual  model operates 

us ing  a q u a s i - s t a t i c  technique i n  which values o f  T B y  AT, F , and Fx 
Y 

from the  p rev ious  t ime  s tep  i n  t h e  d i g i t a l  c a l c u l a t i o n  a r e  used t o  com- 

pute f ront -wheel  s t e e r  ang le  d e v i a t i o n s  f o r  t h e  " c u r r e n t "  t ime.  Thus 

t he  f ront -wheel  s t e e r  angle  a t  any t ime  i n  t h e  c a l c u l a t i o n  i s  t h e  at tempted 

s t e e r  ang le  (s teer ing-wheel  ang le  d i v i d e d  by s teer ing -gear  r a t i o )  p l u s  

t he  d e v i a t i o n s  a t  each wheel due t o  t h e  s t e e r i n g  model and due t o  r o l l  

s t e e r  e f f e c t s .  

Closed-Loop Operat ion w i t h  a  S tee r i ng  System 

Dur ing  c losed- loop  ope ra t i on  w i t h  a  s t e e r i n g  system, t h e  PHASE 4 

mode1 assumes t h a t  t h e  f ront -wheel  angle,  dFN, r e t u rned  by t h e  s t e e r i n g  

c o n t r o l l e r ,  i s  equal t o  t he  average o f  t h e  l e f t  and r i g h t  f r o n t  wheel 

angles,  slf and dr f ,  o r  



Since the l e f t  and r ight  front  wheel angles a r e  related t o  the 

steering-wheel angle, a,,, and torques, M I  f, M r f ,  by Equations ( I .  5.1 ) 

and ( I . 5 . 2 ) ,  Equation (1.5.3) can be written as 

and, together with Equation ( I  .5.1) , define the required closed-loop 

steering-wheel angle as 

The l e f t  and r ight  f ront  wheel angles then become 

The steering-wheel angle calculated by Equation ( I .  5.5) and the 

front  wheel angles, Equations ( I  .5 .6 ) ,  ( I  .5 .7) ,  appear on the Truck/ 

Tractor Sprung Mass Velocity and Accel erat ion o u t p u t  pages during closed- 

loop operation with a steering system. 



I .  6 Brake Hysteresis O p t i o n  

Brake torque-1 ine pressure hysteresis characteristics are frequently 
encountered in heavy truck a i r  brake systems, particularly i n  cam- type 
actuation mechanisms [ I l l .  Although brake hysteresis may not be of 

significance under low 1 eve1 or normal braking conditions, moderate t o  
large levels of hysteresis can be important under emergency braking con- 
dit ions involving antiskid wheel cycling, leading to significant reduction 
in braking performance [22]. 

Brake torque measurements [ l l ]  have shown that  torque-pressure 
hysteresis levels can depend on whether or n o t  wheel lock occurs during 
a torque-pressure cycle. Figure I .6-1 i l  lustrates  th i s  point. 

Brake 1 
Torque 

With Wheel Lock 

ithout Wheel Lock 

Brake Pressure 

Figure 1.6-1 . Brake torque-pressure hysteresis characteristic.  



I n  order to simulate this  hysteresis behavior for both wheel lock 

and rolling wheel return loops, the PHASE 4 program employs a computer 
algorithm which reproduces the brake torque-pressure hysteresis charac- 
t e r i s t i c s  shown in Figure 1.6-2. Under this  option, the nominal brake 

torque-pressure tab1 e (or 1 inear brake torque coefficient representation) 
i s  modified by two basic parameters, H Y  and HYL, which act as simple 
m u 1  t i p 1  iers  of the nominal torque-pressure table during the pressure 
reduction return loop. H Y  acts during a roll ing-wheel return; H Y L  acts 
during a locked-wheel return. 

Three remaining parameters, RESID, RESBRK, and H Y 2  are used to 
adjust the hysteresis characteristic in the low pressure range of 
operation. RESID (in-1 b )  represents the residual brake torque a t  zero 
pressure ("y-intercept") during a return loop. RESBRK (ps i )  i s  the 
brake pressure 1 eve1 (break-point) below which the brake torque diminishes 
very rapidly during a return loop .  And, H Y 2  (in-1 blpsi) i s  the 
corresponding slope of brake torque t o  pressure below the RESBRK break- 
point value. These five parameters permit a versati le means of repre- 
senti ng most brake torque-pressure hysteresis characteris t i c s  within the 
PHASE 4 program under this  option. 

To use the brake hysteresis option in the PHASE 4 program, a non-  
zero value for the global hysteresis key, KHYST, must f i r s t  be entered 
immediately following the truck/tractor front axle BRAKE TORQUE parameter, 
Section 3.3.6. This key signals the program that the brake hysteresis 
option i s  in effect and that hysteresis parameters need t o  be read for 
each brake. Following this  key and each subsequent BRAKE TORQUE 

parameter on the vehicle t ra in,  a 1 ine of ten brake hysteresis parameters 
(10F8.2 format) need to be entered. The f i r s t  five parameters on this  
l ine correspond t o  the l e f t  side values of HY, HY2, RESBRK, RESID, and 
H Y L .  The next five for the corresponding right side values. If no right 
side values are entered, their  values are equated internally t o  those values 
entered for the l e f t  side. Also, i f  no hysteresis characteristic i s  
desired on  a particular brake on the vehicle t ra in,  the l ine must s t i l l  
be entered b u t  a simple 0 .0  entry for H Y  will cause the program t o  ignore 
the hysteresis calculations for that brake. 



Slope, 
HYL = L 

Slope 

Brake 
Torque 

Wheel Lock Path  

Nominal Brake Torque- 
Pressure Tab le  

RESBRK Brake Pressure  

F i g u r e  1.6-2. Brake h y s t e r e s i s  a l g o r i t h m  and d e f i n i t i o n  o f  i n p u t  
parameters:  HY, HY2, RESBRK, RESID, and HYL. 



1.7 Brake Proportioning Option 

The brake proportioning option offered in the PHASE 4 program 
allows the user to proportion any brake on the vehicle train with any 
of the following "sensor" variables: ( 1 )  vertical t i r e  load, ( 2 )  

suspension deflection, or ( 3 )  vehicle deceleration. In addition, the 

brake proportioning program can simulate more conventional pressure- 
dependent proportioning val yes. 

Figure 1.7-1 describes the basic features of the proportioning 
model. Two "valves" or user-defined tables (Treadle Table and Valve 
Tabl e in Figure I .  7-1 ) control the operating characteristics of the 
brake proportioning system. The Treadle Table accepts treadle pressure 
as input and generates the output pressure, Pou t .  Pou t  i s  then mu1 t i -  
plied by a programed gain factor, K.  K i s  determined by the user-defined 
characteristics of the Valve Table and one of i t s  three optional inputs: 
vertical load, suspension deflection, or vehicle deceleration. The 
product of Pout  and K ,  Pb, i s  then used as input to the brake chamber 
pressure calculation, which in turn i s  then supplied t o  the brake torque 
tab1 e/or model . 

The particular variable input t o  the Valve Table, V I p R O y  i s  
selected by the numerical value entered for the proportioning key, IPRO 
( 1 ,  2 ,  or 3 ) .  If IPRO i s  entered as 0, brake proportioning i s  ignored 
for that brake. 

Conventional brake proportioning values that are dependent u p o n  

demanded ( t readle)  pressure alone can be simulated by the following 
procedure. Define K (Valve Tabl e )  as unity (1 .0 )  over a range of values 
encompassing a1 1 possible excursions by the selected input variable 
(vertical load, suspension deflection, or vehicle deceleration), and 
then define the desired pressure-dependent gain relationship using the 
Tread1 e Tabl e. 

If the suspension deflection proportioning option i s  selected 
(IPRO=2), one additional parameter must be specified: spring rest  length, 
SPRING0 , in inches. Since the PHASE 4 program internally calculates 
deflections from the s t a t i c  load condition, entry of  the SPRINGfl parameter 



A A A  
II II II 

aJ c 
7 3 
u Ln- 
5 w  e 
aaJ I- 
L L a  
+a-  



permits the program user t o  design a deflection proportioning system 
using zero spring deflection ( f u l l  compression) to SPRINGfl ( r e s t  length) 
as an x-abscissa variable, rather than deflection from the s t a t i c  load 
condition. 

For example, consider a front tractor spring (s t i f fness  = 1000 1 b/in) 
a t  a s t a t i c  load of 5000 l b  (one side) and rest  length, SPRINGD, speci- 
fied as 10 inches. If the brake gains were previously selected t o  pro- 
portion the vehicle a t  the s t a t i c  load condition, the following Valve 
Table would provide near optimal proportioning for this  brake a t  other 
load conditions (providing other brakes on the vehicle are 1 i  kewise 
proportioned). 

Valve , 

0 5 1 '0 Spring Deflection ( i n )  



A s e x p l a i n e d  i n s e c t i o n  3 .3-6,  t h e b r a k e p r o p o r t i o n i n g o p t i o n  

i s  a c t i v a t e d  by e n t r y  o f  a  non-zero va lue  f o r  t h e  g l oba l  brake pro-  

p o r t i o n i n g  key, KPROP ( I 1  fo rmat ) ,  immediate ly  f o l l o w i n g  t he  g l oba l  

brake h y s t e r e s i s  key, KHYST, e n t r y .  Brake p r o p o r t i o n i n g  da ta  must 

then be en te red  f o r  each brake on t h e  v e h i c l e  t r a i n .  Brake p r o p o r t i o n i n g  

da ta  f o l l o w s  t h e  KPROP key f o r  t h e  t r u c k / t r a c t o r  f r o n t  a x l e  and any 

h y s t e r e s i s  i n p u t  da ta  f o r  a11 remain ing brakes on t h e  v e h i c l e .  ( I f  t h e  

h y s t e r e s i s  o p t i o n  i s  n o t  i n  use, brake p r o p o r t i o n i n g  da ta  f o l l o w s  each 

BRAKE TORQUE c o e f f i c i e n t  parameter.  ) 

E n t r y  o f  brake p r o p o r t i o n i n g  da ta  f o r  each brake ( l e f t  and r i g h t )  

must conform i n  o r d e r  and fo rmat  t o  t he  f o l l o w i n g .  



Format 

f 0 => No proportioning, t h i s  brake \ 

1 => Vertical load proportioning 
IPR0 ' 2 => Suspension deflection proportioning \ I1 

3 => Longitudinal deceleration proportioning 

** The following data i s  entered only i f  IPRO > 0 ** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NT1 ( # of pairs  in Treadle Table I2 

1 

) 2F10.2 
each l i ne  

1 

NT2 ( #  of pairs  in Valve Table ) I2 

Valve Table 

\ 

2F10.2 
each l i ne  

I 

**(Springfl only i f  IPRO = 2)** **F10.2** 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Then, 

Repeat fo r  r igh t  side,  same axle ,  

beginning with, 

IPRO 



1.8 Non l inear  T i r e  A1 i g n i n g  Torque Model 

The n o n l i n e a r  t i r e  a1 i g n i n g  to rque  model desc r ibed  here can o n l y  

be used w i t h  t h e  n o n l i n e a r  t i r e  t a b l e  lookup o p t i o n  o f  t h e  PHASE 4 

program. The purpose of t h i s  model i s  t o  extend t h e  a p p l i c a b i l i t y  o f  

t h e  simp1 i f  i e d  1  i n e a r  t i r e  a1 i g n i n g  t o rque  r e p r e s e n t a t i o n  t o  a  w ider  

range o f  ope ra t i ng  cond i t i ons .  A t y p i c a l  passenger c a r  t i r e  p l o t  o f  

a l i g n i n g  torque,  M,, as a  f unc t i on  o f  t i r e  s i d e s l i p  angle ,  a, i n  t h e  

presence o f  b rak i ng  i s  shown i n  F i gu re  1.8-1 p2 1. Since few heavy 

t r u c k  t i r e  measurements o f  a  s i m i l a r  n a t u r e  a re  a v a i l a b l e ,  i t  i s  assumed 

here t h a t  a1 i g n i n g  to rque  c h a r a c t e r i s t i c s  o f  heavy t r u c k  t i r e s  behave 

s i m i l a r l y .  

In o r d e r  t o  reproduce t h i s  bas ic  shape, and a l s o  account f o r  

changes due t o  v e r t i c a l  l o a d  and brak ing,  t h e  non l i nea r  a1 i g n i n g  to rque  

model used i n  t h e  PHASE 4 program i s  c a l c u l a t e d  by t h e  f o l l o w i n g  

where 

'at i s  t h e  1  i n e a r  a1 i g n i n a  t o rque  c o e f f i c i e n t  ( i n - 1  b/deg) 
( A L I G N I N G  MOMENT i n p u t  parameter)  

3 i s  t he  p a r t i a l  d e r i v a t i v e  o f  normal ized c o r n e r i n g  a a s  f o r c e  w i t h  r espec t  t o  s ides1 i p  ang le  eva lua ted  a t  
t h e  s t a t i c  l o a d  c o n d i t i o n  ( o r  C a / N s y  l i n e a r  co rner -  
i n g  s t i f f n e s s  normal ized by t he  s t a t i c  l oad )  

s i s  t h e  s t a t i c  t i r e  l o a d  

i s  t h e  t i r e  l o n g i t u d i n a l  t r a c t i o n  f o r c e  ( p o s i t i v e  
f o r  b rak i ng  here)  

N  i s  t h e  ins tantaneous v e r t i c a l  t i r e  l o a d  

4 i s  t h e  t i r e  l a t e r a l  t r a c t i o n  f o r c e  

1  i s  t h e  c o e f f i c i e n t  o f  brake f o r c e  which descr ibes  
t h e  f i r s t - o r d e r  i n f l u e n c e  o f  brake f o r c e  on t h e  
pneumatic t r a i l  ( i n 1 1  b)  



F igu re  1.8-1. Typ ica l  t i r e  a1 i g n i n g  torque measurement i n  
t h e  presence o f  b rak ing .  



'2 "3 are parameters whose ra t io  define the saturation 
level of aligning torque a t  large t i r e  s idesl ip  
angles in the presence of longitudinal braking 
or traction. I n  the absence of braking or t ract ion,  
C3 determines the rate  of decay of aligning torque 
for large s l i p  angles ( r ad ) -1 .  

and C4 i s  a sensi t ivi ty  coefficient used t o  describe any 
additional aligning torque variations deriving from 
changes in vertical t i r e  load (away from the s t a t i c  
load condition) no t  already accounted for by 
accompanying F variations with load. 

Y 

Figure 1.8-2 further describes these parameters and how they 

influence the basic shape of the plot shown in Figure 1.8-1. Figure 

1.8-2 shows two aligning torque curves: ( a )  one with no braking force 

present (Fx = 0) and  ( b )  one with that  amount of brake force t o  reduce 

the free-rol 1 i ng pneumatic t r a i l  , 

by one half. 

The nonlinear t i r e  a1 igning torque model i s  keyed in the PHASE 4 

program, as explained in Section 3.3.3.1, by entry of  a negative 

ALIGNING MOMENT coefficient,  C a t ,  in conjunction with the nonl inear 

cornering s t i f fness  lookup-table t i r e  option. (The absolute value of 

the negative C a t  entry, 1 - C a t /  i s  actually used in the nonlinear 

a1 igning torque calculation described above. ) The next 1 ine (or  card) 

entered should contain the four nonl inear a1 igning torque curve f i t  

parameters C 1 ,  C2, C g ,  and C 4 ,  described above. The curve f i t  parameters 

are  entered in (8F10.2) format, the f i r s t  four for the l e f t  side t i r e ,  

the second four for the right side. If no right side parameters are  

entered, they are equated internally t o  those values entered for the l e f t  

side. 
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