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The computer simulation program described in t h i s  manual i s  
derived from computer-based mathematical models f o r  trucks and t r ac to r -  

t r a i l e r s  developed since 1971 a t  the Highway Safety Research I n s t i t u t e ,  
The University of Michigan. The models were developed in conjunction 
with e a r l i e r  computer simulation programs originated in the Motor Truck 
Braking and Handling Research Program sponsored by the Motor Vehicle 

Manufacturers Association. The opportunity t o  consol ida te  the e a r l i e r  
programs in to  a s ingle  program capable of representing vehicles from 
trucks t o  t r i p l e s  combinations was provided by the Federal Highway 
Administration under the  project  "Simulation of Effects  of Increased 
Truck Size and Weight." Portions of the program revisions were per- 
formed by Dr. James Bernard and Mr. Marty Vanderploeg of Michigan S ta te  
University. 
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' 1.0 G E N E R A L  INFORtitATION 

1 . 1  Purpose of the Manual 

This document i s  a  User 's  ftlanual f o r  the computer-based mathematical 

simulation program e n t i t l e d  "Truck and Tractor-Tra i ler  Dynamic Response 

Simulation - T3DRS:VlU developed in 1979 by the Highway Safety Research 

I n s t i  tute/Universi ty  of Michigan. This manual provides an introduction t o  
the  simulation program with a  descr ip t ion  of i t s  external c h a r a c t e r i s t i c s  
s u f f i c i e n t  f o r  a user t o  submit a  run and i n t e r p r e t  the output obtained. A 

separa te  Programmers Manual describes the in ternal  function of the program 

in terms of i t s  flow and the various subroutines used. 

1.2 Backaround 

Since 1971, the HSRI has been conducting research under the sponsor- 

sh ip  of the Motor Vehicle Manufacturers Association ( M V M A )  t o  develop 

computer-based methods f o r  analyzing and predict ing the d i rec t ional  and 

braking response of commercial motor vehicles.  The i n i t i a l  phase of t h i s  
research dea l t  with modeling the braking performance of commercial vehicles 

and was reported in Reference [ I ] *  (Phase I ) .  The second phase extended 

vehicle modeling t o  allow f o r  d i rec t ional  response and was reported in 

Reference [2] (Phase 11) .  The continuation of research in to  braking perfor- 

mance led t o  addit ional  refinements in tile braking simulation which were 

reported in Reference [3] (Phase 1 1 1 ) .  I n  t o t a l ,  t h i s  research under the 

auspices of MVMA 1 ed t o  four separa te  computer simulation models : 

*St ra igh t  Truck Braking Model (Phase I & 111) 
-Tractor-Tra i ler  Braking Model (Phase ! & 111) 

*St ra igh t  Truck Directional Response Model (Phase I I )  

Tractor-Trai 1 e r  Directional Response Model (Phase I I )  

Though a l l  programs evolved from the same approach to  vehicle modeling, 
separa te  programs were prepared and mai ntai ned. 

In 1977-73, the Federal Highway Administration ( F H W A )  contracted with 
the HSRI t o  obtain braking and d i rec t ional  response simulations of trucks 

*Cited References are  l i s t e d  in Section 6 . 0  o f  t h i s  Manual. 



and t r a c t o r - t r a i l e r s  of the form of the Phase I ,  11, and I11 models. Re- 

quirements t o  add one o r  two f u l l  t r a i l e r s  (doubles and t r i p l e s )  t o  the 

tractor-semi t r a i  l e r  model were cause f o r  reformulating the computer simula- 

t ion  model f o r  the purposes of :  

*Consolidating a l l  vehicle combinations in to  one program 

Improving the i  nput/output format 

*Simplifying the model t o  include only the most relevant 

aspects as determined from the intervening research 

That work led t o  the new simulation program using the same model. 

The program, described here,  i s  designated as "The Truck and Tractor-Trai l e r  

Dynamic Response Simulation - T3DRS:Vl." Any subsequent changes to  t h i s  
program wil l  be designated by a change in Version number. 

1.3 Engineering Units 

Throughout the T3DRS:Vl program, the English system of units  i s  used. 

With the exceptions l i s t e d  below, a l l  input data a re  given in units  of 

pounds, inches, degrees and seconds. Masses and weights are in uni ts  of 

pounds, with a gravi ta t ional  constant of 386 in/sec/sec assumed. The uni ts  
f o r  input data parameters a re  defin.ed in the input data echo. 

Exceptions: 

1 )  Input for  the i n i t i a l  velocity i s  given in uni ts  of f t / s e c .  

2 )  Input describing t r a j ec to ry  points f o r  the path-fol lower 

s teer ing  mode a re  defined in terms of f e e t  l a t e r a l  versus 
f e e t  longitudinal , 

3)  Longitudinal and l a t e ra l  road slope i s  defined in percent 

grade (Ri se/Run) . 
4) Certain tandem-axle parameters a r e  described in units  of 

percent . 
O u t p u t  data units  a re  defined on the printed output pages. In general,  

the same units  a re  used throughout, although the vehicle pos i t ion ,  veloci ty 

a n d  accelerat ion variables use the length dimensional un i t  of " f t . "  



1  .4 Computer Requi remen t s  

The T3DRS:Vl program i s  w r i t t e n  f o r  use on any l a r g e - s c a l e  computer 

system, and r e q u i r e s  o n l y  one i n p u t  and one o u t p u t  dev i ce .  The source code 

i s  i n  l e v e l - G  F o r t r a n  I V  language, w i t h  600,000 b y t e s  o f  memory r e q u i r e d  

f o r  l o a d i n g .  Suppor t  s o f t w a r e  must  i n c l u d e  t h e  I B M  S c i e n t i f i c  S u b r o u t i n e  

Package (HPCG, SMPY, LOC, GMPRD and GMADD) . 
Copies o f  t h e  program a r e  a v a i l a b l e  t o  t h e  p u b l i c  by c o n t a c t i n g  t h e  

P h y s i c a l  Fac to rs  D i v i s i o n ,  Highway S a f e 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  Mich igan,  Huron Parkway and B a x t e r  Road, Ann Arbo r ,  M i c h i g a n  48109. 



2.0 APPLICATION 

2.1 Description of the Program 

The T3DRS:Vl program i s  a time domain mathematical simulation of a 
truck/tractor,  a semitrailer and up t o  two ful 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 d i g i  ta1 integration. 

The program i s  written in a generalized fashion to  allow simulation 
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 ractor ,  both of which may carry payload. As a 
single unit with no payload, i t  i s  equivalent to an empty truck or bobtail 
tractor.  With payload, i t  i s  a truck, which, with a semitrailer as well, 
simulates a car hauler, dromedary t ractor ,  etc. The second unit i s  always 
a semitrailer ( i . e . ,  current models do not include a truck with full  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 
ei ther  a fixed or converter dolly. Separate payload may be specified for  
each t r a i l e r .  

The truck/tractor u n i t  i s  distinguished by the fac t  that  i t  can have 
only a single front axle w i t h  single t i r e s ,  and can be arb i t ra r i ly  steered. 
All other axles on the vehicle ambination can be represented as single or 
tandem axles with single or dual wheel sets .  

The mathematical model (see Appendix E )  incorporates u p  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 rotational) 
for the truck/tractor sprung mass 

-Three degrees of freedom for  the semitrailer (the three other 
degrees of freedom of the semi t r a i  1 e r  are effectively el iminated 
by dynamic constraints a t  the hitch) 

*Five degrees o f  freedom for  each of the two ful l  t r a i l e r s  
a1 1 owed .. 





*Two degrees of freedom (vertical and r o l l )  for each of the 13 
ax1 es a1 1 owed 

*A  wheel rotational degree cf freedom for each of the 26 wheels 
a1 lowed 

The motion of each of the sprung masses i s  determined from the summa- 
tion of forces and moments upon i t  arising from the t i r e s  (acting through 
the unsprung mass of the axle and suspension), gravity and the hitch point 
constraints. Small angle assumptions are made in the derivation of the 
mathematical equations so that the simulation can be validly applied only 
up t o  a maneuver 1 imit a t  which wheel 1 if t-off occurs. 

2 . 2  Uses of the Program 

The great versati 1 i ty of the T3DRS: V1 program in representing commer- 
cial vehicle types and components in steering and braking maneuvers gives 
i t  great u t i l i t y .  As indicated previously, i t  can be used t o  simulate the 
following vehicle configurations: 

Straight truck, empty and loaded 

Bobtai 1 tractor 

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

Tractor-semitrailer-full t r a i l e r  (5 t o  9 axles) ,  empty and 
1 oaded 

Tractor-semi t rai ler-ful l  t ra i  ler-full t r a i l e r  (7  t o  13 axles),  
empty and loaded 

For simul ation of braking performance, the program incorporates state- 
of-the-art representation of truck a i r  brake systems, anti1 ock wheel con- 
trol systems and t i  re-road fr ic t ion model s .  Typical examples of braking 
studies for which i t  can be or has been used are: 

1 )  Stopping distance performance . 

2 )  Effects of brake timing 





3 )  Dynamic behavior in braking 

4) Comparisons of ant i lock wheel control logic 

5 )  Influence of t i re-road f r i c t i o n  coupling 

6 )  S p l i t  f r i c t i o n  surfaces 

7 )  Brake proportioning 

8 )  Tandem-axle e f f e c t s  on braking l imi t s  

For simulation of cornering performance behavior, the program i ncor- 

porates s ta te-of- the-ar t  representat ions of truck t i  r e  l a t e r a l  force charac- 

t e r i s t i c s  ( w i t h  ro l l  -off e f f e c t s  during combined braking), and vehicle 
suspension propert ies  of s ignif icance t o  cornering behavior. Typical 
examples of s tudies  involving cornering a re  as f o l l  ows: 

1 ) Understeer/oversteer propert ies  of commerci a1 vehicles 

2 )  Determining cornering 1 imi t s  

3)  Assessing tandem-axle e f f e c t s  on cornering 

4 )  Jackknife prediction 

5 )  Effects  of suspension propert ies  on cornering and 
cornering 1 imi t s  

6 )  Accident simulation 

I n  addit ion t o  the above, the  program can be operated open-loop (de- 
f ined s t e e r  angle inputs)  or closed-loop (defined path i n p u t ) ,  and 3n  roads 

of specif ied grade or cross-slope. 

2.3 Opera t i  on 

Operation of the T3DRS:Vl program i s  accomplished by submission of 
the necessary job control ins t ruc t ions  followed by a l i s t  of input parameters. 
The spec i f i c  job control ins t ruc t ions  required a re  dependent on the u s e r ' s  

computer system and whether batch or  remote job entry i s  being used. How- 
ever,  the input parameter l i s t  i s  common to  a l l  and i s  described in Section 
3 .0  of t h i s  Manual. 



The program commences by reading the input 1 i s t  containing parametric 

data describing the vehicle configuration,  i n i t i a l  conditions, s teer ing 

and braking inputs ,  the output desired,  and the road conditions. As i n p u t  
data i s  read, the data i s  normally "echoed" as the f i r s t  pages of output. 

A t  the completion of the i n p u t  read process, the program calcula tes  neces- 

sary propert ies of the to ta l  vehicle combination and pr in ts  a page of output 

containing a summary of those vehicle propert ies.  The program then " runs , "  

solving the d i f f e r en t i a l  equations of  motion fo r  the vehicle unt i l  the 
vshicle reaches a f u l l  s top,  a defaul t  s top (such as r o l l ove r ) ,  or u n t i l  

the designated maximum simulation time i s  reached. At various points during 
the run, simulation output i s  pr in ted,  which ( a t  the option of the user)  

may include time-based values f o r  the vehicle motion var iables ,  t i r e  forces 

a t  each axle ,  braking conditions on each axle ,  t i r e  cornering condit ions,  

and the suspension motions and forces .  

2.4 Validity_ 

The val idi  ty of T3DRS: V 1 ,  1 i ke any computer program, i s  dependent on 

the accuracy and execution of program statements, the capabi 1 i t i e s  of the 

simulation models, and the qual i ty  of the vehicle and maneuver descript ions 

defined by the input data.  

Every e f f o r t ,  of course, i s  made to  ensure that  the program statements 

are  correct  and r e su l t  in solution of the problem to a reasonable level of 

precision.  The time steps have been selected so tha t  round-off and trunca- 
tion e r ro rs  do not substant ia l  ly influence the precision of the calculated 

r e su l t s .  Nevertheless, i f  programming e r ro rs  a re  discovered, the user 

should contact the Physical Factors Division, Highway Safety Research In s t i -  

t u t e ,  The University of Michigan, Ann Arbor, Michigan. 

The modeling used in the simulation i s  e f fec t ive ly  s ta te -o f - the -a r t ,  
ref lec t ing the most pract ica l  approaches to  mathematical representation of 
commercial vehicles f o r  braking and handling s tudies .  Over the years ,  
modeling has grown more in sophis t ica t ion than in d e t a i l .  For example, 
ear ly  models fo r  truck brake systems extending t o  mechanical de t a i l s  within 
the individual brakes have proven no more capable of predicting braking 

performance than the "black box" representation as a pressure-i n p u t ,  torque- 
output device. Hence, the l a t t e r  approach i s  used in T3DRS:V1, w i t h  a 



s u b s t a n t i a l  s a v i n g  i n  t h e  c o m p l e x i t y  a s s o c i a t e d  w i t h  unde rs tand ing  and 

u s i n g  t h e  s i m u l a t i o n ,  Wi th  n e a r l y  eve ry  component model used i n  t h e  simu- 

1  a t i o n ,  t h e r e  a r e  i n s t a n c e s  where more mode l ing  d e t a i  1s would be a p p r o p r i a t e  

f o r  t h e  s t u d y  a t  hand; y e t ,  p r o v i s i o n  f o r  eve ry  i n s t a n c e  wou ld  r e s u l t  i n  a  

s i m u l a t i o n  f o r  wh ich  t h e  i n p u t  d a t a  requ i rements  would be un tenab le .  To 

some e x t e n t ,  these needs a r e  p r o v i d e d  f o r  i n  T3DRS:Vl by a1 l o w i n g  o p t i o n a l  

use o f  l ookup  t a b l e s ,  i n  l i e u  o f  a  s i n g l e  numer i ca l  parameter ,  as means t o  

d e s c r i b e  component c h a r a c t e r i s t i c s  i n  more d e t a i  1  when needed. 

F i n a l  ly,  t h e  u l t i m a t e  d e t e r m i n a n t  o f  v a l  i d i  t y  i s  t h e  u s e r - s u p p l i e d  

i n p u t  d a t a  and t h e  i n t e r p r e t a t i o n  a p p l i e d  t o  t h e  r e s u l t s .  P r o p e r l y  used, 

t h e  program i s  capab le  o f  v a l i d l y  p r e d i c t i n g  most aspects  o f  b r a k i n g  p e r f o r -  

mance and d i r e c t i o n a l  response i n  maneuvers up t o  t h e  l i m i t s  of wheel l i f t -  

o f f .  I n  t h e  s p e c i a l  case where a  d i r e c t  compar ison 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  i n tended ,  an i t e r a t i v e  process  i s  o f t e n  

i n v o l v e d  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 e v e a l  unexpected 

d i f f e r e n c e s ,  which,  when examined, a r e  t r a c e d  t o  i n a c c u r a c i e s  o r  e r r o r s  i n  

t h e  expe r imen ta l  measurements o r  program i npu t .  F o r t u n a t e l y ,  t h e  usefu lness  

o f  t hese  s i m u l a t i o n  programs a r e  n o t  dependent on e v e r y  u s e r  g o i n g  th rough  

t h e  same process .  I n  most a p p l i c a t i o n s ,  t h e  u s e r  can assume, f o r  example, 

a  g i v e n  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  per formance 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  e q u i v a l e n t  t o  any 

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

d e r i v e s  n o t  from a b s o l u t e  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 t u d y i n g  g e n e r a l -  

i z e d  performance and s e n s i t i v i t y  o f  per formance t o  t h e  v e h i c l e  parameters .  

I n  t h i s  gene ra l  sense, t h e  T3DRS:Vl program can be expected t o  y i e l d  

v a l  i d  measures o f  t h e  b r a k i n g  and hand1 i n g  performance compar ison when 

s p e c i f i c  v e h i c l e  parameters a r e  changed. The T3DRS:Vl program has been 

t e s t e d  a g a i n s t  o t h e r  s i m u l a t i o n s ,  i n c l u d i n g  i t s  predecessors,  wh ich  i n  t u r n  

have proven capab le  of reasonab ly  d u p l i c a t i n g  a c t u a l  v e h i c l e  per formance.  

The u s e r  i s  r e f e r r e d  t o  t h e  f o l l o w i n g  r e f e r e n c e s  f o r  examples o f  t h e  use 

and v a l i d a t i o n  o f  t hose  programs: 
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3.0 PROGRAM INPUT 

3.1 General 

Program operation i s  effectively accompl ished by input of a parametric 
data l i s t ,  along with the necessary j o b  control instructions, This s2ction 

provides a detailed description of the input data required. Appendix C 

provides a ready reference l i s t  of  i n p u t  parameters. Sample input l i s t s  

covering the various options are provided i n  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 con- 
tain the following elements: 

*Ti t le  Line ( u p  t o  80 characters) 

Simulation Operation Parameters 

a Truck/Tractor Parameters 

. Truc k/Tractor Front Suspension and Ax1 e 

mTruck/Tractor Front Tires and Wheels 

*Truck/Tractor Rear Suspension and  Axle 

*Truck/Tractor Rear Tires and Wheels 

*Truck/Trac tor Front and Rear Brake Parameters ( O p  t i  cnal - used 
only when braking i s  called) 

Firs t  Trailer Parameters (Optional ) 

First  Trailer Rear Suspension and Axles (Optional) 

.F i r s t  Trailer Rear Tires a n d  Wheels (Optional) 

Firs t  Trai 1 er  Rear Brake Parameters (Optional ) 

.Second Trailer Parameters (Optional ) 

Second Trailer Do1 ly,  Suspension and Axles (Optional ) 

. Second Trai 1er Do1 1y Tires and Wheels (Optional ) 

Second Trai 1 e r  Rear Suspension and Ax1 es (Op t i  anal ) 

Second Trailer Rear Tires and Wheels (Optional) 

Second Trai 1 er Front and Rear Brake Parameters (Optional ) 

Third Trai 1 er  Parameters (Optional ) 
(Same as Second Trai ler)  

10 



The input data i s  identified only by i t s  position in the i n p u t  l i s t  
and hence must be ordered exactly t o  match the vehicles and options used in 
the simulation. Errors i n  the input l i s t  will resul t  e i ther  in a read fau l t  

(with possible system interrupt and abort of the program), or in simulation 
o f  the wrong conditions. Every ef for t  has been made t o  define the input 
sequence and i t s  a l terat ion w i t h  various options in th is  section. Example 
i n p u t  l i s t s  are shown throughout the Manual for  reference by the user in 
compiling an input data l i s t .  

3.1.1 Tandem-Axle Option. To su i t  the simulation t o  the great 

variety of commercial vehicles, e i ther  single or tandem axles may be speci- 
fied for  any suspension in the total  vehicle configuration, except on the 
front (s teer ing)  axle of the truck/tractor.  Details o n  use of the tandem 
suspension are provided in Section 3.3.4.  

3 .1 .2  Table Lookup  Option. I t  i s  often desirable t o  include non-  

1 inear characteristics of vehicle components (par t icular ly for ti res,  springs, 
and brakes) i n  the model simulated. For such parameters a table l o o k u p  

option can be used, allowing the parameter t o  be described by a multiple 
point approximation over the range of interest  rather t h a n  assigning t o  i t  a 
single valued 1 inear character is t ic .  The program thence interprets the 
dependent variable 's  value when needed using 1 inear interpolation methods. 
I n  the event the program exceeds the range of the table,  the dependent 
variable i s  limited t o  the l a s t  entry in the table. 

The table lookup  o p t i o n  may be used with the following i n p u t  para- 
meters : 

*Suspension spring rate 
.Ti re cornering s t i f fness  

*Tire longitudinal s t i f fness  
.Brake torque 

The table l o o k u p  o p t i o n  i s  called by entry of a negative whole number 
value for the parameter. The negative sign indentifies i t  as a table look-  

u p  and the numerical value ident i f ies  that  table and distinguishes 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 calling p o i n t .  For the two-dimensional tables 
(spring rates and brakes), the f i r s t  l ine entry in the table i s  an integer 



v a l u e  equa l  t o  t h e  number o f  d a t a  s e t s  t o  f o l l o w ,  each b e i n g  a  sepa ra te  

1 i n e  e n t r y  of  independent  ve rsus  dependent  v a r i a b l e  va lues .  T i  r e  parameter  

t a b l e s  a r e  more c o m p l i c a t e d  and a r e  e x p l a i n e d  i n  S e c t i o n  3.3.3. 

The same t a b l e  can  be used a t  subsequent  p o i n t s  i n  t h e  i n p u t  l i s t  by 

e n t r y  of t h e  n e g a t i v e  who le  number i d e n t i f y i n g  t h a t  t a b l e .  The t a b l e  va lues  

s h o u l d  n o t  be r e - e n t e r e d  a t  t hese  subsequent  c a l l i n g  p o i n t s .  

More d e t a i l e d  i n s t r u c t i o n  f o r  e n t e r i n g  l ookup  t a b l e s  a r e  p r o v i d e d  i n  

S e c t i o n s  3.3.2, 3.3.3 and 3.3.6. 

3.1.3 S ide - to -S ide  Op t i on .  I n  most  s i m u l a t i o n  s t u d i e s ,  a  v e h i c l e  has 

symmet r i c  p r o p e r t i e s  l e f t  and r i g h t .  P ~ e v e r t h e l e s s ,  i t  i s  o c c a s i o n a l  l y  o f  

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

t i r e s ,  b rakes ,  e t c .  Wh i l e  v e h i c l e  mass p r o p e r t i e s  a r e  modeled as symmetr ic  

a b o u t  t h e  v e h i c l e  c e n t e r l i n e ,  most components t h a t  a r e  p a i r e d ,  one t o  each 

s i d e  o f  t h e  v e h i c l e ,  may be ass igned  d i f f e r e n t  p a r a m e t r i c  va lues .  D i f f e r e n t  

va lues  s i d e - t o - s i d e  may be a s s i g n e d  f o r  t h e  f o l l o w i n g  parameters :  

* S t e e r  a n g l e  i n p u t s  

*Suspens ion  s p r i n g  r a t e  

v i s c o u s  damping 

coulomb f r i c t i o n  
- 
l i r e  c o r n e r i n g  s t i f f n e s s  

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

camber s t i f f n e s s  

a1 i g n i n g  moment 

s p r i n g  r a t e  

1  oaded r a d i u s  

p o l a r  moment o f  i n e r t i a  

-B rake  t i n e  l a g  

r i s e  t i m e  

t o r q u e  

a n t i  l o c k  systems 

I n  normal i n p u t  o f  t hose  parameters ,  one e n t r y  causes t h e  program t o  a s s i g n  

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

b y  making a  doub le  e n t r y  on t h e  l i n e ,  i n  wh i ch  case t h e  f i r s t  v a l u e  i s  

ass igned  t o  t h e  l e f t  s i d e  o f  t h e  v e h i c l e  and t h e  second t o  t h e  r i g h t .  A z e r o  



value cannot be assigned t o  the right-hand s ide  with a nonzero left-hand 

s ide  value due t o  the way t h i s  option opera tes ,  b u t  zero values can be 

e f fec t ive ly  obtained b,y entry of very small nonzero values. The side-to-  
s i d e  option can a l s o  be combined with the t ab le  lookup option. By entry 
of two negative values, tables  a r e  assigned t o  both the l e f t  and r i g h t  s ides .  

The tables  f o r  the l e f t  and r i g h t  s ides  a re  entered in sequence immediately 

a f t e r  the  ca l l ing  l i n e .  More deta i led  ins t ruc t ion  f o r  s ide-to-side entry 
options a re  provided in Sections 3.2, 3.3.2, 3.3.3, and 3.3.6. 

3 .2  Simulation Operation Parameters 

The f i r s t  l i n e  entry in the input l i s t  i s  always a user-supplied t i t l e  

l i n e  consist ing of u p  t o  80 alphanumeric charac ters .  Thereafter ,  the 
Simulation Operation Parameters are  entered and subsequently echoed as the 

f i r s t  page of output ,  as shown in  Figure 1 .  

The f i r s t  1 ine of the Simulati on Operati on Parameters i s  VEHICLE 

CONFIGURATION defined by the number of t r a i l e r s ,  entered in I 2  format, 
which indica tes  to  the program the extent  of input t o  be expected. Zero 
t r a i l e r s  indica tes  a  s ing le  un i t  s t r a i g h t  t ruck,  which i s  a l so  equivalent  t o  
a  bobtail  t r a c t o r .  A n  "01" entry indica tes  a  t r a c t o r / s e m i t r a i l e r .  An "02" 

ent ry  indica tes  a  tractor/semi t r a i l e r / f u l l  t r a i l e r  (doubles)  configurat ion.  

A n  "03" indica tes  t ractorlsemi t r a i  l e r l f u l l  t r a i l e r / f u l l  t r a i  1 e r  ( t r i p l e s )  

configurat ion,  the  maximum number of vehicles allowed. 

The second l i n e  i s  INITIAL VELOCITY in uni ts  of f t / s e c  (F15.3 format) .  

At the i n i t i a t i o n  of the simulation run, a l l  vehicles a re  in a  s t r a i g h t - l i n e  
configurat ion,  moving forward a t  the indicated veloci ty.  

The next e n t r i e s  define the s t ee r ing  input to  the  simulation. Either  

front-axle s t ee r ing  inputs (open-1 oop) or a  path-fol lowing (closed-1 oop) 

mode a r e  se lec ted  by the respective entry of a  pos i t ive  o r  negative in teger  
value f o r  STEER T A B L E  ( N U M B E R  OF LINES) ( I 3  format) .  The numerical value of 
the entry spec i f i e s  the number of l ines  appearing in the  subsequent t ab le .  
A "000" entry indica tes  no s t ee r ing  i s  involved in the maneuver, hence, no 
t ab le  e n t r i e s  a re  made and the  vehicle performs as i f  the s teer ing  wheel were 
held f ixed in the straight-ahead position ( i  . e . ,  no s teer ing  act ion occurs 
except as a  r e s u l t  of f r o n t  suspension r o l l  s t e e r ) .  When a nonzero number 
of l ines  i s  given, a  t ab le  of the prescribed length must follow according t o  
the  following ins t ruc t ion .  
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Steer  Table (pos i t ive  numerical e n t r y )  - Each l i n e  i s  a  s e t  of time 

( s e c )  versus left-wheel s t e e r  angle (deg) and right-wheel s t e e r  (deg) in 
3F10.3 format as  shown in Figure 1 .  I f  both wheels a re  t o  be steered iden- 
t i c a l l y ,  only the time and left-wheel angles a re  required; the absence of 

the right-wheel s t e e r  angle entry causes i t  t o  be assigned the same value 

as  left-wheel s t e e r  angle. Up t o  25 l ines  of table  are  allowed. Steer  angles 
a re  obtained from the table  a t  each time increment by l inea r  in te rpo la t ion .  

The t ab le  should always s t a r t  off  with an ent ry  f o r  zero time t o  assure 

de f in i t ion  of s t e e r  angles throughout the simulation run and be l i s t e d  in 

ascending order with time. If  simulation time exceeds the l a s t  time ent ry  i n  

the t ab le ,  the  l a s t  s t e e r  angle values a re  retained.  

Path-Follower Table (negative numerical en t ry )  - Each l i n e  i s  a  pa i r  

of X ( i n e r t i a l  forward) and Y ( i n e r t i a l  l a t e r a l )  path coordinates ( i n  uni ts  

of f t ,  2F10.2 format) defining the desired path t o  be followed by the vehicle 

during closed-loop operation as shown in Figure 2 .  Linear in terpola t ion  i s  
used by the  program t o  determine path coordinates between entered points .  

Foli owing the  l a s t  1 ine of the closed-loop path-fol lower t ab le ,  two 
addit ional  parameters a r e  entered which permit the program user t o  exe r t  in- 

fluence over the manner in which the closed-loop dr iver  model functions.  The 
f i r s t  of these parameters, DRIVER TRANSPORT LAG (F10.4 format) generates a  

t ranspor t  time lag ( s e c )  within the con t ro l l e r  t o  provide a  simple means f o r  
representing human operator lag c h a r a c t e r i s t i c s  when desired.  Values f o r  
t h i s  parameter should range between 0.0 and 0.5 ( s e c ) .  Values la rger  than 
about 0.5 sec wi l l  general ly produce an u n r e a l i s t i c  and po ten t i a l ly  unstable 

vehicle/driver  system, and a r e  hence not allowed. A zero ent ry  inact iva tes  

the t ranspor t  lag fea tu re .  

The remai ni ng  cl osed-1 oop parameter, E N D  O F  PREVI EN INTERVAL, (F10.4 

format) indica tes  the  distance ahead in time ( s e c )  t h a t  the dr iver  model 
looks during closed-loop s teer ing  operation. Hence, a  value of 1 . 0  sec f o r  
t h i s  parameter would cause the dr iver  model t o  look ahead over a  1 sec 
i n t e r v a l ,  or  an equivalent maximum distance of 88 f t  a t  a  forward speed of 
60 mph. Larger values f o r  t h i s  parameter will  produce a  l e s s  responsive, 
more heavily damped system behavior during closed-loop operation. Likewise, 
smaller values wil l  provide more responsive system behavior exhibi t ing  l e s s  







damping. Recommended values for this  parameter are 1.0 t o  3.0 sec. A 

more detailed description of the operation of the path-follower model i s  
provided in Appendix G of this  Manual. 

Treadle Pressure Table - The next entry following the l a s t  steer table 
parameter i s  the integer ( I2  format) for  the TREADLE PRESSURE TABLE 

(NUMBER OF LINES) which i s  t o  follow. The treadle pressure i s  the l ine 
pressure demanded by the driver during braking and controlled 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 with time t o  simulate 
the pressure depletion caused by antilock cycling, or to simulate fade in the 
brakes due t o  heating effects.  The table should begin a t  zero time and be 
l is ted i n  ascending order with time. Intermediate points in the treadle 
pressure table are obtained by linear interpolation. The number of l ines in 
the table must equal the integer number of l ines indicated and may not  
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 l ines (even i f  a l l  are zero pressure values) keys the program t o  look 
for entry of brake data. 

Immediately foll  owing are two 1 ines of program instruction. The f i r s t  
is  MAXIMUM SIMULATION TIME (sec, F15.3 format) which defines the time dura- 
t i o n  of the maneuver t o  be simulated. The program will run for this  simulated 
time period unless the vehicle reaches a stop within the period or a fau l t  
(such as vehicle rollover) occurs. To ensure printout of the l a s t  time incre- 
ment 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 l ine i s  TIME INCREMENT OF OUTPUT (sec, F15.3 format) which selects 
the intervals of simulation time a t  which the instantaneous values of o u t p u t  
parameters are printed. Since the normal integration interval i s  0,0025 sec, 

the time increment should be a multiple of this  value. Section 4.4-gives 
some hints on selection of this  input parameter. 

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





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

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 I 2  format when the f l a t  road or  user- 

defined road surface options a re  selected.  

When the planar road option ( I R O A D  > 0) i s  se lec ted ,  two additional 

numbers need t o  be entered on the same 1 ine as the R O A D  K E Y  ( 1 2 ,  2F10.2 

format).  These two additional en t r i e s  represent the percentage of down- 

slope (forward) and cross-slope ( l a t e r a l ,  posi t ive slopes down to  the r i g h t )  
of the road plane a t  time zero and fixed with respect to  the i n e r t i a l  co- 

ordinate system. The planar road option i s  not currently available fo r  down- 
slopes when simulati n g  vehicle configurations requiring two or more t r a i l e r s .  
(Truck and tractor-semi t r a i  l e r  configurations only. ) The i n i t i a l  conditions 

of the truck or t r a c t o r - t r a i l e r  sprung and unsprung masses in pitch and ro l l  
a re  selected by the program under t h i s  option as equal t o  the specif ied down- 

slope and cross-slope of the road, A small i n i t i a l  t rans ient  will  occur a t  
the beginning of the simulation run using t h i s  option, since the l a t e ra l  and 
f o r e l a f t  suspension forces a re  not i n i t i a l l y  in equilibrium. 

Selection of the th i rd  road option, User-Defined Road (IROAD < 0)  
allows the program user to  define an a rb i t r a ry  road surface ( e . g . ,  road 
roughness, parabolic bowl, cone, e t c . )  by providing a SUBROUTINE ROAD con- 

taining code which defines road elevation as a function of X - Y  i n e r t i a l  co- 
ordinates.  Appendix H discusses t h i s  option in greater  de ta i l  and provides 
an example user-written subroutine and required format. 

OUTPUT P A G E  OPTION KEYS - The l a s t  l ine  entered fo r  simulation opera- 
tion parameters requires seven integer keys (711 format) tha t  specify which 

output pages will  be printed during program execution. Entry of 1 for  any 
key will  cause tha t  page t o  be printed;  entry of 0 will  cause i t s  deletion 
during output print ing.  The seven output page types corresponding in order 
from l e f t  to  r ight  i n  the 711 f i e l d  are:  

Truck, Tractor ,  Trai l e r  Sprung Mass Position 
Truck, Tractor,  Tra i ler  Sprung Mass Velocity 
Truck, Tractor ,  Trai l e r  Sprung Mass Acceleration 



Longitudinal , Latera l ,  and Vertical Tire Forces 

Brake Summary 

Lateral Tire Forces and Moments 

Unsprung Mass Summary 

3.3 Truck/Tractor Descri ption 

The f i r s t  vehicle i s  the truck or t r a c to r  tha t  i s  modeled as the 

sprung mass associated with the cab, chass i s ,  body, payload, e t c . ,  supported 

by suspension systems linking i t  to  the unsprung masses of the axles ,  sup- 

ported on the ground in turn by the ti reI1riheel assemblies. Reference [2],  

Section 2 ,  provides a comprehensive discussion of the type of mathematical 

formulation used in the simulation model. Parametric data are needed to  

describe each of the vehicle components. Figure 3 shows the f i r s t  portion 
of t h a t  input corresponding t o  i n p u t  page 2 "echoed" by the program. 

3.3.1 TruckITractor Parameters. The basic propert ies of the truck 

or t r a c to r  are described by i t s  sprung mass parameters included in the 

f i r s t  group of en t r i e s  shown i n  Figure 3.  The sprung mass i s  modeled as a 

r ig id  body shown in Figure 4 .  The charac te r i s t i c  length of the vehicle i s  

i t s  W H E E L B A S E ,  defined as the longitudinal distance in inches (F15.3 format) 

between the geometric center  of the f ron t  and rear  suspensions. For two- 

axle vehicles,  t h i s  i s  the same as the distance between the f ron t  and rear  
axle cen te r l ines ,  b u t  f o r  three-axle vehicles i t  i s  the distance between 

the f ron t  axle and the geometric center  of the rear  axles.  

The rigid-body sprung mass i s  represented by mass propert ies con- 

centrated a t  i t s  center  of gravity ( c . 9 . )  a t  the l a te ra l  center  of the 

vehicle. I t s  mass and f o r e l a f t  location are  determined by the BASE V E H I C L E  

C U R B  WEIGHT values i n  pounds f o r  the FRONT and R E A R  A X L E S  ( the  next two 
l i ne  e n t r i e s ,  F15.3 format). This approach i s  used because the curb weight 

data i s  more readily avai lable  t o  users than the 3ropert ies of sprung mass 
weight and f o r e l a f t  posit ion.  In te rna l ly ,  the program determines these 

parameters by calcula t ions  t ha t  subtract  o u t  the unsprung weight of the axles 
entered l a t e r  in the i n p u t .  The base vehicle curb weight i s  defined as 

the weight without payload - or a t r a i l e r .  The rear suspension curb weight 

with tandem axles i s  the t o t a l  ground load fo r  both axles.  



C C C 3 C C S C ~ C O t O  O C  - z c c ~ c c o c Y u O q q ~ ~ q  = 
I . . . . . .  1 1 . .  C 

I 
,I C C Z  l 
C I P C "  I 
- 1  1 0 . 1  

V. I N U O  I 
I - 6 C  1 

7 - - - 1. - + 
i - - . - - r. z - -  * :+ -  ir P : * - L  

- 2  . * * r .  * 0 -\ '- 
. . ' w e  r,,, -7 i"'s .- 
L - L A ' ,  : , L C - .  
- 2  u v 9 -  - i b 7 G C  
-, ,,c f I L L ~ I L U ;  - 1 i V '  L 1 C V 2  

- 
L - - - 

2 
i v  

- - L  
P L C - L  
+ - - 
<. . 3 1' 

i. ' 3 x 2  
, -, C I/. 
w r r \  
I z\,z 

C A Y & -  - - - - - .  
I l - \ C  
L r C - L  - A d -  - I ?  

> ' L Y  
r- , C - 3  - c - - - s  
- c -  
L - L - L  _ I * -  
C L - - -  
- - L Z - .  

- L - -  - - - L -  : 
-,-I i - - - - - - .- L .f .- - - 

L - -  -;t - - 
I ---&-^ - - -  . - - - * - ;  
C -,- - 
2 2  ?.'I- - - - - -  - .  
, . - . - > L  ' 
- + - . A .  --- 
- d - < - s L  
.re?,< = 

J K  'L 1 
& - - 1 - i , ^ -  
- 3 - a x - C l r  
X U I = C L L L  

C ' _ ? C , ' Z  



Distance Ahead of - -1 p e a r  S~~spens ion  - I u p t .  pay load I 

Sprung Mas? 1 I.G. 
I I /L I 5th \?iheel 

I ~ ( b  
1 / - Wocation 

I t h  idheel 
/ \ 

I I C . G .  Height C . G .  Height 
\ / C 'P- -heel base 

- 
t ron t  Axle 
Curb Weight 

Rear Axle 
Curb \,!eight 

Figure 4 .  Modeling elements o f  the t r u c k j t r a c t o r  sprung mass. 



The ver t ica l  location of the c .g .  i s  defined by the next ent ry ,  

SPRUNG MASS C G  HEIGHT, which i s  measured in inches above the ground (F15.3 

format).  As speci f ied ,  t h i s  i s  the c.g. of only the sprung mass in the 

base vehicle configuration corresponding t o  the curb weight values given 

above. The height should be given with the vehicle in i t s  f u l l y  deflected 

position as r e su l t s  from loading by a payload or  t r a i l e r .  The sprung mass 

c.g.  height i s  n o t  readily available to  most program users;  however, in the 

absence of such data reasonable estimates can be made. For heavy vehicle 

cab-chassis configurat ions,  the sprung mass c.g. i s  usually close t o  the 

top of the frame r a i l s  ( typ ica l ly  38-40 in above the ground). Such an e s t i -  

mate i s  reasonable f o r  a t r a c t o r  or f o r  a truck with a low, l i g h t  platform 

bed. However, i f  the truck includes a substantial  body, the c.g. must be 

measured or estimated from the combined properties of the cab-chassis and 

vocational body. 

The rotat ional  i n e r t i a  propert ies  of the sprung mass are given by the 

next three en t r i e s  f o r  SPRUNG MASS R O L L  MOMENT O F  INERTIA, PITCH MOMENT OF 

INERTIA, and YAW MOMENT OF INERTIA. The i n e r t i a s  are  given in units  of 

in-lb-sec2 in F15.3 format. I t  i s  normally recommended tha t  these para- 

meters are  measured fo r  a vehicle t o  be simulated, though methods f o r  e s t i -  

mating them have been developed [12] .  Appendix F provides a shor t  method 

f o r  estimating these propert ies .  

As a convenience in using the program to  invest igate performance of 

heavy vehicles with variat ions in payload, the payload parameters are  

entered separately.  The f i r s t  parameter i s  PAYLOAD WEIGHT, in lbs 

(F15.3 format) .  Thereafter,  i t  i s  necessary t o  describe i t s  location by 

DISTANCE AHEAD OF R E A R  SUSPENSION C E N T E R  ( i n ,  F15.3 format) and CG HEIGHT 

(inches above the ground in i t s  loaded posi t ion,  F15.3 format).  The pay- 
load i s  always assumed t o  be located l a t e r a l l y  in the center  of the vehicle. 

Likewise, R O L L ,  PITCH and YAW MOMENTS OF INERTIA are  required, in units  

of in-lb-sec2 (F15.3 format).  If the simulated vehicle i s  to  have no pay- 
load, the payload weight i s  entered as zero, and no entry i s  required f o r  

the subsequent payload parameters. Payload can be specif ied f o r  both trucks 
a n d  t r ac to r s .  If payload i s  not t o  be varied, the payload may be lumped 
in with the vehicle sprung mass propert ies  by entering loaded vehicle axle 

weights f o r  the BASE VEHICLE C U R B  WEIGHTS. In tha t  case, the c.g. height 
and sprung mass moments of i n e r t i a  must be f o r  the same combination of masses. 



Finally, the connection point for a f i f t h  wheel i s  also located on 
the sprung mass. I f  a t ractor  i s  being simulated (as indicated by one or 
more t r a i l e r s  in the VEHICLE CONFIGURATION input),  f i f t h  wheel parameters 
are included a t  th i s  point in the input l i s t .  (The entr ies  are deleted i f  
no t r a i l e r s  are entered.) Three parameters are required: FIFTH WHEEL 

L O C A T I O N  (inches ahead of the rear suspension), H E I G H T  A B O V E  G R O U N D  ( i n ) ,  
and STIFFNESS (in-lb/deg, in the rol l  direct ion) .  All three entr ies  are 
F15.3 format. The f i f t h  wheel location i s  arbi t rary,  typically from 0 t o  
1 2  in ,  and determines the distribution of t r a i l e r  load on the t ractor  axles. 
The height above the ground i s  the height t o  the pitch plane hinge p o i n t  on 

the f i f t h  wheel for the fully-loaded t ractor  (typically 45 i n ) .  The f i f t h  
wheel s t i f fness  parameter i s  included t o  allow representation of typical 
compliances between the payload on the t r a i l e r  and  the frame of the t ractor .  
With a zero entry, the t ractor  and t r a i l e r  are completely decoupled in ro l l .  
On typical tractor-van t r a i l e r  combinations, a value of 250,000 i n - 1  b/deg 
i s  reasonable. This parameter has significant influence on 1 imi t cornering 

behavior. 

The user should be aware that the f i f t h  wheel coupling (as  well as 
pintle hitch couplings, described l a t e r )  are a l l  represented by spring 
connections. Thus represented, the equations of mot ion  for different ve- 
hicles are coupled by force inputs rather than displacement constraints and 
may be solved separately and more economically. With the excgption of roll  
s t i f fness ,  which may be of in te res t  t o  some users, a l l  f i f t h  wheel spring 
rates are selected within the program for o p t i m u m  operation of the simula- 
t ion. The resulting rates are high enough t o  appear effectively rigid.  

3.3.2 Truc k/Tractor Front Suspension and Ax1 e Parameters. The 
T3DRS:Vl program nodels the I-beam type front axle commonly used on medium 
and heavy trucks, The suspension serves as a compliant l i n k  between the 
sprung and unsprung masses, a n d  i s  characterized by the forces a n d  moments 
i t  produces. All suspensions are modeled i n  the generalized fashion shown 
in Figure 5 .  The parameter entries for the truck or t ractor  front suspension 
are shown in Figure 3.  The primary compliance of the suspension i s  in the 
vertical direction and i s  defjned by SUSPENSION SPRING RATE i n  Ib/in 

per side of the vehicle. Since these are paired components on an axle, 
the side-to-side option i s  available. The rates for  the l e f t  and right 
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springs a r e  entered on one l i n e  in 2F10.2 format. I f  l e f t  and r i g h t  a re  

the  same, only the  f i r s t  ( l e f t )  ent ry  needs t o  be made, and the zero or  

blank read f o r  the  r i g h t  s ide  causes i t  t o  be assigned the  same value as 

f o r  the  l e f t .  Nonlinear springs can be simulated by defining the force  

def lec t ion  c h a r a c t e r i s t i c s  in a  t ab le  lookup as follows : 

1 )  Enter a  negative whole number f o r  spring r a t e  ( t h e  negative 

sign keys the  program f o r  a t ab le  lookup, and the  numerical 

value i d e n t i f i e s  the t a b l e ) .  

2 )  A s ing le  ( l e f t  spr ing)  ent ry  r e s u l t s  in use of the t ab le  

f o r  both l e f t  and r i g h t  spr ings .  

3 )  Entry of a separate negative number f o r  each spring keys 

the program t o  look f o r  two t ab les .  

4) Enter the l e f t  spring t ab le  immediately in the form as 
fol  1 ows : 

Line 11 - Number of l i n e s  t o  fol low, maximum of 10 ( I 2  format) 

Line 1 2  - Spring force ( I b )  vs. def lec t ion  ( i n )  (2F10.2 format) 

Line # n  - Spring force ( I b )  vs.  def lec t ion  ( i n )  (2F10.2 format) 

5 )  I f  a separa te  r i g h t  spring t ab le  was ca l led  f o r ,  i t  is 
entered next in the same format. 

The tables  a r e  entered in the pos i t ive  sense;  i  . e . ,  pos i t ive  def lec t ion  

(spr ing  compression) corresponding t o  pos i t ive  force ( l o a d )  on the axle .  

The reference point f o r  def lec t ion  i s  a r b i t r a r y ,  s ince  the  program simply 

i d e n t i f i e s  the i n i t i a l  def lec t ion  from the s t a t i c  load, a n d  ca lcu la tes  

changes t h e r e a f t e r .  I t  should be noted t h a t  even with s ide- to-s ide  d i f f e r -  

ences in spring c h a r a c t e r i s t i c s ,  the program always assumes equal loads on 

both s ides  of the  a x l e ,  adjust ing the  i n i t i a l  (or s t a t i c )  spring def lec t ion  

f o r  the f u l l y  loaded vehicle t o  achieve t h i s  condit ion.  When using the 

lookup t a b l e ,  the range of the t ab le  should always exceed the expected range 

of operation of the spring.  Typical ly,  i t  should extend from zero load t o  



t h e  maximum dynamic l o a d  expected.  Excurs ions  beyond t h e  range o f  t h e  

t a b l e  causes i t  t o  l i m i t  a t  t h e  l a s t  l o a d  c o n d i t i o n  i n  t h e  t a b l e  i n  t h e  

d i r e c t i o n  o f  t h e  excu rs ion .  I f  t e n s i o n  l oads  a r e  expected due t o  t h e  

maneuver, t h e  s p r i n g  f o r c e  c h a r a c t e r i s t i c s  shou ld  be d e f i n e d  i n  t h e  t e n s i o n  

( n e g a t i v e  f o r c e )  range. 

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 r e  c h a r a c t e r i z e d  

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

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

ma t ) .  The s i d e - t o - s i d e  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  

r e p r e s e n t s  t h e  shock abso rbe r  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  b o t h  d i r e c t i o n s .  I f  t h e  shock absorbers  t o  be simu- 

l a t e d  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  shou ld  be 

mu1 t i p 1  i e d  by  t h e  square o f  t h e  c o s i n e  o f  t h e  ang le  between t h e  shock ab- 

s o r b e r  c e n t e r 1  i ne and t h e  v e r t i c a l  . T y p i c a 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  shou ld  be i n  t h e  range o f  10-20 I b - s e c / i n .  

For  heavy v e h i c l e s  t h e  more common, and sometimes o n l y ,  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 he  l e a f  s p r i n g  suspen- 

s i o n s  [18]. COULOMB FRICTION i s  e n t e r e d  i n  u n i t s  of l b / s i d e  (2F10.2 f o r m a t )  

w i t h  t h e  s i d e - t o - s i d e  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  d e f i n e d  

he re  as one -ha l f  t h e  w i d t h  of 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  c u r v e  as i 1  l u s t r a t e d  i n  F i g u r e  6. When p o s s i b l e ,  t h e  coulomb 

f r i c t i o n  magni tude shou ld  be s e l e c t e d  a t  t h e  s t a t i c  l o a d  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  da ta ,  t h e  coulomb f r i c t i o n  can be e s t i m a t e d  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  n e g l e c t e d  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 .  D u r i n g  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  s u b t r a c t e d  f rom t h e  

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

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  a x l e ,  s p r i n g s ,  

s p i n d l e s ,  hubs, brakes,  and wheels, a r e  lumped i n t o  one unsprung mass, as 

shown i n  F i g u r e  5 .  The mass has a  c e n t e r  o f  g r a v i t y  l o c a t e d  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  a x l e .  The mass i s  c h a r a c t e r i z e d  

by a  ROLL MOMENT OF INERTIA ( u n i t s  o f  i n - l b - s e c 2 ,  F15.3 fo rma t ) ,  and i t s  

UNSPRUNG WEIGHT ( i n  l b s ,  F15.3 format, l a s t  e n t r y  i n  t h i s  g roup ) .  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 n c e  
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F i g u r e  6 .  Coulomb f r i c t i o n  i n  a  suspens ion  l e a f  s p r i n g  assembly.  



the axles are constrained to  yaw with the sprung mass, the yaw moments of 

i n e r t i a  of t h i s  and a l l  other axles are  added t o  tha t  of the sprung mass 
by the program. The pitch moment of i n e r t i a  f o r  axles i s  negligible in e f f e c t  

and i s  not included in the modeling. 

Nhile the suspension i s  primarily a ver t ica l  compliance, i t  a l so  serves 
to  transmit horizontal forces t o  the sprung mass, The mechanism fo r  t rans-  

mission of l a t e ra l  forces through the suspension i s  important and s ign i f i can t  
t o  the overall  direct ional  response of the vehicle. When a vehicle i s  caused 
t o  r o l l  on i t s  suspension, i t  tends t o  ro l l  about a point designated as the 
r o l l  center ,  as shown in Figure 5. Conceptually, the ro l l  center  i s  the point 

a t  which l a t e ra l  forces are transmitted between the sprung and unsprung masses. 
This parameter i s  s ign i f i can t  to  vehicle response because l a t e ra l  forces pre- 

sent  a t  the ro l l  center cause l a t e ra l  load t ransfer  on the axle (and hence, 
t i r e s )  and thereby influence the l a t e ra l  forces developed by the t i r e s .  This 
e f f e c t  i s  s ign i f i can t  in t rans ient  maneuvers due to  load t ransfer  e f fec t s  

before the sprung mass has time t o  r o l l ,  and in s teady-state maneuvers due t o  
the d i s t r ibu t ion  of ro l l  moment between f ront  and rear  axles determined, in 
pa r t ,  by the r e l a t ive  height of the f ront  and rear  suspension ro l l  centers .  
The e f fec t s  of ro l l  center  height are  included in the modeling and a ROLL 

C E N T E R  HEIGHT parameter ( i n .  above the ground, F15.3 format) i s  included in 
the input l i s t .  The suspension and axle system i s  considered constrained 
with the sprung mass in the pitch degree of freedom so a s imilar  concept in 

the pitch plane i s  not needed to  characterize transmission of 1 ongi tudi nal 
forces and pitch moments. 

For various reasons, a suspension system may not always maintain the 
wheels in alignment with the longitudinal axis of the vehicle throughout a l l  
suspension motions. Most suspensions are subject  to  a small amount of s t e e r  
e f f e c t  when the vehicle r o l l s .  Such fac tors  can play an important ro le  in 
vehicle direct ional  response and overall s t a b i l i t y .  The input l i s t  includes 
a ROLL S T E E R  COEFFICIENT ( i n  units  of degrees s t e e r  per degree r o l l ,  F15.3 

format) to  simulate t h i s  e f fec t .  A posi t ive e"ry implies a n  incremental 
s t e e r  to the r ight  when the sprung mass r o l l s  t o  the r igh t .  Hence, a posi- 
t ive  f ront  axle r o l l  s t e e r  coeff ic ient  has an understeer influence. 



The ver t ica l  force developed within the suspension i s  the sum of 
spring def lec t ion,  coulomb f r i c t i o n ,  and viscous damping forces.  Roll of 
the axle r e l a t i ve  t o  the sprung mass produces a  ro l l  moment within the sus- 
pension due to  the l a t e r a l  spacing between the springs and shock absorbers. 
The LATERAL DISTANCE B E T N E E N  SUSPENSION SPRIIjGS ( i n . ,  F15.3 format) i s  i n -  

cluded as an input parameter, as a  basis f o r  calculat ing the ro l l  moment 

e f f ec t .  At times, the suspension may exhibi t  a  ro l l  s t i f f ne s s  in excess of 
t h a t  accountable by the springs and t h e i r  separat ion,  because of the addi- 

t ional  e f fec t s  of linkages, spring twis t ,  antisway bars, e t c .  A n  AUXILIARY 
R O L L  STIFFNESS input parameter ( i n - l b  per deg.,  F15.3 format) i s  provided 
to a1 low model ing these e f f ec t s .  

The l a s t  remaining parameter t o  be specif ied f o r  the suspension-axle 
system i s  the TRACK WIDTH ( i n . ,  F15.3 format) ,  defined as the distance be- 
tween the wheel planes (center  of the wheels) of the r igh t  and l e f t  t i r e s .  

3.3.3 Truck/Tractor Front Tires and Wheels. Tire forces within the 
T3DRS:Vl program are calculated from models t h a t ,  i n  e f f e c t ,  determine the 
forces from the operating conditions. For example, t i r e  ver t ica l  load i s  a  
r e su l t  of i t s  instantaneous ver t i ca l  height ( r o l l  ing radius)  above the road. 
The cornering and longitudinal force behavior can be represented by e i t he r  
of two models in the simulation: 

1 )  A l inea r  model of cornering and longitudinal s t i f f ne s s  
charac te r i s t i c s  

2 )  A nonlinear table  lookup model f o r  c ~ r n e r i n g  and longi- 
tudinal charac te r i s t i c s  with variat ions due to  load and 
speed conditions. 

The f i r s t  l ine  entry fo r  f ron t  t i r e s  and wheels, as shown in Figure 3 ,  

i s  the l e f t  and r igh t  CORNERIPIG STIFFNESS lbs /deg / t i r e ,  2F15.3 format) .  I f  

the r ight-s ide  value i s  l e f t  blank or entered as zero, i t  i s  assumed equal t o  

the l e f t - s i de  value. The cornering s t i f f n e s s  i s  the slope of the l a t e r a l  
force versus s l i p  angle behavior of the t i r e  in the v ic in i ty  of zero s l i p  
angle, as i l l u s t r a t e d  i n  Figure 7 .  I t  i s  entered as a  posit ive number and 
i s  typical ly  numerically equivalent t o  approximately 10 percent of the s t a t i c  
load ( i  . e . ,  a  t i r e  a t  5000 lbs load has a  cornering s t i f f ne s s  of approximately 
500 lb/deg).  Since the s t i f f n e s s  i s  dependent on the t i r e  load,  i t  should be 
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F i g u r e  7.  D e f i n i t i o n  o f  c o r n e r i n g  s t i f f n e s s  p a r a m e t e r .  



entered f o r  the condition equivalent t o  the f u l l  s t a t i c  load on t h a t  t i r e  

in the  simulation. In te rna l ly ,  the program continuously adjus ts  the corner- 

ing s t i f f n e s s  in proportion t o  the  changing dynamic load condit ions.  The 

l i n e a r  cornering s t i f f n e s s  model should only be used with moderate cornering 

maneuvers, where the t i r e  cornering forces generated a re  l e s s  than 50 percent 

of the ve r t i ca l  load. Beyond t h i s  point ,  the cornering force becomes n o n -  
1 inear  and sa tu ra tes  (no sa tura t ion  or l i m i t  on l a t e r a l  t r ac t ion  occurs with 

the 1 inear  model). In such cases,  the nonlinear table  lookup model can be 

used by entry of a  negative whole number t o  key the model. The numerical 

value of t h i s  ent ry  i d e n t i f i e s  the table  number f o r  the tabular  l a t e r a l  t i r e  

force data which i s  t o  follow. (The format f o r  the tabular  t i r e  data i s  d is -  

cussed in the following sec t ion ,  3.3.3.1.) 

The next l i n e  entered f o r  f r o n t  t i r e s  a n d  wheels i s  the l e f t -  a n d  

r i g h t - t i r e  L O N G I T U D I N A L  STIFFI,IESS in l b s / s l i p  (2F15.3 format) .  The LONGI- 

TUDINAL STIFFNESS i s  equivalent t o  the i n i t i a l  slope o f  the brake force versus 

longitudinal 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  in Figure 8 ,  a n d  typica l ly  

has a numerical value equivalent t o  about four times the t i r e  s t a t i c  load. 

The longitudinal s t i f f n e s s  i s  proportioned inside the program t o  change with 

the t i r e  dynamic load. Like the cornering s t i f f n e s s  en t ry ,  pos i t ive  values 

specify the l i n e a r  t i r e  model f o r  longitudinal t i r e  force ca lcula t ions  with 

zero r ight -s ide  e n t r i e s ,  causing the program t o  assume a r ight -s ide  value 

equal t o  the l e f t .  Since i t  i s  a l i n e a r  model, i t  should only be used with 

braking maneuvers f o r  which the f r i c t i o n  level on each t i r e  i s  well below 

the peak ( t h e  braking i s  well below the wheel lockup condi t ion) .  For high 

level braking or  when anti lock braking i s  used, the t i r e  longitudinal force 

c h a r a c t e r i s t i c s  a re  best  represented by a table  lookup. A negative ent ry  f o r  

longitudinal s t i f f n e s s  keys the nonlinear t i r e  force table  lookup option. 

As above, the numerical value of t h i s  entry i d e n t i f i e s  the  longitudinal t i r e  

force table  of data which needs t o  follow. (Section 3.3.3.1)  

Mixtures of l i n e a r  and nonlinear t i r e  options f o r  longitudinal and 

l a t e r a l  t i r e  force representat ions are  permitted f o r  the same t i r e .  Linear 

and nonlinear mixtures s ide-to-side are  a l so  allowed. 

The remaining parameters t o  be entered f o r  f r o n t  t i r e s  and wheels 

should be pos i t ive  or zero. Negative table entry options are  not allowed. 

Two values per l i n e  a r e  entered representing l e f t -  and r ight -s ide  values 
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(2F15.3 f o r m a t ) .  Zero r i g h t - s i d e  va lues  w i l l  equate r i g h t  w i t h  l e f t .  The 

f i r s t  o f  these,  CAMBER STIFFNESS, de f i nes  t h e  l a t e r a l  f o r c e  p e r  degree o f  

camber a t  s t a t i c  l o a d  c o n d i t i o n s  and i s  e n t e r e d  i n  I b s l d e g .  ALIGNING MOMENT 

a t  t h e  s t a t i c  l o a d  c o n d i t i o n  i s  e n t e r e d  n e x t  i n  u n i t s  o f  i t ) - l b l d e g .  TIRE 

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

( i n - 1  b -sec2 )  t h e n  f o l l o w  as t h e  l a s t  t h r e e  1  i n e s  o f  t h e  ti r e l w h e e l  parameters .  

The p o l a r  moment o f  i n e r t i a  f o r  a1 1  r o t a t i n g  wheel components i s  d e f i n e d  

abou t  t h e  s p i n  a x i s  o f  t h e  wheel.  T h i s  parameter  can be o f  impor tance  i n  

a n t i  l o c k  b r a k i n g  maneuvers. 

3.3.3.1 - N o n l i n e a r  l a t e r a l  and l o n g i t u d i n a l  t i  r e  t a b l e  f o r m a t s .  Nega t i ve  

va lues  f o r  CORNERING STIFFNESS o r  LONGITUDINAL STIFFNESS parameters  t r i g g e r  

t h e  n o n l i n e a r  t i r e  model t a b l e  l ookup  o p t i o n .  T i r e  d a t a  con fo rm ing  t o  a  

s p e c i f i c  f o r m a t  needs t o  be e n t e r e d  immed ia te l y  f o l l o w i n g  each o f  t hese  

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

Co rne r ing  S t i f f n e s s  (MU-Y) Tab les :  

Tabu la r  c o r n e r i n g  ( l a t e r a l )  f o r c e  t i r e  d a t a  c a l l e d  by a  n e g a t i v e  

CORNERING STIFFNESS v a l u e  i s  e n t e r e d  i n  terms o f  a  n o r m a l i z e d  l a t e r a l  t r a c -  

t i o n  c o e f f i c i e n t ,  MU-Y, as a  f u n c t i o n  o f  t i r e  s i d e s l i p  ang le ,  ALPHA, f o r  a t  

l e a s t  one, and as many as t h r e e ,  d i f f e r e n t  v e r t i c a l  t i r e  l oads  and v e l o c i t i e s .  

MU-Y i s  d e f i n e d  as t h e  nond imens iona l  r a t i o  o f  t i r e  l a t e r a l  f o r c e  t o  t h e  p r e -  

v a i l i n g  v e r t i c a l  l o a d  a t  z e r o  l o n g i t u d i n a l  s l i p  ( f r e e  r o l l i n g ) .  Two-way 

l i n e a r  i n t e r p o l a t i o n  i s  used by t h e  program between e n t e r e d  t a b l e  p o i n t s .  The 

f o r m a t  r e q u i r e d  f o r  e n t e r i n g  MU-Y t a b u l a r  d a t a  i s  as f o l l o w s  (see Appendix A 

f o r  examples)  : 

( D e f i n e  number of l oads  and v e l o c i t i e s )  

#Number o f  v e r t i c a l  l oads ,  NL ( 3  max.) ( I 2  f o r m a t )  

* V e r t i c a l  l o a d  va lues  (3F10.2 fo rma t )  

-Number o f  v e l o c i t i e s ,  NV ( 3  max.) ( I 2  f o r m a t )  

* V e l o c i t y  va lues  (3F10.2 f o r m a t )  

( F i r s t  l o a d / f i r s t  v e l o c i t y  t a b l e )  

*Number o f  t i r e  s i d e s l i p  ang les ,  N11, i n  ( I 2  f o r m a t )  
f i r s t  ALPHA versus MU-Y t a b l e  (max. o f  10) 

oN11 l i n e s  o f  ALPHA (deg ) ,  MU-Y p a i r s  c o m p r i s i n g  (2F10 .2  f o r m a t ,  
t h e  f i r s t  t a b l e  each l i n e )  



( F i r s t  load/second v e l o c i t y  t a b l e )  

*Number o f  t i r e  s i d e s l i p  ang les ,  N12, i n  second ( I 2  f o r m a t )  
ALPHA versus  MU-Y t a b l e  (max. o f  10)  

eN12 l i n e s  o f  ALPHA ( d e g ) ,  MU-Y p a i r s  c o m p r i s i n g  (2F10.2 fo rma t ,  
t h e  second t a b l e .  each l i n e )  

( F i r s t  l o a d / t h i r d  v e l o c i t y  t a b l e )  

*Number o f  t i r e  s i d e s l i p  ang les ,  N13, i n  t h i r d  ( I 2  f o r m a t )  
ALPHA versus  MU-Y t a b l e  (rnax. o f  10)  

oN13 l i n e s  o f  ALPHA (deg ) ,  MU-Y p a i r s  c o m p r i s i n g  (2F10.2 f o r m a t )  
t h e  t h i r d  t a b l e .  

(Repeat f o r  second l o a d  c o n d i t i o n )  

(Repeat  f o r  t h i r d  l o a d  c o n d i t i o n )  

Note:  The t o t a l  n u ~ b e r  o f  ALPHA versus  MU-Y t a b l e s  i s  - 
equal  t o  t h e  p r o d u c t  o f  NV x NL. Hence, a  maximum o f  

n i n e  ( 9 )  such t a b l e s  a r e  p e r m i t t e d  (NV = NL = 3 )  and a  

minimum o f  one ( 1  ) t a b l e  (NV = NL = 1 )  i s  r e q u i r e d .  

Immed ia te l y  f o l  l o w i n g  t h e  ALPHA versus  MU-Y t a b l e s ,  a  " r o l l - o f f "  t a b u l a r  

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

under  l o n g i t u d i n a l  ( b r a k i n g )  s l i p  c o n d i t i o n s  i s  r e q u i r e d .  I n  t h e  even t  no 

b r a k i n g  occu rs ,  a  s i m p l e  o n e - p o i n t  t a b l e  may be used. The " r o l l - o f f "  t a b l e  

i s  a  two-way t a b l e  o f  t h e  parameter ,  ROLLY, 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 i m p l y  a  m u l t i p ! i c a -  

t i o n  f a c t o r  f o r  MU-Y d e f i n e d  a t  t h e  s e l e c t e d  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 lsewhere .  ROLLY va lues  o f  1  . O  s i m p l y  r e t u r n  t h e  f r e e -  

r o l l i n g  MU-Y va lue .  L i k e w i s e ,  a  ROLLY v a l u e  o f  0.75 wou ld  d i m i n i s h  t h e  v a l u e  

o f  MU-Y by  25 p e r c e n 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 "  t a b l e .  

The f o l l o w i n g  f o r m a t  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  da ta :  

( D e f i n e  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  f o r m a t )  
NS, i n  t h e  " r o l l - o f f "  t a b l e  (10  max.) 

*NS l i n e s  of l o n g i t u d i n a l  s l i p  (SLIP)  va lues  (F10.2 fo rma t ,  
each l i n e )  

*Number o f  s i d e s l i p  (ALPHA) p o i n t s ,  NSS, (12 f o r m a t )  
i n  t h e  " r o l l - o f f "  t a b l e  ( 1 0  max.) 



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

NSS x NS m a t r i x  o f  ROLLY va lues d e f i n i n g  (10F8.2 f o r m a t )  
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 l i n e s  
c o n t a i n i n g  NS ROLLY v a l  u e s / l  i n e  as shown 
below. 

S l  i p l  S l i p p  e t c .  ........................................... 
I I 
1 I 

Alphal ROLLY ROLLY12 ..... I I 

I I 
I I 
I I 
I I 

AlphaZ ; ROLLY ROLLYZ2 . . . . . I I 
I I 
I I 

e t c .  I I I I 

I I 
I I 
I I 
I I 
I I 
I 1 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I----,-----,- ROLLY TABLE-------------------J 

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 ) .  

Long i  t u d i  n a l  S t i f f n e s s  (MU-X)  Tab1 es : 

T a b u l a r  b r a k i n g  ( l o n g i t u d i n a l )  f o r c e  t i r e  d a t a  i s  e n t e r e d  i n  e x a c t l y  

t h e  same f o r m a t  as used f o r  c o r n e r i n g  da ta .  T h i s  d a t a  must  f o l l o w  immed ia te l y  

a f t e r  t h e  n e g a t i v e  LONGITUIDNAL ST1 FFNESS e n t r y .  MU-X, a normal i z e d  1  o n g i -  

t u d i n a l  t r a c t i o n  c o e f f i c i e n t ,  now r e p l a c e s  MU-Y as t h e  dependent t a b l e  v a r i -  

a b l e  and l o n g i t u d i n a l  s l i p ,  SLIP, r e p l a c e s  ALPHA as t h e  independent  t a b l e  

v a r i a b l e .  MU-X i s  d e f i n e d  as t h e  nond imens iona l  r a t i o  o f  l o n g i t u d i n a l  t i r e  

f o r c e  t o  t h e  p r e v a i l i n g  v e r t i c a l  l o a d  a t  a  z e r o  t i r e  s i d e s l i p  ang le .  Like 

t h e  l a t e r a l  f o r c e  t a b l e  da ta ,  up t o  t h r e e  v e r t i c a l  l o a d s  and speeds may be 

s p e c i f i e d .  

A  l o n g i t u d i n a l  " r o l l - o f f "  f u n c t i o n  i s  1  i k e w i s e  r e q u i r e d  i n  t h e  case 

o f  MU-X t a b u l a r  data .  ROLLX, a m u l t i p l i c a t i v e  f a c t o r  analogous t o  ROLLY f o r  

c o r n e r i n g  da ta ,  i s  s p e c i f i e d  i n  a  two-way t a b l e  o f  l o n g i t u d i n a l  s l i p  (SLIP)  

versus s i d e s l i p  (ALPHA) i d e n t i c a l  t o  t h a t  f o r m a t  used f o r  t h e  l a t e r a l  " r o l l -  

o f f "  t a b l e .  



Sources o f  l a t e r a l  and l o n g i t u d i n a l  t i r e  f o r c e  d a t a  f o r  heavy t r u c k s ,  

t h a t  a r e  l a r g e l y  compa t ib le  w i t h  t h e  T3DRS:Vl program, a r e  c o n t a i n e d  i n  

References [2, 13, 14, 15, 16, 171. 

3.3.4 T r u c k / T r a c t o r  Rear Suspension and A x l e  Parameters.  Medi um and 

heavy t r u c k s  a1 1  use one o r  more s o l  i d  r e a r  a x l e s .  S ince a  l a r g e  percentage 

o f  such v e h i c l e s  use two (tandem) r e a r  a x l e s ,  an o p t i o n a l  tandem a x l e  i s  

p r o v i d e d  i n  t h e  program models. The r e a r  suspens ion  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 i g u r e  9 .  The f i r s t  para-  

me te r  i s  a  SUSPENSION KEY ( I 2  f o r m a t )  f o r  wh ich  "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 a x l e  s e t .  

3.3.4.1 S i n g l e  a x l e s .  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  d e s c r i b e d  by t h e  same s e t  o f  parameters used t o  d e s c r i b e  

t h e  f r o n t  suspens ion  and a x l e  (see S e c t i o n  3.3.2 f o r  d e t a i l e d  d i s c u s s i o n ) .  

Hence, f o l l o w i n g  a  "00" suspens ion  key, t h e  f o l l o w i n g  parameters a r e  

e n t e r e d  : 

*SUSPENSION SPRING RATE ( 1  b s / i  n / s i d e / a x l  e )  ; 2F10.2 fo rma t ;  
t a b l e  lookup and s i d e - t o - s i d e  o p t i o n s  a l l o w e d  

*SUSPENSION VISCOUS DAMPING (1  b s - s e c / i  n l s i d e )  ; 2F10.2 
fo rma t ;  s i d e - t o - s i d e  o p t i o n  a l l o w e d  

*COULOMB FRICTION ( I b s ) ;  2F10.2 fo rma t ;  s i d e - t o - s i d e  
o p t i o n  a l l o w e d  

*AXLE ROLL MOMENT OF INERTIA ( i n - 1  b-sec2)  ; F15.3 fo rma t  

*ROLL CENTER HEIGHT ( i n  above ground) ;  F15.3 f o r m a t  

*ROLL STEER COEFFICIENT (deg s t e e r / d e g  r o l l  ) ; F15.3 f o r m a t  

#AUXILIARY ROLL STIFFNESS ( i n - 1  b l d e g )  ; F15.13 f o r m a t  

*LATERAL DISTANCE BETWEEN SUSPENSION SPRINGS ( i n ) ;  F15.3 f o r m a t  

*TRACK WIDTH ( i n ) ;  F15.3 f o r m a t  

*UNSPRUNG WEIGHT ( l b s ) ;  F15.3 f o r m a t  

Because o f  t h e  dua l  t i r e s  commonly used on r e a r  a x l e s ,  t h e  TRACK WIDTH 

must be c a r e f u l l y  d e f i n e d .  As used here ,  t r a c k  w i d t h  i s  t h e  l a t e r a l  d i s -  

t ance  between t h e  c e n t e r s  o f  t h e  dua l  t i r e s ,  as shown i n  F i g u r e  10. The 

dua l  t i r e  s e p a r a t i o n  parameter  i s  i n c l u d e d  i n  t h e  T i r e s  and Wheels d a t a  and 

d e f i n e s  t h e  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  w i d t h .  
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Figu re  10 .  D e f i n i t i o n  o f  t r a c k  w i d t h  and dua l  t i r e  s e p a r a t i o n .  
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3.3.4.2 Tandem axles option. - The tandem axle model has been re- 

formulated f o r  the T3DRS: V 1  program. Previously , seven d i f f e r e n t  tandem 

options have been variously avai lable  among the predecessor programs. 

These included: 

1 )  Walking-beam suspension 

2 )  Basic four-spring suspension 

3 )  Four-spring with spring-type torque rods 

4 )  Four-spring with long load leveler  

5 )  Mu1 t i p l e  torque rod four-spri ng 

6 )  Mu1 t i p l e  torque rod four-spring with spring-type 

lower torque rod 

7)  Air suspension 

Reference [3] provides a de ta i led  discussion of these seven types of tandem 

suspensions. Each axle/suspension system was defined by a de ta i led  l i s t  of 

geometric parameters t h a t  served t o  es tab1 i sh  three basic cha rac te r i s t i c s :  

1 )  The tandem axle separat ion 

2 )  The s t a t i c  load d i s t r ibu t ion  among the axles 

3 )  The dynamic load t r a n s f e r  between axles during braking. 

That approach t o  modeling was taken under the philosophy tha t  tandem axle 

geometric c h a r a c t e r i s t i c s  were more readily avai lable  to  users than such 

parameters as dynamic load t r ans fe r  c h a r a c t e r i s t i c s .  However, the 1 imi t a -  

t ions of each geometric formulation has resulted in a p ro l i f e ra t ion  of models, 

each required to  handle pa r t i cu la r  d e t a i l s  associated with the many va r i e t i e s  

of tandem systems in use. 

In T3DRS:V1, tandem axle systems a re  modeled as two s ing le  axles with 

the additional speci f ica t ion  of the three parameters 1 i s t ed  above. Hence, 

the entry of a tandem-axle system i s  accomplished by entry of a data 1 i s t  

as  described below. 

The tandem-axle option i s  indicated by entry of "01"  value ( I 2  format) 

as the f i r s t  parameter, SLSPENSION K E Y .  The next entry i s  TANDEM A X L E  

SEPARATION ( in .  between the centers  of the leading and t r a i l i n g  ax les ,  in 

F15.3 format) .  Tandem-axle separation i s  typical 1y 48-52 in .  f o r  closely 
spaced tandem s e t s .  Next i s  the STATIC LOAD TRANSFER (F15.3 format) which 

i s  the  percent of the t o t a l  tandem load carr ied  on the lead axle under s t a t i c  



c o n d i t i o n s .  On t h e  most  cotiimon tandem suspensions,  t h i s  i s  i n t e n d e d  t o  be 

50 p e r c e n t  (50.0 e n t r y ) ,  a1 though m ino r  v a r i a t i o n s  may occu r  due t o  i n -  

accu rac ies  i n  t h e  e q u a l 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  unsprung 

we igh ts  of t h e  a x l e s .  The v a l u e  e n t e r e d  here  e s t a b l i s h e s  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 i m u l a t i o n .  I n t e r n a l l y ,  t h e  

program works back f rom t h e  l o a d  d i s t r i b u t i o n  s p e c i f i e d ,  compensates f o r  t h e  

unsprung we igh ts  o f  t h e  a x l e s ,  and s e l e c t s  t h e  necessary s t a t i c  s p r i n g  de- 

f l e c t i o n  on each a x l e  t o  ach ieve t h i s  s t a t i c  l o a d  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 d e - t o - s i d e  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 h e  s p r i n g s  on t h e  r i g h t  and l e f t  a r e  s e l e c t e d  t o  ach ieve equal  l o a d  

on b o t h  s i d e s  o f  t h e  a x l e  under s t a t i c  c o n d i t i o n s .  

Next ,  t h e  DYNAMIC LOAD TRANSFER parameter  i s  en te red  (F15.3 f o r m a t ) .  

T h i s  parameter ,  i n  u n i t s  o f  pe rcen t ,  desc r i bes  t h e  f r a c t i o n  o f  t h e  t o t a l  

b rake to rque  (genera ted  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 i n g  l o a d  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 s e t .  That  i s ,  t h e  b rake  

t o r q u e  genera ted by t h e  r e a r  a x l e s  r e s u l t s  i n  a  p i t c h  p l a n e  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 genera ted 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 a x l e ,  For  example, if t h e  t o t a l  b rake  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 y  a  

DYNAMIC LOAD TRANSFER va lue  o f  t 10 .0  ( p e r c e n t )  would r e s u l t  i n  an i nc rease /  

decrease o f  200 l b s  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  a x l e s .  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  de termined by t h e  i n h e r e n t  geometry o f  t h e  

suspens ion  and to rque  r o d  systems. With i d e a l  t o rque  r o d  designs,  a l l  b rake 

t o r q u e  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  a x l e .  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.  Walking- 

beam and a i r  suspensions a r e  reasonab ly  e f f e c t i v e  and a  zero  e n t r y  may be 

a p p r o p r i a t e  t o  thos? cases. However, some f o u r - s p r i  ng suspensions by t h e  

n a t u r e  o f  t h e i r  l o a d  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  a x l e ,  i n  wh ich  case a  n e g a t i v e  va lue  f o r  t h e  parameter  i s  

r e q u i r e d .  

A f t e r  e n t r y  of these t h r e e  s p e c i a 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  e n t e r e d  as two s e r i a l  s e t s  o f  

s i n g l e  a x l e s .  That  i s ,  a  s i n g l e  a x l e  da ta  s e t  of 10 parameters,  f rom 

SUSPENSION SPRING RATE th rough  UNSPRUNG WEIGHT, i s  e n t e r e d  t o  d e s c r i b e  t h e  



leading axle; followed by a similar data s e t  t o  describe the t ra i l ing  axle. 
Different parametric values, along with the table lookup  and side-to-side 

options, can be used as desired with each axle. More detailed discussion of 

the 10 parameters i s  contained in Sections 3.3.2 a n d  3.3.4.1. These data 
are echoed, as shown in Figure 9, in a side-by-side format rather than the 
ser ial  format actually used in the i n p u t  l i s t .  

3.3.5 Truck/Tractor Rear Tires and Wheels. The rear t i r e s  and wheels 
(see Fig. 9 )  are generally described by the same parametric information 
needed for the front wheels, that i s  described in detail in Section 3.3.3. 
The primary difference ar ises  from the fact  that  rear axles commonly employ 
a dual t i r e  arrangement. Hence, the f i r s t  parameter to be entered i s  DUAL 

TIRE SEPARATION ( F 1 5 . 3  format) which i s  the distance in inches between the 

center-plane of the two t i r e s  in a dual wheel s e t  (see Fig. 1 0 ) .  Thence the 
parametric data on  a per t i r e  !)asis i s  entered. I f  the dual t i r e  separation 
i s  input as zero, a single wheel i s  assumed a t  t h a t  position defined by the 
track width entered previously. Different values can be assigned for  t i r e s  
on the l e f t  and right side of the axle by side-to-side entry format, b u t  

b o t h  t i r e s  i n  the dual se t  are assigned the same parameter values. The l a s t  
entry, the POLAR MOFENT OF INERTIA, i s  likewise entered on a per t i r e  basis, 
and hence, with dual wheels should be entered as half the value for the dual 
wheel s e t ,  I f  tandem axles have been specified, two complete sets  of t i r e  
data from D U A L  T IRE  SEPARATION t o  POLAR MOMENT OF INERTIA should be entered 
i n  se r ies ,  the f i r s t  se t  for  the leading axle and the second se t  for  the 
t r a i  1 i ng  axle. 

3.3.6 Truck/Tractor Front and Rear Brakes. The brake systems on the 
axles of  the simulated vehicles are represented by the timing characteris- 
t i c s  of the pneumatic system a n d  the pressure torque characteristics of the 
brakes. Brake system data are entered as the l a s t  category of information 
about each vehicle and are entered only i f  a Treadle Pressure Table was 
entered in the Simulation Operation Parameters. Zero lines in that table 
signals the program to skip over brake data read instructions. One or more 
lines in the Treadle Pressure Table, even i f  a l l  values are zero, i s  con- 
sidered a table entry. 



Brake data are  entered f o r  each axle of the vehicle in sequence from 

f ron t  to r ea r ,  the number of brake data s e t s  being equal to  the number of 

axles on the vehicle. The brake data s e t s  consist  of three en t r i e s .  

The f i r s t  entry i s  the BRAKE L A G  in seconds for  the l e f t  and r ight  

brake (2F10.4 format).  This parameter describes the time for  a pressure 

signal to  proceed from the t readle  valve to  the brake chamber and i s  equi- 

valent to  the time from the f i r s t  motion of the t readle  valve t o  the be- 

ginning of the pressure r i s e  a t  the brake chamber. Typical values are  in 
the range of 0.02 t o  0.10 sec fo r  t ruck/ t rac tor  a i r  brake systems. 

The second entry i s  brake RISE TIME in seconds fo r  the l e f t  and r ight  

brakes (2F10.4 format).  The r i s e  time i s  the e f fec t ive  time constant when 
the chamber pressure r i s e  i s  characterized by a f i r s t -o rde r  lag ( i . e . ,  time 

required t o  reach 63% of the steady-state s tep  response). Typical values 
are in the range of 0.2 t o  0.5 sec. 

The l a s t  entry in the brake s e t  i s  the l e f t  and r ight  BRAKE T O R Q U E  

coeff ic ient  in units  of in-lb of brake torque/psi (2F10.4 format ) .  The 
brake torque coeff ic ient  characterizes the brake in a l inear  fashion and, 

as with the f i r s t  two e n t r i e s ,  can be given a side-to-side difference.  

(One entry with any of the above parameters, as with any side-to-side 

parameter, causes the r ight  s ide to  be given the same value as the l e f t  

s i d e . )  In the event i t  i s  desired to  model the brake with nonlinear char- 

a c t e r i s t i c s ,  a s ,  fo r  example, having a nonzero pushout pressure before the 

brake i s  actuated, a brake lookup table can be cal led by entry of a negative 

whole number for  the BRAKE TORQUE coeff ic ient .  Immediately the rea f t e r ,  a 
brake table  should be entered in the following format: 

Line #I Number of Lines, n (max. of 1 0 )  ( I 2  format) 
Line f 2 ,  e t c .  ' n '  1 ines of the table of 

pressure (ps i )  versus torque (in-1 b )  (2F10.2 format) 

If  l e f t  and r ight  brakes are given separate tables ,  the l e f t  brake table  

i s  entered f i r s t ,  followed immediately by the r ight  brake table .  The side- 
to-side and lookup table  options may be mixed as desired on each axle or 
on d i f fe ren t  axles.  



The performance of hydraulic brake systems can be represented as 

well by the brake models. I n  t h a t  case,  the BRAKE LAG and RISE TIME 

parameters are  negligible and may be entered as zero. Effects  of propor- 

tioning valves a re  taken in to  account by assigning nonlinear brake torque 

cha rac te r i s t i c s  dupl ica t ing  slopes and break points in the proportioning. 

3.4 F i r s t  Tra i l e r  Description 

The f i r s t  t r a i l e r  i s  always a semi t ra i l e r  which i s  modeled as a  r ig id  

body sprung mass supported a t  the f ron t  by the t r a c t o r  f i f t h  wheel coupling 

and a t  the rear  by i t s  own suspension and axles .  Parametric data f o r  the 

t r a i l e r  i s  shown in Figures 1 1  and 12. 

3.4.1 T r a i l e r  Parameters. The basic propert ies  of the t r a i l e r  a re  

described by sprung mass parameters tha t  cons t i tu te  the f i r s t  group of 

e n t r i e s .  The sprung mass i s  modeled as a  r ig id  body, shown in Figure 13. 

The f i r s t  entry i s  WHEELBASE, the cha rac te r i s t i c  length of the t r a i l e r  de- 

fined as the  longitudinal distance in inches (F15.3 format) from the king- 

pin t o  the center  of the rear  suspension. For a  s ingle-axle t r a i l e r ,  t h i s  

i s  the  same as the distance t o  the  rear  axle cen te r l ine ,  b u t  f o r  a  tandem- 

axle t r a i l e r  i t  i s  the distance t o  the geometric center  of the rear  axles.  

The r ig id  body sprung mass i s  represented by mass propert ies  con- 

centrated a t  i t s  center  of gravity ( c . 9 . ) .  I t s  mass and  f o r e / a f t  locat ion 

are established by input of the BASE VEHICLE KINGPIN STATIC LOAD ( 1  bs . ,  

F15.3 format) and CURB WEIGHT O N  REAR AXLES ( 1  bs . ,  F15.3 format) .  The base 

vehicle weight data defines the mass of the semi t ra 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 tan- 

dem axles i s  the to ta l  fo r  both axles.  

Thereafter ,  the  sprung mass and payload propert ies  consist ing o f  the 

following e n t r i e s  a re  made: 

*SPRUNG MASS C . G .  HEIGHT 
*SPRUNG MASS ROLL MOMENT OF INERTIA 
SPRUNG MASS PITCH MOMENT OF INERTIA 
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Figure 13. Modeling elements o f  a semitrailer. 
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*SPRUNG MASS YAW MOMENT OF INERTIA 

PAYLOAD WE1 GHT 

*PAYLOAD DISTANCE AHEAD OF REAR SUSPENSION - O p t i o n a l  

*PAYLOAD C.G. HEIGHT - O p t i o n a l  

-PAYLOAD ROLL MOMENT OF INERTIA - O p t i o n a l  

*PAYLOAD PITCH MOMENT OF INERTIA - O p t i o n a l  

-PAYLOAD YAW MOMENT OF INERTIA - O p t i o n a l  

S e c t i o n  3.3.1 g i v e s  a  d e t a i l e d  d e s c r i p t i o n  o f  t hese  parameters f o r  t h e  

t r u c k / t r a c t o r  t h a t  i s  equa l  l y  app l  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  s imu la ted ,  t h i s  completes t h e  

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  

doub les  o r  t r i p l e s  a r e  t o  be s i m u l a t e d  ( i . e . ,  ano the r  t r a i l e r  f o l l o w s ) ,  

two more parameters must be e n t e r e d  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 a n c e  i n  i nches  

beh ind  t h e  r e a r  suspension,  F15.3 f o r m a t ) ,  and HEIGHT OF PINTLE HOOK 

( i n c h e s  above ground, F15.3 f o r m a t ) .  The h e i g h t  i s  t aken  t o  be t h e  v a l u e  

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, Ax le ,  T i r e s ,  Wheels, and Brakes.  The 

parameters t o  d e s c r i b e  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 i g u r e s  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  f o r m a t  and 

f u n c t i o n  t o  t h e  T r u c k / T r a c t o r  Rear Suspension and A x l e  Parameters ( S e c t i o n  

3.3.4) ,  T r u c k / T r a c t o r  Rear T i r e s  and Wheels ( S e c t i o n  3.3.5) ,  and Truck /  

T r a c t o r  Rear Brakes ( S e c t i o n  3.3.6) .  The u s e r  shou ld  r e f e r  t o  these  sec- 

t i o n s  t o  answer q u e s t i o n s  r e l a t i n g  t o  d e f i n i t i o n s  o r  f o rma t .  

3.5 Second and T h i r d  ( F u l l  ) T r a i  1  e r  D e s c r i p t i o n s  

The second and t h i r d  t r a i l e r s  a r e  a lways 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 suppor ted  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  con- 

v e r t e r  d o l l y ,  and a t  t h e  r e a r  by i t s  own suspens ion and a x l e s .  Pa ramet r i c  

da ta  f o r  t h e  second t r a i l e r  i s  shown i n  F i g u r e s  14 and 1 5  and i s  t h e  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 )  i s  s i m u l a t e d ,  t h e  

complete d a t a  s e t  as shown i n  F i g u r e s  14 and 15 ( w i t h  t h e  e x c e p t i o n  o f  t h e  

two p i n t l e  hook parameters)  i s  e n t e r e d  f o r  t h e  t h i r d  t r a i l e r  immed ia te l y  

f o l l o w i n g  t h e  second t r a i l e r .  
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3.5.1 Full Tra i ler  Parameters. A fu l l  t r a i l e r  i s  modeled by a 
semit ra i le r  se t t ing  on a fixed or converter dolly.  The two types of do l l i e s  

are  functionally d i f fe ren t ,  as i l l u s t r a t e d  in Figure 16. The fixed dolly 

i s  attached d i rec t ly  t o  the t r a i l e r  and  i s  constrained t o  move with the 

t r a i l e r  in a l l  b u t  the yaw di rec t ion .  Hence, a pitch direct ion hinge in 

the dolly tongue i s  used t o  decouple pitch motions from the towing vehicle. 

The converter do1 ly incorporates a conventional f i f t h  wheel as a coup1 ing 

t o  the t r a i l e r .  This type of do1 ly has a r igid tongue a n d  i s  decoupled 

from the t r a i l e r  in yaw and pitch. 

Kinematically, the do l l i e s  are  modeled as shown. The assumptions in 

the model s a re  as fol 1 ows : 

1 )  The yaw ine r t i a  of the dolly i s  assumed negligible.  

2 )  The ef fec t ive  sprung mass properties of the dolly are  

lumped in with t h a t  of the t r a i l e r .  

3 )  Tire longitudinal velocity due t o  dolly yaw i s  neglected. 

The primary functional difference between the two types of do l l i e s  in 

the simulation i s  t h a t  the converter dolly can exert  s t a t i c  load on the 

rear  of the towing t r a i l e r ,  whereas the fixed do1 ly does n o t .  Like the 

t r a c t o r  f i f t h  wheel, the p in t le  connection i s  modeled by springs of sui tably 

high s t i f f n e s s  such tha t  they are  r e a l i s t i c ,  ye t  allow the equations t o  be 

coupled by forces rather  t h a n  displacements. The p in t le  hitch transmits 

only longitudinal ,  l a t e ra l  and vert ical  forces,  b u t  no moments. 

The f i r s t  parameter entry with a f u l l  t r a i l e r  i s  the DOLLY K E Y  ( I 2  

format) for  which "01" indicates a converter dolly and  "02" a fixed dolly.  

The next three en t r i e s  define the geometry for  both types of do l l i e s  as 

shown in Figure 16. The f i r s t  i s  DISTANCE FROM PINTLE HOOK TO DOLLY 

SUSPENSION ( i n . ,  F15.3 format) ,  which defines the ef fec t ive  tongue length 

of the dolly.  For the single-axle dolly t h i s  i s  the distance t o  the center 

of the axle,  whereas for  the tandem axles i t  i s  t o  the midpoint between 

the two axles. Second i s  TURNTABLE LOCATION (inches ahead of the suspension 

center ,  F15.3 format) ,  which defines the of fse t  between the kingpin or 

turntable center and suspension system. Last i s  TURNTABLE HEIGHT (inches 

above the ground, F15.3 format). By t h i s  simplified representation, i t  i s  

implici t ly assumed tha t  the longitudinal tongue forces are  applied t o  the 
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f u l l  t r a i l e r  a t  the longitudinal location of the kingpin and  a t  the ve r t i -  

cal location defined by the turntable height. Hence, the height should be 

taken as tha t  of the pitch pivot on the f i f t h  wheel of a converter dolly,  

a n d  as tha t  of the pitch direct ion hinge on the tongue of a fixed dolly.  

The WHEELBASE ( i n . ,  F15.3 format) fo r  the fu l l  t r a i l e r  i s  defined as 
the distance between the centers of the dolly and  the t r a i l e r  rear  suspen- 

sion systems. The base vehicle sprung mass and longitudinal center of 

gravity location i s  then defined by entry of BASE VEHICLE C U R B  WEIGHT O N  

FRONT AXLES ( I  bs., F15.3 format) and BASE VEHICLE C U R B  WEIGHT ON REAR AXLES 

( l b s . ,  F15.3 format). In the case of a converter dolly,  some weight may be 

carr ied on the tongue due t o  kingpin o f f se t .  The front  axle curb weight 

f o r  the converter dolly should include the weight carr ied on the tongue 

( i . e . ,  vert ical  load on the p in t le  hook ) .  From these s t a t i c  loads, l e s s  

the unsprung weights tha t  are entered l a t e r ,  sprung mass properties of the 

t r a i l e r  a re  calculated,  which include sprung mass contributions from the 

do1 ly.  

Thereafter,  SPRUNG PASS C G  HEIGHT, MOMENTS OF INERTIA, and PAYLOAD 

data,  shown in Figure 14, a re  entered as for  a t ruck/ t rac tor ,  described in 

Section 3.3.1. 

I f  the t r a i l e r  i s  the second of a th ree - t r a i l e r  ( t r i p l e s )  combination, 

p in t l e  hook location data,  as follows, appears next. 

*LOCATION OF PINTLE HOOK (distance in inches behind the rear  

suspension, F15.3 format) 

*HEIGHT OF PINTLE H O O K  (inches above the ground, F15.3 format) 

This concludes the t r a i l e r  parameters. 

3.5.2 F u l l  Tra i ler  Suspension, Axles, Ti res ,  Wheels, and Brakes. I n -  

p u t  data f o r  these parameters a re  shown in Figures 14 and 15. The component 

en t r i e s  f o r  b o t h  the dolly and t r a i l e r  rear  suspensions and axles are  iden- 

t i c a l  in format and function t o  the Truck/Tractor Rear Suspension and Axle 

Parameters (Section 3.3.4) .  The t i r e s ,  wheel s and  brake component en t r i e s  

a re  identical  to Truck/Tractor Rear Tires and Wheels (Section 3.3.5) and 

TrucklTractor Rear Brakes (Section 3.3.6) .  The user should refer  t o  these 

sections for  def in i t ions  and format. 



3.6 Antilock Brake Description 

After the l a s t  en t r i es  of parametric data (normally the brake data)  
f o r  the l a s t  vehicle in the combination, the user has the option t o  enter  
anti lock brake control system data f o r  any wheel on the vehicle t r a i n .  If 
no anti lock data i s  t o  be entered fo r  the vehicle, a "00" entry ( I 2  format) 
should be entered fo r  the VEHICLE ANTILOCK K E Y  a t  t h i s  point in the i n p u t  

stream. If  anti lock data i s  t o  be entered, the VEHICLE ANTILOCK K E Y  entry 
should be "01" ( I2  format). The "01" entry will ac t iva te  the anti lock sub- 
program to  read and echo ant i  lock data according t o  the format documented 
in Appendix D ,  Antilock Simulation. All anti lock data must be entered 
following the "01" entry for  the VEHICLE ANTILOCK K E Y .  

The ant i  lock simulation i s  a  general -purpose program which requires 
the user t o  specify operating charac te r i s t i c s  of each ant i  1 ock system 
simulated. Because of the program's bui l t - in  f l e x i b i l i t y ,  permitting simu- 
l a t ion  of a wide variety of anti lock system charac te r i s t i c s ,  entry and 
selection of numerical values defining the desired features may be 
challenging tasks f o r  some f i r s t - t ime  users. Examples appearing in Appendix 
D should prove helpful in understanding the basic program usage. 

3 .7  End of Input 

The l a s t  l i ne  entered in the input stream i s  the R E R U N  parameter 

( I 2  format). Note t ha t  t h i s  parameter i s  never echoed as an element of the 
input data 1 i s t .  A "00" entry fo r  R E R U N  will terminate the program follow- 
i n g  the simulation run by a C A L L  EXIT system return. A "01" entry fo r  
R E R U N  i s  used t o  perform multiple runs. I n  t h i s  case, a  second data s e t  
beginning w i t h  a  T i t l e  Line should follow immediately i n  the same i n p u t  

stream. The "01" RERUN parameter will cause the program to  read the second 
data s e t  and execute the simulation. Following execution fo r  the second 
data s e t ,  i t s  R E R U N  parameter will be read and the program terminated 
( R E R U N  = 00) or  a th i rd  data s e t  read ( R E R U N  = 01) .  I n  the event a data 
s e t  i s  not entered following an "01" RERUN ent ry ,  a  system 1/0 in terrupt  
will occur and the program generally terminated by the speci f ic  system 
executi ve. 

Job Control Language cards,  when required a t  a  spec i f i c  computer 
ins ta l  l a t ion  to  terminate/unload the program, should follow the R E R U N  

parameter. 

5 3 



4.0 PROGRAM OUTPUT 

4.1 General 

Operation of the T3DRS:Vl program generates output in a  format com- 

pat ib le  with l i n e  pr in ter  systems with 132 or more characters per l ine .  

The output f a l l s  in three categories--echo of input data,  a  Summary Page 

describing the load conditions of the simulation vehic le(s )  , and time- 

based 1 i s t ing  of simulation output variables. 

Fixed and separate page numbering systems are used with the input 

echo and simulation output pages. The numbering systems are described in 

Sections 4.2 and 4.4 where those outputs are discussed. All pages have a 
two-1 ine heading with the t i t l e  of the T3DRS:Vl program and the one-line 

t i t l e  supplied by the user. 

4.1.1 O u t p u t  Options. Only the simulation output pages can be 

optionally selected by the user. The Input Echo pages and simulation 
vehicle Summary Page are always printed i f  the input data i s  successfully 

read. The o u t p u t  page options are  specified by a seven-digit key read in 

the Simulation Operation Parameter input group (see  Section 3.2) .  If a  
simulation' input i s  submitted with zero SIMULATION TIME and no output 
options, only the Input Echo pages and simulation vehicle Summary Page are 

obtained. This technique can be used t o  check an input l i s t  pr ior  to 
making a simulation run. 

4.1.2 Coordinate Systems. I n  order to  in terpre t  the vehicle motion 

parameters given in the simulation output,  i t  i s  necessary t o  define the 

coordinate systems used. Two coordinate systems are necessary t o  describe 
the simulated motion of each vehicle; an ine r t i a l  coordinate system and a 
body fixed coordinate system, as shown in Figure 17. 

The ine r t i a l  coordinate system i s  a  right-hand orthogonal system 
fixed in space tha t  serves as the reference point from which vehicle motions 

and a t t i tudes  are defined. The origin i s  placed a t  the t ruck/ t rac tor  
sprung mass center of gravity a t  the beginning of the simulation (time=O). 
The i n e r t i a l  coordinate system i s  a1 igned with the gravity vector and the 



horizontal projection of the t ruck / t rac to r  longitudinal axis .  The axes 

a re  defined according t o  SAE convention as f o l l  ows: 

X - horizontal out the f ron t  of the vehicle 

Y - horizontal out the r igh t  s ide  of the vehicle 

Z - ve r t i c a l l y  downward in the di rect ion of gravity 

The body fixed coordinate system i s  located and fixed in the vehicle 
and defines the vehicle location and a t t i t ude .  I t s  or ig in  i s  a t  the sprung 
mass center  of gravity and i s  oriented as follows: 

x - longitudinally o u t  the f ron t  of the vehicle 

y - l a t e r a l l y  o u t  the r igh t  s ide  of the vehicle 

z - ve r t i c a l l y  in the plane of the vehicle sprung mass 

Each vehicle i n  the simulated combination has a separate body fixed co- 
ordinate system. 

A t  the beginning of a simulation run, the or ig in  of the t ruck l t rac to r  

body fixed coordinate system i s  a t  the or ig in  of the i ne r t i a l  coordinate 
system. Furthermore, i f  the vehicle i s  on a level surface,  the axes of 
the body fixed system a r e  coincident with those of the i ne r t i a l  system. 

Since a l l  vehicles in a combination a re  aligned on the i n e r t i a l  X 

axis  a t  the beginning of a simulation, a l l  t r a i l e r s  s t a r t  off  with a nega- 
t i v e  X coordinate and a zero Y coordinate. Since a l l  vehicles may have 
a d i f fe ren t  sprung mass center of gravity height as well as d i f fe ren t  eleva- 
t ions due t o  road grade, the height of each vehicle in the i ne r t i a l  system 
is referenced from i t s  i n i t i a l  height ( , i . e . ,  the Z coordinate f o r  each 
vehicle i s  defined by the change from i t s  i n i t i a l  e leva t ion) .  

During a simulation, the position and a t t i t u d e  of each vehicle i s  
defined by the position and a t t i t u d e  of i t s  body fixed coordinate system in 
the i ne r t i a l  coordinate system. The vehicle position i s  given by the X ,  Y ,  

and Z coordinates locating the origin of the body fixed system. The a t t i -  

tude i s  defined by Euler angles which o r ien t  the body fixed coordinate 
system with respect t o  the i ne r t i a l  coordinate system. That i s ,  a t  any 
ins tan t  of time, the vehicle a t t i t u d e  i s  defined by the following three 
rota t ions  going from the or ienta t ion of a t rans la ted i ne r t i a l  coordinate 
system t o  the or ienta t ion of the body fixed system. 



1 )  Heading ang le  - r o t a t i o n  i n  t h e  X - Y  i n e r t i a l  p l a n e  about  

t h e  Z a x i s ;  p o s i t i v e  c l o c k w i s e  when viewed f rom above. 

2)  P i t c h  ang le  - r o t a t i o n  about  t h e  y body a x i s ,  o u t  o f  t h e  

X - Y  i n e r t i a l  p lane;  p o s i t i v e  c l o c k w i s e  l o o k i n g  f rom l e f t  

t o  r i g h t  on t h e  v e h i c l e .  

3 )  R o l l  ang le  - r o t a t i o n  about  t h e  x body a x i s ;  p o s i t i v e  

c l o c k w i s e  l o o k i n g  f o r w a r d  on t h e  v e h i c l e .  

4.2 I n p u t  Echo 

The f i r s t  s e r i e s  o f  pages i n  t h e  program o u t p u t  i s  an echo o f  t h e  

i n p u t  da ta  used t o  d e f i n e  t h e  v e h i c l e s  and s i m u l a t i o n  t o  be made. The echo 

pages a r e  l a b e l e d  as " I n p u t  Page N o . "  and a r e  numbered s e q u e n t i a l l y  as 

f o l l o w s :  

I n p u t  Page No. 

1  

2 - 3 

4-5 

6-7 

8-9 

Content  

Simul a t i o n  Opera t i on  Parameters 

T r u c k / T r a c t o r  Parameters 

F i r s t  (Semi-) T r a i l e r  Parameters 

Second ( F u l l  - )  T r a i  1  e r  Parameters 

Th i  r d  ( F u l l  - )  T r a i  1  e r  Parameters 

As a  minimum, pages 1-3 a r e  always p r i n t e d ,  w h i l e  pages 4-9 appear o n l y  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  a r e  be ing  s imu la ted .  

The i n p u t  echo i s  designed t o  match l i n e  f o r  l i n e  as much as p o s s i b l e  

w i t h  t h e  i n p u t  da ta  l i s t  so t h a t  a  copy o f  t h e  echo can be used as a  model 

f o r  assembl ing a  new i n p u t  da ta  l i s t .  Every l i n e  showing a  numer ica l  va lue  

corresponds t o  an i n p u t  1  i n e .  B lank  1  i n e s  on t h e  echo pages a r e  t h e r e  o n l y  

f o r  ease o f  r e a d i n g  and shou ld  n o t  be i n c l u d e d  i n  an i n p u t  l i s t ,  l e s t  t hey  

be read  as ze ro  e n t r i e s .  Where m u l t i p l e  numbers a r e  en te red  on one i n p u t  

l i n e  (see d i s c u s s i o n s  i n  S e c t i o n  3.0 f o r  f o r m a t ) ,  t h e y  appear on one l i n e  

o f  echo. Where t h e  s i d e - t o - s i d e  o p t i o n  i s  a v a i l a b l e  (see S e c t i o n  3.1.3)  

l e f t -  and r i g h t - s i d e  va lues  a r e  shown on a  l i n e .  Two excep t i ons  t o  t h e  

above r u l e s  must be observed:  



1 )  When a t a b l e  lookup option i s  used, the  tabular  data 
entered beginning on the  next l i n e  in the  input i s  
printed on the  Table Pages of the output ( see  example 
in Appendix A ) .  

2 )  When the  tandem-axle option i s  used, data in each group 
(suspensions and ax1 es ; t i r e s  and wheels; brakes) which 
were entered f i r s t  f o r  the  leading axle then f o r  the 
t r a i l i n g  axle  a r e  printed s ide  by s ide  in the  echo f o r  

ease of reading. 

The input echo i s  produced during the input data reading process, 
pr in t ing  a f t e r  every few 1 ines of read. An e r r o r  in the  i n p u t  l i s t  wil l  
a t  times ha1 t the reading process and prevent the program from running. 
In those cases ,  output of the  echo u p  t o  the  point  of the  reading f a u l t  
wil l  be produced, serving as an a id  in diagnosing the input e r r o r .  

A t  the  end of the  echo on the  l a s t  vehic le ,  the various lookup tables  
t h a t  have been entered a r e  printed i n  an unnumbered s e r i e s  of pages as 
required. The t ab les  a r e  printed by categories a s  fol lows,  in the  order 
in which they were entered:  

1 ) Suspension Spring Rate 
2 )  Ti re  Data 
3)  Brake Torque 

The t ab les  a r e  iden t i f i ed  by the  number assigned in the c a l l  statement. 

I f  ant i lock brake control systems were used a t  any wheel i n  the 

vehicle configurat ion,  a s e r i e s  of output pages follows a t  t h i s  point  to  
describe the  ant i lock system(s)  used. The format and meaning of the  a n t i -  
lock echo pages a r e  given in Appendix D .  

4.3 Summary Page 

A t  the completion of a successful input data read, the program ca l -  
cu la tes  the  necessary composite c h a r a c t e r i s t i c s  of the  vehicle combination. 
These data a r e  printed on the Summary Page, as  shown in Figure 18. 

The program f i r s t  ca lcu la tes  the composite center  of gravi ty  locat ion 
and moments of i n e r t i a  f o r  the vehicle sprung mass with payload, the  





resultant data being l i s ted  cn the Summary Page by vehicle for the empty 
and loaded condition. To minimize the program memory requirements, these 
data are printed in the order by which they are calculated, which i s  from 
the l a s t  t o  the f i r s t  vehicle. 

Second, the s t a t i c  loads on each of the axles of the assembled 
vehicle combination i s  printed, front t o  rear,  along with the total  (gross 

combination) weight. The axles are identified by the number NS(i ,j, k )  

where i  i s  the number of the vehicle (numbered consecutively front t o  r ea r ) ,  
j indicates front ( 1 )  or rear ( 2 )  suspension, and K indicates the axle 
number on that suspension. These data serve as a good check t o  ensure that 
the desired vehicle has been produced by the input data l i s t .  

Last, the longitudinal center of gravity location and yaw moment of 
iner t ia  for the total  mass of each vehicle i s  printed. The longitudinal 

c.g. location determines the overall axle loads resulting from the vehicle 

with payload. The total  vehicle yaw moment of  iner t ia  i s  the overall 
resultant from contributions of the sprung mass, payload and axles. 

4 . 4  Simulation O u t p u t  

The simulation o u t p u t  pages are the product of the simulation run, 
providing a description of what happens t o  the vehicle combination in the 
course of the simulated maneuver. The o u t p u t  pages present 1 i s t s  of the 
selected vehicle motion variables and operating conditions a t  specified 
intervals of time throughout the maneuver, The variables and  conditions 

are presented in columns with each 1 ine representing a point in time, 
measured in seconds, from the beginning of the simulation. 

The o u t p u t  i s  identified by the "Output Page Number" appearing in the 
upper right-hand corner of each page. The numbering code i s  as follows: 

where 
x = time block 

yy = variable page number 
z = vehicle number ( 1  - truck or t rac tor ,  2 - semitrailer,  

3 - f i r s t  ful l  t r a i l e r ,  4 - second ful l  t r a i l e r )  



The t i ~ e  block code a r i s e s  from the need to  ninirnize c~i ; lputer  rr;eri;ory 

r e q u i r e ~ e n t s .  Each a g e  of output contains  u p  t o  41 t i n e  increnents  of out-  

p u t .  I f  the  durat ion of the  maneuver and s e l ec t ed  time in te rva l  f o r  p r i n t -  

ing r e s u l t s  in more than 41 1  ines  of ou tpu t ,  t o  minimize the  number of out-  

p u t  devices ,  output f o r  t he  f i r s t  41 time increments ( t ime  block I), i s  

p r in t2d ;  then i t  cont inues  with the second block of 41 ( t ime black 2 ) ,  e t c .  

in order  t o  minimize the number of time blocks and hence the  bulk of the  

output pages, the  user  may want t o  choose c a r e f u l l y  the TIME I N C R E M E N T  OF 

OUTPUT spec i f i ed  in the  Simulation Operation Paraneters  (Sect ion 3 . 2 ) ,  

using the fol  lowing information f o r  guidance: 

Nan~ever  Gurati on ---- Time Increment of Output No. of T i ~ e  Blocks 
2 sec .  .05 sec .  1 

4 .10 1  

4  .05 2 

6 .15 1 

6 .10 2 

6 .05 3 

8 .20 1 

8 .15 2 

8 -10 3 

8 .05 4  

Up to  nineteen output va r i ab l e  pages can be requested f o r  each 

veh ic le .  The page numbering system and con ten t s  of each page a r e  shown 

in Table I .  All pages a r e  p r in ted  f o r  each veh ic le ,  with the  vehicles  

taken in seqdence. Variable pages a r e  p r in ted  in ascending order  by Fdge 

nmbe r ,  b u t  a re  not nece s sa r i l y  consecutive s ince  output p r i n t i ng  can be 

s b p ~ r e s s e d  by choice of the OUTPYT P A G E  9PTIOY KEYS. In add i t i on ,  'he 

fiiinbering s y s t ? ~  a l lcws f o r  four  p z ~ e s  in  the  l a s t  four  groups s;'nce one 

page i s  required per ax le  and soiiie veh ic les  can have u p  t o  four  ax l e s .  I f  

the  vehicle  has l e s s  than four  ax l e s ,  c e r t a i n  output Fzge n ~ ~ + e r s  wi l l  not 

;;pear. 

4 . 4 . 1  Sprung !?ass Pc s i t i on  Page. Variable page 01, Sprung /.!ass 

Pc s i t i on ,  sk9:in in Fi25r-e 7 9 ,  d . s c r i k s  t h e  simulated v ~ h i c l e  L-:otion by i t j  
, . , . -c;sj::i8:!1 ::,j , ~ ~ ~ j ~ : , , ~ ~  i n  ::;? - ' , ; ~ , - y a l  c;:;,.;::>,<;~? 5 :5:;2!:,. ;he 





Table I. Simulation O u t p u t  Page Contents. 

Page No. T i t l e  Variables 

0 1 Sprung Mass Position Forward, Lateral and Vertical 
( I ne r t i a l  Coordinate Translation 
Sys tern) Roll, Pitch and Heading Angles 

Turn Radius 

Body Sidesl ip  Angle 

Articulat.ion Angle 

02 Sprung Mass Velocity Forward, Lateral and Vertical 
( Ine r t i a l  Coordinate 
System) Roll, Pitch, Heading and 

Articulation Rate 

03 Sprung Mass Accelerations Forward, Lateral and Vertical 
( Ine r t i a l  & Body Fixed 
Coordinate Sys terns) Roll , Pitch and Heading 

Vehicle Longitudinal and Lateral 

04- Tire Forces* Vertical , Longitudinal and Lateral 
07 (Tire  Axis System) Longitudinal and Lateral Coeffi- 

c ient  of Friction 

Steer Angle ( F i r s t  Vehicle Front 
Axle Only) 

08- Brake Data Summary* Treadle Pressure, Brake Pressure 
11 (Tire Axis System) and Brake Torque 

Wheel Sl ip  and Brake Force 

Wheel Angular Vel oci ty and 
Acceleration 

12- Lateral Tire Forces and T i  re  Sides1 ip  Angle 
15 Moment Sumary* 

(Tire Axis System) Lateral Force and Coefficient of 
Friction 

A1 i gn i ng Torque 

16- Unsprung Mass Summary* Axle Position and Velocity 
19 ( Iner t i a l  Coordinate (Vertical a n d  Roll) 

Sys tem) Auxi 1 iary Roll Torque 

Spring Deflection, Velocity and 
Force 

*One page per axle,  u p  t o  four axles per vehicle. 
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i n e r t i a l  coordinate system i s  located a t  the t ruck l t r ac to r  sprung mass 

center  of gravity a t  time zero in the simulation (see  Section 4.1.2) .  The 

vehicle position i s  defined 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  coordinates of the vehicle sprung mass center of gravity during 

the simulation. For the t ruck / t r ac to r ,  the i n i t i a l  coordinates a re  always 

zero. Tra i l e r s  are  always aligned behind the t r a c t o r  so tha t  they s t a r t  

from a negative forward position a n d  zero l a t e r a l .  Posi t ive l a t e ra l  i s  t o  
the r igh t  of the vehicle,  To avoid confusion from the d i f fe r ing  sprung mass 

heights and road s lopes,  the ver t ica l  position always begins a t  zero and 

indicates r e l a t i v e  change in elevation.  - Note t h a t ,  by SAE convention, 

posi t ive values of ver t ica l  position a re  downward, in the d i rec t ion  of 

gravity . 
The a t t i t u d e  of the vehicle i s  given in the next three columns as 

defined by the Euler angle ro ta t ions  ( r o l l ,  pitch and heading) of the body 

fixed coordinate system (see  Section 4 . 1 . 2 )  in the i n e r t i a l  coordinate 

system. 

I n  addi t ion ,  the position page contains l i s t s  of the  instantaneous 

radius of turn (pos i t ive  i s  r igh t  t u r n ) ;  the body s ides l ip  angle ( a rc -  

tangent of the l a t e r a l  over forward veloci ty a t  the center  of g rav i ty ) ;  

and w i t h  a r t i cu la ted  combinations, the a r t i cu la t ion  angle which i s  the 

difference between the heading angles of the leading and t r a i l i n g  vehicles 

( leading minus t r a i l  i ng ) ,  

4.4.2 Sprung Mass Velocity Page. Variable page 02, Sprung Mass 

Velocity, shown in Figure 20, describes the veloci ty of the  sprung mass in 

the body fixed coordinate system. Forward veloci ty i s  along the longitudinal 

axis  of the vehicle ( x ) ,  Lateral veloci ty i s  posi t ive t o  the r igh t  along the 

y-axis,  and Vertical veloci ty i s  pos i t ive  t h r o u g h  the bot tom of the vehicle. 

The velocity components given are  the time r a t e  of change of the vehicle 

position vector resolved into components along the body axis  system. The 

forward veloci ty i s  the component along the vehicle longitudinal axis  which 

may be interpreted as vehicle speed. 

The Roll, Pi tch,  and Heading ra te s  a re  obtained by resolving the 

vehicle ro ta t ion  vector into components in the body Fixed axis  system. The 

user may note tha t  the frequently used term "yaw ra te"  i s  the same as 

heading r a t e ,  
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With a r t i cu la ted  vehicles,  the r a t e  of change of the a r t i cu la t ion  
angle i s  a l so  shown. 

4.4.3 Sprung Mass Acceleration Page. Variable page 03, Sprung Mass 
Acceleration, shown in Figure 21, describes the accelerat ion of the sprung 
mass in the body fixed coordinate system. The accelerat ions i n  a  moving, 
ro ta t ing coordinate system referenced t o  an i ne r t i a l  system a re  given by 
the  expressions 

where 

F x ,  F , F Z  = forces in the longitudinal ,  l a t e r a l ,  and 
Y 

ver t ica l  d i rect ions  
M = vehicle mass 
u = velocity along the x (forward) axis  
v = velocity along the y  ( l a t e r a l )  axis  
w = velocity along the z ( v e r t i c a l )  axis  

p, q ,  r  = ro ta t ion ra tes  about the x,  y ,  z axes 
The dot denotes d i f fe ren t ia t ion  w i t h  respect to  time. 

The Forward, Lateral and Vertical accelerat ions on the l e f t  s ide  of 
the page a r e  the time derivatives of the ve loc i t i e s  shown on the preceding 
page, and hence represent the velocity derivatives (;, ;, k )  defined by 
the above equations. Most users,  however, a re  in teres ted i n  the t o t a l  or  
i ne r t i a l  accelerat ion of the simulated vehicle ( i  . e . ,  the f i r s t  term on the 
right-hand s ide  in the above equations).  Therefore, a  s e t  of Longitudinal 
and Lateral i ne r t i a l  accelerat ions resol ved in to  the body axis coordinate 
system a r e  given on the r igh t  s ide  of the page. I n  e f f e c t ,  these are  
equivalent t o  those accelerat ions f e l t  while in the vehicle. The Longitu- 
dinal and Forward accelerat ions a r e  e f fec t ive ly  equivalent because of the 
small ve loc i t i e s  and rota t ion ra tes  normal ly involved in the 1 ongi tudinal 
equation. (The same would be t rue  f o r  ver t ica l  accelerat ion i f  i t  were 
shown. ) The l a t e r a l  accelerat ions wi 1 1  d i f f e r  in turning maneuvers, however, 
because of the " r  u" term, which i s  the centr ipeta l  accelerat ion.  
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The Roll, Pitch and Heading accelerat ions a r e  the resolution of the 

to ta l  ro ta t ional  accelerat ion vector in to  the body fixed coordinate 

system. (The time derivatives of the rotat ional  ve loc i t i e s  appearing on 

the preceding page.) 

4.4.4 Tire Forces Page. Variable pages 04-07, Tire Forces, shown 

in Figure 2 2 ,  provide a summary of the ve r t i c a l ,  longitudinal and l a t e r a l  
forces exerted on the t i r e s  a t  the t i r e / road  in terface .  The forces are 
presented fo r  t i r e s  on both the l e f t  and r igh t  s ides  of the axle ,  with 

each axle on a separate page. The forces a r e  defined in the axis  system 
of the wheel according t o  SAE convention (see  Figure 23).  A1 1 forces and 
moments act ing on the t i r e  a r e  measured r e l a t i ve  to  the center  of the t i r e /  

road contact patch which may be defined as the point of in tersect ion of the 

road plane, wheel plane and a perpendicular plane through the wheel spin 
axis .  

The Vertical force i s  the instantaneous force in the center  of t i r e /  

road contact patch normal t o  the road. Vertical force on  the t i r e  in the 

upward di rect ion i s  defined by SAE convention as posi t ive .  The Longitu- 
dinal force i s  the force i n  the road plane in the di rect ion of the wheel 

heading. Negative values correspond t o  a  braking force. Lateral force i s  

the force in the  road plane perpendicular t o  the wheel heading w i t h  posi- 
t i v e  values corresponding t o  a force on the t i r e  t o  the r i gh t ,  when looking 

in the di rect ion of wheel heading. A pos i t ive  Lateral force r e su l t s  when 
the t i r e  i s  s teered to  the right. 

Two var iables ,  " M U - X "  and " M U - Y "  a re  a l so  printed.  These variables 

a r e  the respective r a t i o s  of the longitudinal and l a t e r a l  forces to  the 
ver t ica l  force ,  and represent the normal ized f r i c t i on  levels  being u t i -  

l ized in each di rect ion.  

4.4.5 Brake Data Summary Page. Variable pages 08-11, Brake Summary, 
provide deta i led  information on the brake function on the l e f t  and r igh t  
wheels of each axle. The page, shown in Figure 24, l i s t s  the t readle  
pressure being applied by interpolat ion of the Treadle Pressure Table in- 

p u t  f o r  the simulation, and the brake pressure in the chamber t h a t  r e su l t s  
from action of the time lags and r i s e  times fo r  each brake. Next i s  l i s t e d  
the actual brake torque produced a t  the wheel. If  the wheel i s  moving, 
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SAMPLE RUN - TRIPLES BRAKING I\I A T ' J l l W ,  ALL n P T I 0 N S  FKSRZl5EO 

TRAI  LFR NQ. 1 REAR SIJSPFNTION - nR A K E  SIJM@4ARY 
LEAOlhG T4Nl)EV h X L F  

LFF T 
- - - - - - - - - - 

1 IRE 
HA AKE 
FO'ICF 

( L 9  1 
-0.0 
-0.07 

0. I 8  
2 - 0 5  

-81.77 
-289.64 
- 5 0 6  - 4 2  
- 6 6 9 - 1  7 
-7eY.a t  
-H80.09 
-947.1 7 
-996.02 

- 1973 .s7  
- 1 0 6 1 - 1 5  
- I 0 8 1  .OO 
-1J35 .16  
- 1 1 0 6 - 4 4  
-1114 .31  
-1119.36 
-1122 .35  
-112h .69  
- 1  1 2 8 - 6 2  
-1179.66 
- 1130.45 
- 1 1 3 1  - 1  1 
- 1 130.88 
- 1 1 3 1  - 3 8  
-1131 .32  
- 11 30.80 
-1170 .64  
- 1 1  30.73 
- 1 1  7 0 - 0 2  
- 1 1 2 9  - 1 6  
-1129 .75  
- 1179 .78  
- 1 1  2 9  ,Of> 
-1173.1 7 
- 1129.6% 
-117n .69  
- 117n.39 
- 1 1 2 r . n i  

RIGHT s 1 n c  
-------- -------- ---- ---- ............................ 

ANGtJLAIt AIJGIJl AH RRAKF RRAKr T l R F  Wt1FFL 
W HF FL WtIFFL PR6CCIJRC TnROlJF DRAKF S L I P  
V E L .  ACCFl .  IpS.1) ( I N - L 9 )  FORCF 

( I< Ar)/SEr 1 I R 4 0  / S T C  ) I L ~ )  
26.14 - 0 . 0  0 . 0 0. 0 -0.0 0.0 
26.1' 0. (10 0 - 0  0.0 0.04 - .0000 
26.1% -0.04 0.0 0.0 0 - 9 3  - ,0000 
26.13 -0.41 0 - 1 3  134. 2 2  2 - 2 6  -,0001 
26.05 -2 - 3 5  2 - 6 5  7646.26 - 8 1  - 7 h  0,0019 
25. 87 - 4 -  0 5  T - 5 7  7569 .21  -7R8.29 0.0069 
2 5 - 6 5  -6.70 17.01 17010 .79  -504.7R 0.0171 
25.47 -4.75 15.32 151?0 .59  -666 .37  0.0158 
2 5 - 7 0  -4.37 17.79 17786.97 -786.39 0.0184 
24.98 -4. 3 6  19.62 1°674. 78  -876 .15  0.0?07 
24.75 -4 .39 2 0  - 9 9  20994 .32  -947 .70  0.02 15 
24.53 -4 .43  22.01 22014 .90  -991.97; 0 .0223 
74.30 6 77.78 71775 .41  -1078.68 0 .0779  
74.07 -4. 5 0  23.34 23347.  18 -1055.72 0 .0233  
23.84 - 4 - 5 5  2 3 - 7 6  2376't. 52  - 1 0 7 5 - 6 3  0.0735 
23.61 -4.62 . 2't - 0 8  ?4079 .  23 - 1 0 8 9 . 5 0  0,0736 
23.3n -4.63 2 4 - 3 1  24313. 73  -1100.71 0.0736 
23.14 -4.67 2 4 - 4 9  744RR. 5 1  - 1  lOR.60 0.07361 
2 7 - 9 0  -4. 74  2 4  - 6 2  24018 .74  - 1  113.70 0.0235 
2 7 - 6 6  - 4 .  7 7  7 4 - 7 7  24715.  7 7  - 1  1 7  7 3  0-023'1 
77.47 -4 .79  7 4 - 7 9  2479R.OP -1 171.08 0.0233 
22.17 -4.R? 74.P4 24841 .96  - 1  173.21 0,0731 
2 1 - 9 3  -4 .87 2 4 - 8 8  2 4 8 8 2 . 1 1  - 1 1 2 4 . 5 8  0 .0730  
2 1.68 -4 .90  24 .91  24912 .01  - 1 1 7 5 . 9 2  0.0178 
7 1.41 -4.92 7 4 - 9 3  24934.2R -I 126. 8 7  0 .0726  
2 1 - 1 8  -6.97 24 - 9 5  74350 .91  -1  177.0'3 0 .0723 
70.9' -4 .97  74 .16  7 4 9 6 3 . 3 1  - 1 1 7 7 . 0 4  0 . 0 2 2 1  
20.67 -5 0 0  24.97 24972.55 -1 128.17 0,071f3 
20.47 -5.04 7 4  - 9 8  7497Q.'t3 -1 12R. 1 5  0,0216 
20.15 -4 .06 24 .98  24984 .55  - 1  170.70 0.0213 
19.90 - 5 - 0 7  24  - 9 9  24988 .  37 -1 1?8 .69  0 .0710  
19.65 -5.11 7+  - 9 9  7 4 9 9 1 . 3 1  -1 129.32 0,0207 
1 9 - 3 3  -5 .11 2l t .99 7 4 w 3 . 3 i  -112n.5h 0 . 0 7 0 4  
1 9 - 1 3  -5 .13 74.99 74094.  9 3  - 1 1 2 8 . b 0  0,0701 
18. 97 -5.15 25 .00  2 4 3 9 6 . 0 9  - 1  1 - 3 7  0.0198 
1 H. 6 1  -5. 1 1  25  -00 74996.  9 9  - 1  17R- 3'n 0.0195 
1 A. 75 -5. 1 6  25.00 7fr997.60 - 1  179. 7 0  0 .0117 
lu. 10 -5 .19 2 5 - 0 0  2499n.  1 0  - 1  i n .  0.01r19 
17.84 - 5  1 2 5 - 0 0  ?**99A.G1 - 1  1?9.hO 0.0196 
1 7.59 -5 .70 25.00 7 4 9 9 8 .  r 1  - 1  178.40 0.0187 
17.3.~ - 5 . 2 3  7 5  .eo 7 o - 1  17n. 06 0 . 0 1 ~ 0  

- - - - - - - - - - - - - - - - - 
ANGIJLAR ANG'JI ftR 
WIiFEL WtIrFL 
VFL ACCFL. 

(RID/CIFCI ( P.II)/STC) 
76.14 -0.0 
7 6 - 1 4  - 0 . 0 0 
2 6 - 1 4  -0 .04 
26 .1  3 - 0 - 4 7  
7 6  - 0 5  - 7 -  3 7  
75.n7 -4.17 
3 5 - 6 5  -*1. 7 0  
25.42 -4.39 
25.19 -4.49 
'4 - 9 6  -G. 54 
2 4 - 7 3  -4.no 
'4.50 - 4 . f> 6 
2 4  - 7 6  -4. 71 
'4.03 - 4 - 7 6  
2 3 - 1 3  - 4 -  '3 I 
7 3 - 5 5  -4,n9 
7 3 - 3 1  -4. 9 0  
7 3 - 0 7  - '* - 9 4 
22.87 -5,0<1 
77.5R -5.04 
22.33 -5.05 
r 2 . o ~  - 5 - 0 9  
'1.87 -5.11 
2 1 - 5 0  -5.11 
2 1  - 3 3  -5.1 
7 1 - O q  -5.15 
20.92 -5. l 't 
20.57 -5.15 
20.3 7 -5.1 1 
20.97 -5.1 Q 
17.81 -5.16 
19.56 -5.19 
1 9 - 3 1  -5.  I R 
! 3 - 0 5  -5. 1 fl 
18.90 - 5 . 1 9  
I I) - 5 4  -5 .70 
1C.29 -5 .  I R 
L f l - 0 3  -5.20 
17.77 -5-  1 9  
17.57 -5.70 
1 7  - 7 6  -5.77 

F i g u r e  24. Example ou tpu t  o f  brake summary page. 



the torque corresponds t o  t ha t  of the brake torque coef f i c ien t  or  table  
value input a t  the applied pressure. However, i f  the wheel reaches lock- 
u p ,  the actual torque i s  limited by the t i r e  f r i c t i on  and may be l e s s  than 
the attempted value. I n  addition t o  brake torque, the t i r e  brake force i s  
l i s t e d  which, i n  e f f e c t ,  i s  an indication of the portion of the brake torque 
applied t o  decelerat ing the vehicle. In the simulation, the torque i s  
ac tual ly  applied t o  the wheel causing i t  to  decelera te ,  with the t i r e  brake 
force resul t ing from longitudinal s l i p  in the t i r e  model. Hence, a t  any 
ins tant  of time a  portion of the brake torque may be devoted t o  decelerat-  
ing the wheel ra ther  than t o  developing actual braking force.  The wheel 
s l i p ,  angular wheel velocity and angular wheel accelerat ion a re  a lso  l i s t ed  
fo r  t h e i r  u t i l  i t y  in investigating ant i  lock braking system performance. 

4 .4 .6  Lateral Pages. Variable pages 12-15, Lateral Tire Force and 
Moment Summary, shown in Figure 25,  provide deta i led  information o n  the 

cornering performance of each t i r e  on the vehicle combination. Each page 
1 i s t s  the l e f t  and r igh t  s ide  cornering parameters f o r  an axle on the 
vehicle. The f i r s t  parameter i s  t i r e  s i de s l i p  angle, which by SAE conven- 
t ion i s  posi t ive  when the t i r e  i s  s idesl ipping t o  the r igh t  of i t s  heading 
di rect ion ( 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 force - on the t i r e  in the road plane perpendicular t o  the wheel heading, 
posit ive force being t o  the r igh t .  The parameter "MU-Y" i s  the l a t e r a l  
force value normal ized by the instantaneous ver t ica l  load. Finally,  the 
a1 igning torque developed on the t i r e  i s  l i s t ed .  The a1 igning torque i s  
perpendicular to  the road plane and i s  posit ive clockwise looking down on 
the t i r e .  

On axles with dual wheel assemblies, the values l i s t e d  on t h i s  page 
a r e  the to ta l  f o r  the two t i r e s .  

4 .4 .7  Unsprung Mass Summary Page. Variable pages 16-1 9 ,  Unsprung 
Mass Summary, provide deta i led  information as to  what i s  happening t o  each 
of the axles and suspensions on the simulated vehicle. On the l e f t  s ide  o f  

the page, shown in Figure 26 ,  a re  given axle motion parameters; spec i f i c a l l y ,  
the position and velocity f o r  the a x l e ' s  two degrees of freedom (ver t i ca l  
and ro l l ) .  The axle ver t ica l  and ro l l  positions are measured r e l a t i ve  t o  
the i ne r t i a l  coordinate system. Posit ive ver t ica l  i s  down and i s  the 
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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 h e  

c l o c k w i s e  d i r e c t i o n  f a c i n g  fo rward  on t h e  v e h i c l e .  R o l l  ang le  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 h e  i n e r t i a l  c o o r d i n a t e  

sys  tem. 

Suspension mot ions  and f o r c e s  a r e  g i v e n  on a  s i d e - t o - s i d e  b a s i s  ( a t  

t h e  suspension s p r i n g  l o c a t i o n s ) .  The aux i  1  i a r y  r o l l  t o r q u e  a r i s i n g  f rom 

t h e  a u x i l i a r y  r o l l  s t i f f n e s s  i s  l i s t e d  f i r s t  s i n c e  i t  i s  a s s o c i a t e d  w i t h  

b o t h  s i d e s  o f  t h e  suspension'. A p o s i t i v e  t o r q u e  corresponds t o  a  p o s i t i v e  

r o l l  moment e x e r t e d  - on t h e  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 f rom t h e  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  va lues  

e q u i v a l e n t  t o  e x t e n s i o n  o f  t h e  suspension. The suspension f o r c e  i s  a c t u a l l y  

t h e  change i n  f o rce  f rom i t s  s t a t i c  va lue .  P o s i t i v e  f o r c e  i s  a  downward 

f o r c e  on t h e  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  f rom t h e  s p r i n g s ,  coulomb and v iscous f r i c t i o n  and b r a k i n g  l o a d  

t r a n s f e r  e f f e c t s .  



5.0 PROGRAM DIAGNOSTICS 

Errors i n  operation of T3DRS:Vl occur basically in two categories- 
I n p u t  Errors and Simulation Run Errors. Only a few error messages are 
contained within the program so that  the user needs t o  be aware of some of 
the p i t f a l l s  that  may be experienced i n  order t o  identify the proper cor- 
rective action. I n  the normal batch running mode, the user will find the 
error only by the fac t  that the program f a i l s  t o  run properly and a correc- 
tion and resubmission i s  required. 

5.1 I n p u t  Errors 

The most c r i t i ca l  operation and most l ikely source of errors in 
using the program occurs in the process of reading input data describing 
the vehicle and maneuver desired. Since the data type i s  only identified 
by i t s  location in a sequence of input 1 ines, one data l ine missing, o u t  
of place, or with incorrect format can confound the ent i re  data reading 
process. For th is  reason, the users should consult Section 3 of th is  Manual 
and the numerous examples of i n p u t  provided when preparing an input l i s t .  
The severity of any error depends on i t s  meaning t o  the program when read, 
and the type of computer system on which the simulation i s  operating. The 
most common error i s  a simple format error .  Systems that allow a free read 
format can significantly reduce th is  type of problem. 

Two error messages are incorporated in the input subroutine of the 
program. Tables in the table lookup option are identified by the whole 
number value following the negative sign keying the table l o o k u p .  Unique 
numbers must be used for each table,  unless the table i s  t o  be used a t  
multiple points on the vehicle. If the number identifying a table for one 
type of parameter ( e ,g . ,  suspension spring ra te )  i s  inadvertently assigned 
for a second type of  parameter (e.g., brake torque), an  error message t o  
th i s  effect  i s  printed and execution terminates. 

The second error message relates  t o  the value for the D R I V E R  TRANSPORT 

LAG parameter, included i n  the path-follower model. I f  the value assigned 

i s  greater than one second, the simulated vehicle is  certain t o  be unstable 
and unable t o  run. Hence, an error message i s  printed indicating that  t h e  

value i s  t o o  large and program execution i s  terminated. 



Zecognizing tbxt e r ro r s  will  occur,  several  scenarios of p c s s i b l ~  

consequences are given be1 ow. 

1 )  Non-Fatal Errors - In simple cases where a parametric value 

i s  misread (dde t o  a  forgivable  f o r ~ a t  e r r o r )  o r  values a r e  

interchansea ( d ~ e  so l i ne s  being out of o r d e r ) ,  the program 

nay not recognize t h a t  an e r r o r  has occurred. I n  t h a t  case ,  

the program nay successful ly  complete the read process and 

execute the s inu la t ion  even t h o u g h  with an erroneous vehicle  

descr ip t ion .  To discover such e r r o r s ,  the user should con- 

t i nua l l y  review the input echo pages and vehicle summary page 

t o '  ensure tha t  the proper vehicle conditions have been 

obtained. 

2 )  Fatal Errors - The more cormon case i s  an e r r o r  t h a t  i s  in-  

compatible with the input reading process r e su l t i ng  in a  

system in t e r rup t  and termination of the program execution. 

Since the input echo i s  printed a f t e r  every iebv l i n e s  of 

reading, the ~ a j o r  portion of the input success fu l ly  read i s  

re f lec ted  in the output obtained. For diagnosis of the pro- 

blem, the user should review the echoed portion of the inpu t ,  

then the 1 ines immediately following the termination point 

as the l i ke ly  locat ions  of the e r r o r .  

5 . 2  Simulation R u n  Errors 

Once the ca lcu la t ion  prccess cons t i tu t ing  the vehicle sixiulation has 

keciin, only cne tyge of erl-or !xi1 1 occur t ha t  will h a l t  the execution.  

i:or;?al job t c r ~ i n a t i o n  gccurs by e i t h e r  the :.:iiicie i-eaihing a f g l l  st,:'p, 

o r  s i ~ u l a t i c n  to  the Y,Q,XI:,iiM Si:/lilLATICN T;!rlE l imi t  spec i f i ed  in the ingut .  

Cther-wise, the sin7ulation xay terininate with the messzge " IHLF=ll." The 

c?ssage derives from the i n a b i l i t y  of the ifit~gi-zL-ii2n yJr:cnss ( t h e  I?;.? 

Scj ; l - f i t i f jc  Si:hrcutj; :? " ; i c % ; ; z e  3 " : ~ )  to  csc \ ;e ! - , 2p  d on a sgl! , t i=fi  2 t  a ; ; j r t ; -  

f c 2 l k r  ? o i n t i n  ti;r,e. In-leijration i s  ;iori;lally car-ried v"ut a t  0.01325-second 

t i x  s teps  w i t h  the option of halving the t i z e  s tep  hen n?czssary t c  ~ 2 t  

2 ; )  s r r s r  c r i t s r i a .  The ' , i ~ ~ ~ r , ~ t j ~ ~  a l sc r i t ! ;y  i s  - j j  ;;'..;?g! :J $;::p t L , e  --i? 
d 

, .  ? 

. L , - : ~  2 1  :;;:n L f  ,:s .:ff#;171 ~ ~ ; / - , j ~ \ v ~  ,a s::-ls:;,:tL;r~, j , - , ~ ~ : , - ~ ~ i , - n ,  - 21 j 





i f  unsuccessful, the execution i s  terminated with the above error message. 
As a general rule t o  prevent this  error, the user should ensure that a1 1 
dynamic systems being simulated have a natural frequency of less than 20 
Hz. In particular, this error most commonly occurs when inertia values are 
inordinately low or st iffness values (especially spring and t i r e  rates) are 
too high. In general, a simple check for this  i s  t o  ensure that the smallest 
mass connected to any spring has a mass ( i n  pounds) to spring rate (pounds/ 
inch) ratio greater than 0.025 inches. 

Finally, the simulation i s  only expected t o  be valid in maneuvers u p  

to the severity point where a wheel l i f t s  off the ground. The above error 
wi 11 often occur a f te r  a prolonged period of wheel 1 if t-off or when the 
vehiclc has reached a divergent rollover condition. The accuracy of the 
calculations up t o  this point i s  limited by the small angle assumptions used 
in the programing. However, i t  should be found that the wheel 1 if t-off 
condition occurs a t  body roll angles of 8-10 degrees-with most heavy vehicles 
simulated, whereas the small angle assumptions should n o t  create significant 
error until angles approach 20 degrees. 
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APPENDIX A 

SAMPLE RUN OF A TRUCK 

The f o l l o w i n g  pages a re  cop ies of t h e  complete computer ou tpu t  package 

obta ined f rom a  four-second s imu la t i on  o f  a  s t r a i g h t  t r u c k  i n  a  s tep-s teer  

maneuver. The f i r s t  f o u r  pages a re  an echo o f  t h e  i n p u t  w i t h  a  summary o f  

composite v e h i c l e  c h a r a c t e r i s t i c s .  These pages a re  norma l l y  reviewed t o  

ensure t h a t  t h e  des i red  v e h i c l e  and maneuver i s  be ing simulated. The re -  

maining 12 pages a re  a l  1  t he  ou tpu t  pages (exc lud ing  t he  Brake Data Summary 

Page, s ince  no b rak ing  i s  app l i ed )  i n d i c a t i n g  t he  v e h i c l e ' s  response i n  the  

maneuver, 

The maneuver i s  a  r ight -hand s tep-s teer  o f  8 degrees a t  the  f r o n t  

wheels, app l i ed  a t  0.1 seconds i n t o  t he  run. The v e h i c l e  responds by t u rn -  

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

a f t e r  a  few seconds i n t o  t he  run. The v e h i c l e  i s  s t a b l e  and assumes a  

s teady-s ta te  t u r n  a t  about 0.25 g  ' s  (8 f t / s e c 2 )  l a t e r a l  acce le ra t ion .  







H S R l  TRUCK AND TRACTOR-TRAILER D Y N A N I C  RESPONSE S I M U L A T I O N  - 1 3 0 R S , V 1  
STRAIGHT TRUCK TEST  F I L E  361 F T / S E C  8 DFG STEP STEER. 

TRlJCk PARAMFTFNS 
- - - - - - - - - I - - - - - - - -  

WHEELBASE - D I S T A N C E  FROM FRONT 4XLE  T O  CENTER OF REAR SUSPENSION ( I N )  
RASE V E H I C L E  CURS WEIGHT ON FRONT SUSPENSION ( L B )  
BASE V E H I C L E  CURB WEIGYT ON REAR SUSPENSION ( L E I  
SPRUNG M A S S  C G  HFIGHT (IN, ABOVE G R O ~ J N O )  
SPRUNG MASS ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
SPRUNG MASS P I T C H  MOMENT OF I N E R T I A  ( I N - C B - S E C * * 2 )  
SPRUNG PdASS YAW YOVENT OF I N E R T I A  ( I N - L R - S E C r * 2 )  
PAYLOAD WEIGH1 ( L B )  

P 4 Y L g A D  D I S T A N C E  APEAD OF REAR SUSPENSION C E N T E R ( I N 1  
PAYLOAD CG H E I G H T  ( I N .  ABOVE GROUND) 
PAYLOAD ROLL  MOMENT OF I N E R T I 4 ( I N - L B - S E C * * 2 )  
P A Y 1  OAD P I T C H  MOMFNT OF I N E R T I A (  I N - L B - S F C + * 2 )  
PAYLOAD YAM MOMENT OF I N E R T I A C I N - L B - S E C * * 2 )  

I N P U T  PAGF NO: 2 

TRUCK FRONT SUSPENSION AND AXLE PARAMETERS 
- - - - - - - - - - - - - -L-- - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

SUSPENSIOW SPRING RATE ( L B / I N / S I O E / A X L E )  
SUSPENSION VISCOUS OAWPING ( L a - S E C / I Y / S I D E / A X L E )  
COULOt'B F R I C T I O N  ( L B / S I D E / A X L E )  

AXLE ROLL MOMENT OF I N E R T I A  ( I N - L B - S E C * * 2 )  
ROLL  CENTER H E I G H T  ( I N .  ABOVE GROUND) 
ROLL STEER C O E F F I C I E N T  (PEG. STEER/DEG. R O L L 1  
A U X I L I A R Y  P O L L  S T I F F N E S S  ( I N - L R / D E G / - A X L E )  
LATERAL  D ISTANCE RETWEEN SUSPENSION SPRINGS ( I N )  
TRACK WIOTH ( r N ) .  
UNSPRUNG N E  IGHT  ( L R )  

TRUCK FRONT T I R E S  AND WHEFLS .............................. 
CORNERING S T I F F N E S S  ( L R / D F C / 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  ( L R / S L I P / T I R F )  
CAMBEQ S T I F F N E S S  ( L B / D F G / T I R E )  
b L I G N I N G  MOMENT ( I t i - L f l / D E G / T I R E )  
T I R E  SPHIWG RATE ( L R / I N / T I R E )  
TIRE LoADtn RADIUS (IN) 
POLAR MOMENT OF I N E R T I A  (1 ' 4 -LO-SEL* *Z /WHEEL)  

L E F T  S I O E  R I G H T  S I D E  
-----I"-- ---------.. 

1012.50 1012.50 
15.80 i 5 . a ~  

5861. Y18 508. VIR 
-----I-------"--------------------- 

5387. @ @  
24-55 

0 . 0  
0R061.80 

32.00 
861.50 

1194.RB 

L E F T  S I D E  --------- 
hl2.@0 

u08nm. 0m 
P.@ 

12841.88 
5700.88 

20.30 
244.60 

R I G H T  SIOE ---------- 
h12.Oki 

4MPOB.OR 
8.@ 

12sm. 4ol 
570m.0M 

20. 3B 
240.60 



H S R I  TRUCK AND TRACTOR-TRAILER DYNAMIC RESPONSE S I H U L A T I O N  - T3DRS.V l  
STRAIGHT TRUCK TEST F I L L  3 0  F T / S F C  8  DFG STEP STFER. 

T R A I L I N G  TANDEM AXLE ........................ 
L F F T  S I O E  R I G H T  S I D E  --------- ---------- 

TRUCK HEA9 S U S P F N S I n N  AND AXLF P4HAYETERS CEAOlNG TANDEM A X L t  ............................................. ........................ 
L E F T  S I D E  R I G H T  S I D E  --------- ---------- 

9USPENSION KEY - Q I N Q I C 4 T E S  S I Q G L E  AXLE, 1 I N D I C A T t S  TANDEM AXLES I 
TANDEM AXLE SEPARATION ( I N  RETWEEN L E A D I N G  AND T R A I L I N G  AXLES)  SR. BR 
S T b T I C  LOAD TRANSFEQ (PERCENT LOAD O Y  L E A D  AXLE)  5 0 . @ 0  
DYNAMIC LOAD TR4NSFEH (PERCENT OF SRAKE TOROUF TRANSFERRED ONTO L E A D I N G  AXLE)  0.0 

SUSPENSION SPRING H A T t  ( L B / I N / S I D C / A X L E )  30B0 .  l b  SRRR.  0 0  3PRO.OA 3AldB. Bt3 
S I I S P F ~ ~ S I O N  VISCOUS DAMPING ( L B - S E C / I N / S I D E / A X L E )  1S.mn 15 .90  1 5 . 0 0  1 5 . 0 0  
COULOMn F R I C T I O N  ( L A / S I D E / A X L E )  1 8 0 . 0 8  1OR.RF lBCI.0R I @ B .  R A  ....................................................... 
AXLE ROLL MOMENT OF I N E R T 1 4  ( I N - L R - S E C * * 2 )  1 1 ~ 8 8 . 0 0  11008 .AO 
QOLL  CENTER H E I G H T  ( I N .  AHnVE GROUND) 2 2 . 0 0  22. R 0  
ROLL STEER C O E F F I C I E N T  (DEC. S lEFR/DEG.  R O L L )  R . @  CI. B 
A U X I L I 4 R Y  ROLL  S T I F F N E S S  ( I N - L R / D E G / A X L E l  CI.@ 780m0.00 
L A T E R A L  DISTANCE R E T W E E N  SUSPEYSION SPRINGS (IN) 3 5 . a a  35.041 
TRACK WIDTH ( I N )  7 2 .  QU 7 2 . 0 0  
UNSPRLING WEIGHT ( L B )  23u0 . f l 0  217R.BQ 

TRUCK HEAR T I R E S  AND WHEELS ............................... 

OUAL T I R F  S E P 4 R A T I O N  ( I N )  
CORNERING S T I F F N E S S  ( L B / D E G / T I R E I  
LONG1 r l J O I N A L  S T I F F N E S S  ( L R / S L I P / T  I R E )  
C4NRFR STIFFNCSS ( L B / D E G / T I H E )  
A L I G N I N G  4OMENT ( I N - L R / D E C / T I R E )  
T I R E  SPRING RATE ( L H / I N / T I R E )  
T I R E  LnADEO R A D I U S  ( I N )  
POLAR MnNENT OF I Y E R T I A  ( I N - L B - S E C + * 2 / W H F E L )  

* + *  ZERO L I M E S  I N  TREADLF PRESSURE TABLE  I N D I C A T E S  NO B R A K I N G  * * *  
* * *  THREE BRAKE P4RAMETFRS PER AXLF ARF DELETED 47  T H I S  P O I N T  * * *  

L E A D I N G  TANOEH AXLE "---------------..--- 
L E F T  S I D E  R I G H T  S I D E  --------- ---------- 

T R A I L I N G  TANDEM AXLE ------------------- 
L E F T  S I D E  R I G H T  S I D F  --------- ---------- 

AbT ILOCK Y E Y t  1  I Y D I C I T E S  ANT ILOCK W I L L  BE OSEO 



HSWI  TRUCK AND TRACTOR-TRAILER DYNAMIC RESPONSE S I M U L A T I O N  - T3DRS.Vl 
STRAIGHT TRUCK TEST F I L E  3H FT/SEC 8 OEG STEP STEER. 

TPIJCK PAYLOAD a 20987.VG30 LRS 
DISTANCE F R O M  TRUCK SPRUNG MASS CENTFR TO REAR SIJSPENSION ( I N )  
OISTAkCE F R O M  TRllCK SPRIJNG MASS CENTER TO GROUND ( I N )  
ROLL MOMENT OF I N E R T I A  OF T R U C K  SPRUNG MASS (114-LB-SEC**2) 
P I T C H  YOMENT OF TNERTIA OF TRUCK SPHllNG M P S S  ( I N - L B - S E C * * 2 )  
Y A W  MOMENT O F  I N E R T I A  OF T R U t k  SPRUNG MASS ( I N - L B - S E C * * 2 )  

THF S T A T I C  LOADS ON THE AXLES ARE: 
AXLE NUMBER LOAn 
N S ( 1 , l . l )  10126 .215  
N S ( l . 2 ~ 1 )  17186 .991  
N S ( l r 2 , Z I  1 7 1 8 h . 8 9 1  --------------- 

TOTAL 44U99 .99h  

EMPTY LOADEO 
8 0 . 5 8 8  3 2 , 7 0 5  
07.94)0 62.247 

33R52 .09B  5 2 0 7 8 . 2 3 4  
12mone .enu  3 1 6 ~ 0 9 . 4 3 8  
1 2 n e n n . 0 ~ a  3 0 2 q 3 u . 3 7 5  

SUMYARY PAGF 

TliE TRUCK TOTAL MASS CENTER I S  1 0 9 . 6 8 7  INCHES BEHIND THE FRONT A X L E  
THE TOTAL YAW MOMENT OF I N E R T I A  I S  3 8 6 3 1 0 . 3 1 3  I N - L R - S E C * * 2  
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O U T P U T  P A G E  NO.  1117.1 H S R l  TRUCK AND T R A C T O Y - T R A I L F R  D V N A P I C  R F S P O N S E  S I M U L A T I O N  - T 3 0 R S , V l  
S T R 4 I G H T  TRUCK T E S T  F I L E  30 F t / S E C  8 D E G  S T E P  S T E E R .  

TRUCK REAR S U S P E N S I O N  - U N S P R U N G  MASS SUMM4RY 
L E A D I N G  TANDEM A X L E  

A X L E  MOTlON D Y N A M I C  S U S P E N S I O N  M O T I O N S  AND F O R C E S  ----------- ------------------I------------------ 

P O S I T I O N  V E L O C I T Y  L E F T  S I D E  R I G H T  S 1 0 E  ----------"------ ----------------- .......................... ---------L---_------------  

V F H T l C A l  R O L L  V t R T I C A L  R O L L  A U X I L I A R Y  SUSP. S U S P ,  SUSP. S IJSP.  SUSP. SIJSP, 
( F T )  ( D E C )  ( F T / S E C ) ( D E G / S E C )  R n L L  TORQUE DEFLECT.  V E L O C I T Y  FORCF D E F L E C T .  VELOCITY F n w c E  

( I N-LB) ( I N )  ( I N / S E C )  ( L O 1  (IN) ( I N / S E C )  ( L a )  
8.0 91.0 9.0 0: 0 0.0 8.0 0.8 -0.m 0.1 9.8 -91.0 

-0.RnCO b.Rh913 -0.OmR5 0.7221 0.0 -0.197U -2.5289 -460.26 0.1085 2.6249 464.73 
-0.0f301 -9.8282 -8.0P07 -1.1873 8.9 -0.3890 -3.0185 -1312.22 8.3954 3.4338 1337173 
- n . @ ~ 0 1  -0. 1451 0.P013 -1.4654 0. 8 -8,7271 -3.0159 -2326.56 0.7296 3.6555 2343.69 

U.0n91 -@.?Sf16 @.8@25 -1.2887 8. 0 -1.6670 -2.5667 -3339.42 1.0499 3.3437 3299.82 
0.00Q3 -9. 3478 0.9009 -t4.8201 8.0 -1.3381 -1.6604 -4139.14 1.3043 2.4652 4m49.76 
9.R095 -0,4037 -0.0058 -0.2761 m.0 -1.4978 -0.6488 -4540.54 1,4594 1.1398 4495.15 

-0.Gl00P -0.41 04 -P.0027 8,. 1656  0.9 -1.5139 0.2416 -4513.95 1.5080 -0.8156 4522.22 
-0.OB02 -8.3R95 -0.n901 0.2630 0.0 -1.4433 0.8428 -4229.79 1.4707 -1.0472 4296.43 
-0.91VJ02 -G%.3514 0.R022 9.4325 0.0 -1.3307 m.9106 -3883.75 1.3568 -1.bfl19 3946.24 

0 . ~ n 0 0  -0.3~382 0 .0~+33 0.4384 0.0 -1.2161 0.8351 -3549.18 1.2192 -1.5238 3534.75 
@.ma02 -0.2713 0.0Bk38 Ql.3168 I 0.0 - 1  . l 1 8 1  0.7839 -3278.57 1.1P70 - 1 . R l l Z  3285.93 
B.@901 -E.25@6 -0.0m24 0.1263 9.R -1.0468 0.4546 -3086.40 4 6  -0.4h05 3R73.n7 

-M.C4QBl -0.2446 -fl.0007 -0.0137 @ s  -1.0143 0.0835 -3032.91 1.8225 -0.0273 39164.27 
-0.BP01 -0.2504 0.09112 ' f l r1@59 9.0 -1.0256 -0.2662 -3108.49 1.P326 0.2592 3129.60 

~ . 0 m 8 1  -0.2633 0.0013 -@.1487 R.n -1.8680 -0.4315 -3255.24 1.8619 @.a349 3237.U2 
0 1  -0.2783 @.@@a1 -8. 1444 0.0 -1.1182 -B.3896 -3480.03 1.1m19 9.4949 3364.57 
0.0R01 -0.29@9 -@.m00R -R. 1m35 8.0 -1.1572 -0.2382 -3500.914 1.1422 0.4176 3476.18 
Q.Pn910 -8.2984 -@.U00h -0.0449 0.0 -1,178@ -0.0851 -3544.12 1.1713 0.2289 3541.13 

- 0 . 8 ~ 3 ~ ~  -@. 3000 0.k30911 @.@I 18 0. @ -1.1823 0.0256 -3545.81 1.1823 8.0892 3548.05 
C4.U0RP -63.2966 0.09184 0.0525 0 .  P) -1.1745 0.1813 -3511.57 1.1759 'R.1594 3588.76 
0.RABm -0.29C)2 k3.8902 0.R718 n.R -1.1586 0.1526 -3457.60 1.1585 -0.24m1 3446.84 
n.000P -9.2P29 -0.PP01 R.@718 91.B - 1 . 8  0.1718 -3394.28 1.1374 -0.2443 3393.38 
91.0ROP -8.2763 -G3.0@02 8.0579 9.0 -1.1181 0.1493 -3336.68 1.1182 -0.2R22 333P.52 
L3.8PBn -0.2715 -0.~3mun B. PT6Q 0.8 - l . l @ 2 9  fi.0946 -3297.53 l . l @ 3 4  -0.1382 3293.98 
C.0PnR -P.2h89 91.9e81 0.6152 0.8 - 1. R949 Vl.0330 -328m.81 1.894b -6.9682 3274.96 
M.8PB8 -B.2683 M. MA01 -9.0Cl2n Cn.9 -1.0335 -0.0121 -3281.82 1.091A -0.0954 327p.46 
0.P910C4 -0.2691 -0.QPVJP -8.m1 17 8.m -1.Q961 -0.0324 -3292.12 1.0924 9.0372 3281  .h4 
~ l . n e o ~  - P . ~ ~ B U  -0.m68i -0.6132 9.9 - i . imn i  -0.8331 - 3 ~ n 4 . 2 4  I .c1964 ~3.0512 3295.25 
k1.ePP.P -@.?715 -@.9630P -@.at485 @ . A  -1.1836 -8 .0226 -3313.091 l . l @ 0 5  9.0391 33P6.13 
n . o n n ~  -m.2719 ~ . m ~ + @ m  - O . O ~ P ~  9.8 -1.1654 - ~ . 0 @ 6 2  -5316.98 l . l n 2 8  n.f i117 3 5 ~ 9 . 9 3  
~ . G P G P  -6.2716 0 . 0 n ~ ~  M.VVPPI r).n - 1 . i u 5 n  0 .0129 -3313.03 1.1026 -8.0184 3305.75 
@.@m0R -~4.27M4 0.~19c4R 9 . ~ 1 4 9  0.n -1. lc l23 0.0388 -33@3.18 l . l @ U l  -Cl.0429 3295.@9 
n . 0 0 ~ t 4  - 0 . ~ h 8 7  -U.MOAC? 0.m19i 91.0 - 1  .a977 fi.0429 -3208.05 1.0957 -0.U592 32AR.33 
P.BPPV -0.2667 - O . V ~ @ R  n . e ? u i   PI.^ - 1 . 2  P . O ~ ~ S  -3279.99 1.9905 -C?.mL42 3263.A8 
P.k5PMP -0.2647 0 . P  P.A l87  0.0 -1.ClRbh 9.63427 -3254.83 1.0851 -9.0616 3247.92 
U -O..?b50 0.0a0@ 0.al5.h @. O -1.8RlR 0.0348 -3241.32 1.@801 -P.C3529 3234.R9 
M . O @ @ o  -0.2616 M. 0AC)O @.P I21  @.m - 1  .I3789 c4.8263 -3239.9? 1.8761 -D.B410 3223.38 
R.PPMR -@.2h0S PI. PVMO P.PR91 l.3. P - 1  .M752 @.Id193 -3223.30 1.8738 -G?.Q3@9 3215.42 
o.onne -m.2597 -M.  @mum ~ . u n 7 2  0. rn -1.8730 0 . ~ 1 4 9  -3217.32 I .  - ~ . 8 2 2 3  3?91~.66 
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APPENDIX B 

SAMPLE RUN 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 i p l e s  combination in a 
braking-in-a-turn maneuver. The example i l l u s t r a t e s  use of optional 
spring tables ,  t i r e  tables and brake torque tables.  Antilock brake con- 
t ro l  systems are  used on the t rac to r  tandem rear axles, and cycling of 
the t r a i l i ng  axle can be observed on output 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 input data i l lus t ra t ing  parameters 
for  a t r i p l e s  combination; tab1 es fo r  suspensions, t i r e s  and brakes; an 
antilock system; and the vehicle summary page. These pages are  normally 
reviewed to ensure tha t  the desired vehicle and maneuver i s  being simulated. 

The 60 remaining pages a re  the output indicating the response of 
each vehicle in the maneuver. In the process of exercising a1 1 options, 
however, the vehicle obtained i s  not representative and the performance 
indicated here should not be viewed as typical .  
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APPENDIX D 

ANTILOCK SIMULATION 

The documenta t ion  p r e s e n t e d  i n  t h i s  append ix  r e p r e s e n t s  t h e  most  

r e c e n t  v e r s i o n  o f  t h e  HSRI a n t i l o c k  program. The s i m u l a t i o n  c o n c e n t r a t e s  

on t h e  t h r e e  areas common t o  most a n t i l o c k  systems: ( 1  ) wheel speed 

sensor ,  ( 2 )  c o n t r o l  l o g i c  module, and ( 3 )  p r e s s u r e  modu la to r .  Ax le-by-  

a x l e  systems a r e  a l l o w e d  f o r ,  as we1 1 as f o u r  s i d e - t o - s i d e  o p t i o n s :  

( 1 )  w o r s t  wheel, ( 2 )  b e s t  wheel ,  ( 3 )  average wheel, and ( 4 )  independent  

wheel. 



A block diagram showing the re1 ationship between the 

antilock elements a n d  the main program i s  shown in Figure D-1. 

The wheel speed s igna l ,  U ,  i s  received from the main program and 

processed by the  wheel sensor wherein, an e f fec t ive  time delay 

occurs resul t ing in delayed wheel speed and accelerat ion s ignals  

ud and  kd .  These s ignals  , along with vehicle ve1 oci t y ,  i ,  
vehicle accel e ra t ion ,  x ,  and feedback from the pressure modul a t o r ,  

are  input t o  the  control logic  module. The control logic module 

o u t p u t s  an ON/OFF solenoid command signal t o  the pressure modulator 

which in turn generates the brake pressure, P ,  returned to  the 

main program. 

A complete descript ion of the anti lock simulation and 

explanation of i t s  use i s  presented in the following sect ions .  

0 . 1 .  User Dictionary of Variabl es/Parameters. I n  order 

t o  o f fe r  much greater  f l  exi bi 1 i  ty t o  the program user as regards 

variable and parameter programni ng choices, a t ab le  o r  dict ionary 

of such variables/parameters has been added. This d ic t ionary,  

as shown in Figure D-2 , i s  simply a l i s t i n g  of various variables 

a n d  parameters which might be considered t o  be of some importance 

or i n t e r e s t  t o  an anti lock system. A user s e l e c t s ,  f o r  pro- 

graming purposes, a  pa r t i cu la r  variable/parameter by referr ing 

to  i t s  var iable  I .  D. numeral shown in Figure L-2 . Each of these 

variables/pararneters a re  defined in Table tj-1 and Figure 0-3 . 
I f  a user has need fo r  additional variables or parameters not 

included in the  dic t ionary,  they can be added by ra ther  simple 

additions t o  the FORTRAN code. 

The purpose of the dict ionary i s  to allow the program user 

t o  s e l e c t ,  from a wide variety of possible anti lack variables/  

parameters, only those which a re  of i n t e r e s t  t o  the par t i cu la r  







Table 2-1. VariableIPararneter Defini t ions 

I . D .  
Symbol Code 

1  .o  1 
Def i  ni t i  on 
Constant; Unity Parameter 

Units 

TIMF 2 Time in simulat ion 

OMEGA 3  Wheel speed a t  t i r e - road  
' i n t e r f a c e  (expressed as an 
equivalent  t r ans la t iona l  
vel oci ty  ) 

OMEGADOT 4 Wheel accelera t ion  a t  t i  re-road 
i n t e r f a c e  (expressed as an 
equivalent  t r ans la t iona l  
acce le ra t ion)  

X DOT 5 

XDDOT 6 

POFFl 7 

Vehicle ve loci ty  

Vehicle accelera t ion  

Brake pressure a t  l a s t  "OFF" 
signal  

Brake pressure a t  "OFF" s ignal  
in next t o  l a s t  cycle 

PONl 9 Brake pressure a t  l a s t  "ON" 
signal  

Brake pressure a t  "ON" signal  
in next t o  l a s t  cycle 

TOFFl 11 

TON1 12 

X DOFF 13 

Time a t  l a s t  "OFF" signal  

Time a t  l a s t  "ON" signal  

Vehicle ve loci ty  a t  l a s t  
"OFF" signal  

X D O N  14 Vehicle ve loc i ty  a t  l a s t  
"ON" signal  

WOFF 15 Wheel speed a t  l a s t  "OFF" 
signal  

W O N  16 Wheel speed a t  l a s t  " O N "  
s ignal  

WDOFF 17 Wheel accelera t ion  a t  l a s t  
"OFF" signal  

W D O N  18 Wheel accelera t ion  a t  l a s t  
"ON" s ignal  

W DMAX 1 9  Maximum wheel accelera t ion .  
in  l a s t  cycle 

WDMIN 2 0 Minimum wheel accelera t ion  
in  l a s t  cycle 



Table  D-1 (Con t . )  

1.0. 
Code - 

2 1  

Symbol 

TPMAXl 

D e f i n i t i o n  U n i t s  

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

Time o f  minimum p r e s s u r e  i n  (set 
l a s t  c y c l e  

TPMINl 

WLOCK Parameter h a v i n g  v a l u e  1 .0  i f  
wheel i s  l o c k e d ;  o t h e r w i s e  
h a v i n g  v a l u e  o f  0 .0  

Time ramp b e g i n n i n g  a t  s t a r t  
o f  any wheel l o c k  

TLOCK 

SLON 

SLOFF 

PMAX 1 

PMAX2 

Wheel s l i p  a t  l a s t  "ON" s i g n a l  

26 Wheel s l i p  a t  l a s t  "OFF" s i g n a l  

27 Maximum p r e s s u r e  f r o m  l a s t  c y c l e  ( p s i )  

28 Maximum p r e s s u r e  f r o m  c y c l e  ( p s i )  
b e f o r e  l a s t  

29 Minimum p r e s s u r e  f r o m  l a s t  c y c l e  ( p s i  

30 Minimum p r e s s u r e  f r o m  c y c l e  ( p s i )  
b e f o r e  l a s t  

31 T r e a d l e  p r e s s u r e  ( p s i  ) 

32 Parameter h a v i n s  v a l u e o f  1.0 
d u r i n g  "ON" s i g i a l  ; o t h e r w i s e  
0 . 0  

MOD Time o f  m o d u l a t i o n  f o r  t h e  p u l s e -  b e d  
w i d t h  modu la ted  square  wave 

SLIP 

P  

CY CNT 

Wheel s l  i p  

Brake p r e s s u r e  ( p s i )  

Cyc le  c o u n t e r  b e g i n n i n g  a t  0  
and i n c r e m e n t i n g  i t s  c o u n t  by 
1  e v e r y  "OFF" s i g n a l  

SQUARE P u l s e - w i d t h  modula ted square  
wave h a v i n g  v a l u e  1 . 0  o r  0 . 0  

SQUARN 

TOFF2 

SQUARE - 1 .0  

Time o f  "OFF" s i g n a l  i n  c y c l e  
b e f o r e  l a s t  

Time of "ON" s i g n a l  i n  c y c l e  
b e f o r e  l a s t  

F i r s t  one -sho t  v a r i a b l e  h a v i n g  
v a l u e  1 . 0  d u r i n g  one-shot  f i r i n g ;  
o t h e r w i s e  h a v i n g  v a l u e  o f  0.0 



Table D-1 ( C o n t . )  

Symbol 

FOS2 

FOS3 

GPCNT 

WMAXl 

TWMAX 1 

WMIN 

TWMIN 

T PMAX 2 

TPM I N2 

GPV1 

GPV2 

GPV3 

GPV4 

GPV5 

FOS4 

FOS5 

IMEGDIF 

I.D. 
Code Definition 

4 2 Second one-shot variable 

4 3 Third one-shot variable 

44 General purpose counter 

45 Maximum wheel speed i n l a s t  
cycl e 

4 6 Maximum wheel speed i n  cycle 
before l a s t  

47 Time of maximum wheel speed 
in l a s t  cycle 

48 Time of maximum wheel speed 
in cycle before l a s t  

4 9 Minimum wheel speed in  l a s t  
cycl e 

50 Time of minimum wheel speed 
in l a s t  cycle 

5 1 Time of maximum brake pressure 
in cycle before 1 ast  

5 2 Time of minimum brake pressure 
in cycle before l a s t  

5 3 F i r s t  general purpose variable 

54 Second general purpose variable 

5 5 Third general purpose variable 

5 6 Fourth general purpose variable 

5 7 Fif th general purpose variable 

5 8 Fourth one-shot variable 

59 Fifth one-shot variable 

60 Side-to-side wheel speed difference 
indicator  having the value 1.0 
(otherwise 0.0)  when the same axle 
side- to-side wheel speed difference 
( f t / s e c )  i s  g rea te r  than the input 
parameter, WWDIF. 

Uni t s  





system he i s  attempting to  simulate. Those famil iar  with the  

previous anti lock simulation may recal l  t ha t  such variable/  

parameter choices were f ixed .  and 1  imi ted t o  wheel speed, 

accelera t ion,  and four  o r  f ive  other  variables.  Thus, the 

present approach should el iminate most problems where the user 

was handicapped with the  previous program because a  pa r t i cu la r  

var iable  or parameter was n o t  avai lable .  

Within the anti1 ock variables/parameters a r e  stored in an 

array of dimension 60 cal led  VARIB(J) , J=1,60. Therefore, 

VARIB(1) contains the constant 1 .0 ,  VARIB(2) contains the present  

value of the  time, t ,  and so on as defined i n  Table D - 1 .  

9.2 General Expression Form. Throughout the remai nder 

of t h i s  discussion a par t icular  algebraic expression wil l  be 

encountered repeatedly. I t  would therefore be helpful beforehand 

t o  define each term in the expression a n d  then discuss i t s  

purpose. The expression referred t o  i s  of the aeneral form: 

The C i  ( = 1  5 a r e  constant coeff ic ients  fo r  each term. 

Any of these  coef f i c ien t s  may be adaptive t o  as many as two 
d i f f e r en t  var iables .  This adaptive feature  wil l  be discussed 

in  de t a i l  in Section C-4. The x i ,  ( i = 1 , .  . . $ 5 )  a n d  y i ,  ( i = 4 , 5 )  

a re  variables o r  parameters avai lable  in the user dict ionary.  

Note t ha t  the  fourth and f i f t h  terms a re  quadratic in form. During 

execution of the program the x i  and y i ,  which the user has 

se lected from the  dict ionary t o  form some re la t ionsh ip ,  a re  

ac tua l ly  assigned values from the array VARIB(J). 



The purpose of these expressions i s  t o  allow the user t o  

form various algebraic re1 ationships between the variables and 

parameters available in the dict ionary,  subject to  the form of 

the general expression ( D - 1  ) .  A form of t h i s  general expression 

appears in almost every section of the program from control logic 

inequal i ty expressions t o  evaluation of one-shot conditions . Only 

those terms necessary to  form a desired expression are required. 

Some simple examples i l l u s t r a t i n g  the use of these general 

expressions are  presented in the fol lowi ng sections.  

D.3. Wheel .Sensor Module. The primary e f fec t  of a 
wheel serlsor i s  a phase s h i f t  and/or time delay between the actual 

wheel ra te  and  the derived wheel ra te .  This input-output re la t ion-  

ship can often be described adequately by t ransfer  functions of 

various order and/or transport  time delay expressions. The 

present version assumes a general f i r s t -o rder  f i l t e r  of the form 

l / rwp  + 1 r e la t ing  actual wheel ra te  t o  derived wheel r a t e ,  where 

T i s  the time constant o f '  the f i l t e r  and  p i s  an operator 
0 

denoting d i f fe ren t ia t ion  with respect t o  time. 

Many anti lock systems make use of wheel acceleration derived 

from the o u t p u t  of the wheel sensor. This normally involves 

additional delays along with a d i f ferent ia t ion process. The 

assumed t rans fe r  function here was taken as p/rwdp + 1 re la t ing 

derived wheel ra te  t o  derived wheel accelerat ion.  The derived 

wheel acceleration calculation normally takes place within the 

e lec t ronic  control un i t .  However, since i t ,  a l o n g  with wheel 

r a t e ,  i s  a primary input t o  the control unit logic,  i t  i s  included 

here within the wheel sensor module so that  the control uni t  can 

be characterized by logical or decision-making processes only. 

The wheel sensor module can then be described by the input-output 

relat ionships shown in Figure D-4. 





The delayed wheel speed a n d  accelerat ion s igna l s ,  wd and 

Wd ' a r e  used as the primary inputs t o  the  control logic module. 

The assumed wheel sensor and  der ivat ive  c i r c u i t  i  nput-output 

relat ionships a re  therefore described by two input parameters, 

r and T ~ ~ ,  which represent the f i r s t - o rde r  f i l t e r  time constants 
0 

of the  wheel sensor and i t s  der ivat ive  c i r c u i t .  The var iables ,  

Wd and id, appear in the user dict ionary as OMEGA and  OMEGADOT, 

I.D. codes 3 and 4. (The symbols w and  ; a r e  used interchangeably 

throughout t h i s  section fo r  wd and kd . )  

Other variables a r e  provided as possible inputs t o  the 

control logic module, however, no s imi lar  operations are  attempted 

on these other input variables.  

D.4. Control Logic Module. The control logic i s  

characterized by a s e t  of e ight  inequali ty expressions which the 

user forms as conditions fo r  generating " O N "  and  "OFF" s ignals .  

Associated with each ari thmetic inequal i  ty expression i s  a 
logical  variable.  These logical var iables ,  ref lec t ing the s t a t e  

or polar i ty  of the inequal i  ty  expressions, a r e  logically combined 

t o  generate the "ON" and "OFF" s ignals .  "ON" i s  defined here as 

a i r  being applied t o ,  or  "ON," the brake a i r  chambers. Figure 

D-5 summarizes the overall s t ruc tu re  of the control logic nodule. 

Inequal i  ty Expressions. 

Each of the eight  ari thmetic inequal i t ies  has the general 

form: 

where 





' i j  , ( j = 1  , 5 )  are  the constant coef f i c ien t s  of each 

term. 

v i j ,  W ik ' ( j=1 ,5 ;  k = 4 , 5 )  a r e  the var iables /  
parameters se lected from the user 

d ic t ionary.  

The f i r s t  four inequa l i t i e s ,  Fl through F4, a r e  used fo r  

generating the "OFF" signal ; the l a s t  four inequa l i t i e s  f o r  the 

"ON"  s igna l .  

As an example, suppose the condition 

was used as the f i r s t  "OFF' condit ion.  Then F1 would become 

with -1.0 a n d  -100. required as ell and c12.  OMEGADOT,  ( k ) ,  
would be se lected from the user dict ionary f o r  v l l  and the unity 

parameter, 1 .0 ,  would be se lected as  v 1 2 .  As wil l  be described 

in  de t a i l  in Section D.7 , f i ve  numbers would be required as  

program input fo r  forming t h i s  expression: ( a )  the number of terms 

involved in the expression, ( 2 ) ;  ( b )  two coe f f i c i en t s ,  ( - 1  . O )  

a n d  ( -100.) ;  and ( c )  two var iable  I.D. codes from the user 

d ic t ionary,  ' 4 '  and '1  ' f o r  OMEGADOT and the  unity paraneter ,  

respect ively .  

*See def in i t ion  of OMEGADOT in Table D - 1 .  
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A simp1 e descript ion of the sequence of operations taking 

place within the anti lock control logic  module i s  as follows: 

During a braki ng maneuver, the  variabl es/parameters 

se lected by the  user a r e  subst i tu ted in the user-defined inequali ty 

expressions. These expressions a r e  evaluated, and based upon 

t h e i r  po l a r i t y ,  OFF signals o r  ON s ignals  a re  sent  t o  the 

pressure modulator. A t  the beginning of the braking maneuver, 

evaluation of the inequa l i t i e s  associated with generating the 

"OFF" signal  takes place unt i l  a n  "OFF" signal i s  generated. 

Attention then i s  focused on the inequa l i t i e s  associated with 

generating an "ON" signal un t i l  an "ON" signal i s  generated. This 

sequence continues unt i l  ei  ther  the tread1 e valve pressure demanded 

by the d r ive r  f a l l s  t o  near zero, o r  un t i l  the vehicle velocity 

decreases t o  below some cut-off veloci ty .  

Logical Variables 

Each of the e ight  inequa l i t i e s  has assigned t o  i t  a logical  

variable t ha t  i s  defined as T R U E  i f  the inequal i ty  i s  s a t i s f i e d  

as shown; FALSE i f  not. In other words, i f  Fi - > 0, then the 

logical  var iable  L i  associated with F i  assumes the value TRUE.  

I f  Fi < 0,  then L i  assumes the value FALSE. Since there are  four 

inequa l i t i e s  f o r  the generation of the "OFF" s i gna l ,  there a re  

four logical  variables associated with the "OFF" s igna l .  The 

purpose of these logical  variables i s  t o  f a c i l i t a t e  the genera- 

t ion  of an "OFF" signal by allowing them t o  be "ANDu-ed and "OR"-ed 

together by the  program user. I f ,  fo r  example, the user had 

decided t ha t  F, and F2 must be s a t i s f i e d  or e l s e  F3 o r  F4 be 

s a t i s f i e d  ( F l y  F 2 ,  F3, and F4 having been previously defined by 

the data s e t  selected by the u s e r ) ,  the proper "OFF" signal would 

be defined by the following expression: 

OFF = ( L 1  A N D  L 2 )  O R  ( L 3  O R  L 4 )  , 



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

l o g i c a l  v a r i a b l e s  L5,  L 6 ,  L7,  and L8. 

The u s e r  s p e c i f i e s  t h e  l o g i c a l  o p e r a t i o n s  between L1 and 

L2, Lg , and L4, and between t h e  b r a c k e t e d  e x p r e s s i o n s  by  means 

o f  t h r e e  l o g i c a l  o p e r a t o r  s w i t c h e s  , OP12, OP34, and OP23, 

r e s p e c t i v e l y .  I n p u t  v a l u e s  o f  0  i m p l y  l o g i c a l  " O R "  o p e r a t i o n s ;  

va lues  o f  1  i m p l y  l o g i c a l  "AND" o p e r a t i o n s .  The sgme r u l e s  a p p l y  

t o  l o g i c a l  v a r i a b l e s  L5, L6, L7,  Lg and t h e i r  l o g i c a l  o p e r a t o r  

s w i t c h e s  0PS6, 0P783 and 0P6,. The genera l  forms o f  t h e s e  

l o g i c a l  e q u a t i o n s  a r e :  

and 

The u s e r  i s  r e q u i r e d  t o  i n p u t  d a t a  o n l y  f o r  t h e  number o f  

i nequal i ty e x p r e s s i o n s  needed. The d e t a i  1s r e 1  a t i n g  t o  d a t a  

i n p u t  f o r  t h e  i n e q u a l i t y  e x p r e s s i o n s  and l o g i c a l  o p e r a t o r s  a r e  

e x p l a i n e d  i n  S e c t i o n  Z..7 . 

Time Delavs  

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

l o g i c .  The f i r s t  t i m e  d e l a y ,  T, , i s  t h e  d e l a y  between t h e  

e v a l u a t i o n s  o f  F, and t h e  e v a l u a t i o n s  o f  e i t h e r  F2, F3,  o r  F4. 

The second t i m e  d e l a y ,  ;2, i s  t h e  d e l a y  between t h e  t i m e  o f  

g e n e r a t i o n  o f  t h e  "OFF" s i g n a l  and t h e  t i m e  t h a t  F5 may be 

e v a l u a t e d  i n  t h e  g e n e r a t i o n  o f  t h e  n e x t  "ON" s i g n a l .  T 3  i s  

t h e  d e l a y  between t h e  t i m e  o f  e v a l u a t i o n  o f  F5 and t h e  t i m e  o f  

e v a l u a t i o n  o f  e i t h e r  F6, F7, o r  F8. 
.r 4 i s  t h e  d e l a y  between t h e  

t i m e  o f  g e n e r a t i o n  o f  t h e  "ON" s i g n a l  and t h e  t i m e  t h a t  Fl may 

be e v a l u a t e d  i n  t h e  g e n e r a t i o n  o f  t h e  n e x t  "OFF" s i g n a l .  F o r  

. t i m e  d e l a y  e f f e c t s  o t h e r  t h a n  t h o s e  d e s c r i b e d  he re ,  t h e  one-sho t  

v a r i a b l e s  ( S e c t i o n  D.6)  may be employed. 



Exanpl e  

A br ief  example covering the above o u t 1  ined features  should 

prove helpful .  Consider an ant i lock system which generates an 
"OFF" signal subject  t o  the following laws: 

1 )  k - < -50 f t / s ec2  

and  2 )  a t  a time -05 second a f t e r  ( 1 )  i s  s a t i s f i e d ,  - 
u - < .9  must a l so  be s a t i s f i e d .  

Suppose the corresponding "ON" signal must s a t i s f y  the 

fol 1  owing requirements 

3 )  ; - > - . 5  f t / s ec2  

and 4 )  a t  a  time -02 second a f t e r  ( 3 )  i s  s a t i s f i e d ,  - 
u - > .8 must a l so  be s a t i s f i e d .  

Suppose a l so  t h a t  once the "ON" signal i s  generated during any 

cycle,  the t e s t  f o r  the next "OFF" signal must n o t  take place 

f o r  a t  l e a s t  0.1 second, guaranteeing a ce r ta in  amount of brake 

on-time. 

Rewriting ( 1 )  as 

F1 = -; - 50 - > 0  

C i l  = -1.0 

c I 2  = -50. 

The var iable  I .D .  codes fo r  v l ,  and v12 
would be "4"  and "1 ," corresponding t o  
OMEGADOT and the unity parameter from 

the user d ic t ionary.  

Simil a r l y ,  f o r  ( 2 ) ,  



The var iable  I . D .  codes f o r  v21  and v l l  

would be "3" and " 5 " .  

Since F3 and F4 a re  n o t  required,  no input f o r  these expressions 

would be needed. OP12 should be entered as 1 s ince  OFF = L1 - A N D  

L2 .  OPZ3 and OP24 have no meaning here and can therefore be 

e i t h e r  0 or  1 .  The time delay between F1 and F2 imp1 ies 

1 = 0.05. Since there i s  no  time delay speci f ied  between the  

generation of the "OFF" signal and the evaluation fo r  the next 

'ON" s i gna l ,  r 2  = 0.0. 

Similar ly ,  f o r  the "ON" c r i t e r i a ,  ( 3 )  may be rewrit ten as 

5 
= ; t 5 > 0  - 

c5i = 1.0 

'52 = 5.0 

With variable I . D .  codes f o r  v5,  and  vS2 
of "4"  and  "1 ". 

Li kewi se 

c62 = - .8 

With var iable  I .D. codes f o r  v6, a n d  v62  

of "3" and "5". 

Since F7 and F8 are  n o t  required,  no input fo r  these 

expressions would be needed. OPS6 should be entered as 1 f o r  

the  required "AND" operation,  while OP6, and OP78 are  meaning- 

l e s s  here and can be e i t h e r  0 or 1 .  The time delay between F5 

and F6 requires r = 0.02. The time delay between the "ON" 3 
signal  a n d  the t e s t  f o r  the next "OFF" signal requires r4 = 0 .10 .  



Ada~tive Coefficients 

Many anti  lock sys terns possess adaptive capa bi 1 i  t i e s  for  

changing coefficients involved in the i r  control logic. For 
th i s  reason, and increased programing flexi bi 1 i t y  , an adaptive 

coefficient feature i s  provided for  in this  program. Each 

coeff ic ient ,  C i  j ,  involved in the inequality expressions may be 

altered t o  change i t s  value as a function of one or  two 

dictionary variables in the manner shown in Figures D-6 and 

D-7. 

In Figure 0-6 , the value of C i j  i s  A. ( i t s  i n i t i a l .  value) ,  

i f  u i j  < b , .  If  u i j ,  the adaptive variable,  i s  greater t h a n  

i t s  breakpoint value of b l ,  C i j  i s  equal t o  A 1 .  

If  two adaptive variables are involved, as i l lus t ra ted  in 

Figure D-7, 

i f  u i j  5 b, and  z i  2 b2 

- 
'i j 

- A1 i f  u i j  > bl and z i j  i b 2  ( D-5 ) 

A2 i f  z i j  > b p  

By including an  additional numerical switch in the input, 

the two adaptive variable case may be altered t o :  

- 
' i j  

- I A1 i f  u i j  > b,  a n d  z i j 5 b 2  

A2 i f  u i j  > b l  and z i j  > b2 

as i l lus t ra ted  in Figure D-8. 

The de ta i l s  of the numerical input format are explained 

in Section D.7. 









Three different  side-to-side options per axle are available. 

One antilock system i s  allowed for each axle with the same 

pressure being returned t o  b o t h  sides for  each of the available 

options. These are summarized below: 

OPTION 1  - Worst Wheel. The wheel having the lowest 

rotational ra te  (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 with the highest rotational ra te  i s  selected as input. 

OPTION 3 - Average Wheel. Both wheel rates are averaged 

by the control logic module and  used as input. The same pressure 

i s  returned t o  b o t h  sides.  

See Section 0.7  for the numerical input and  format 

required for  each option. 

Logic Sampl ing Rate Control 

The program user i s  asked t o  specify a logic sampling period, 

TSMPLE, which controls the ra te  a t  which the antilock logic i s  

interrogated. If TSMPLE i s  specified t o  be less than or equal 

t o  the d ig i ta l  simulation time s tep ,  then no sampling rate 

control i s  in e f fec t .  I f ,  however, a logic sampling period 

greater than  the digi ta l  simulation time step i s  called fo r ,  

a l l  control logic and special option features pertaining t o  the 

control logic module are interrogated a t  time intervals s e t  by 

the logic sampl i  ng period, TSMPLE. Wheel sensor computations 

a n d  pressure modulator ac t iv i t i e s  a re  not affected. 

For vehicle velocities less  than 7 f t / s e c ,  the antilock 

simulation i s  inactivated and l i n e  pressures will follow the 

treadle pressure. 



D.5. Pressure Modulator. The pressure modulator valve 

i s  simulated by two time delays and seve.ra1 programmable r i s e  

and fa1 1  r a t e s  f o r  b o t h  exponential and 1  i  near cha r ac t e r i s t i c s .  

The programable r i s e  and  f a l l  r a tes  make possible the simula- 

t ion  of r e l a t i ve ly  complex pressure modulator a c t i v i t y  

including designs involving pneumatic logic  o r  pulse-width 

modulators. 

Time Del avs 

The input received by the pressure modulator i s  simply the 

" O N "  and "OFF" s ignals  generated in the control logic  module. 

Once a  control  signal i s  received there  i s  normally a time delay 

before actual  pressure reduction o r  i ncrease takes pl ace. These 

time lags a re  denoted in the simulation as rON and  rOFF and 

a re  program inputs speci f ied  by the user.  

Exponential Fall and  Rise Rates 

The pressure r i s e  i s  defined t o  be exponential in time with 

the .upper pressure l im i t  s e t  by the t read le  valve output o r  by 

a programable l im i t  PDRSE offered as a  special  option and 

explained in  Section C.6. Likewise, the pressure f a l l  i s  

exponential in time with i t s  lower l im i t  as zero pressure o r  

by a  programable lower l i m i t ,  P D F A L L ,  offered as a special 

option and defined in Section 3 .6 . -  As many as three pressure 

f a l l  r a tes  a n d  three  r i s e  ra tes  can be programed. The f a l l  

and r i s e  ra tes  referred t o  a re  defined as the inverse of the time 

constants associated with the exponential pressure r i s e  and f a l l .  

The three  exponential f a l l  r a tes  a r e  denoted as P F E i ,  

( i = 1 , 3 ) ;  the three exponential r i s e  ra tes  a r e  defined as P R E i ,  

( = l , 3 )  For reasons of f l e x i b i l i t y  these f a l l  and r i s e  r a t e s  

a r e  defined t o  be functions of variables denoted a s  and c 2 ,  

respect ively .  E l  and re  are  defined by the general form 

expressions: 



where H i  a n d  Gi, ( i=1 ,5)  are the constant coefficients of each 
term, and v . and wk, ( j=1 ,5 ;  k=4,5) are variabl es/parameters 

J 
available in the user dictionary. 

These relationships are shown in Figures ?-$ and 0-19. 

The break-points X I ,  X2,  X3, and X 4  along the E, and E axes 2 
separate the f a l l  a n d  r i s e  ra te  regions. 

In terms of transfer function notation, the above 
relationships can be expressed as: 

Pressure Fa1 1 : 

PDFALL or 0 

Pressure Rise: 

PDRISE or P 

where PFE1 ,2 ,3 and  PRE1 , 2  ,3  defined above are functions of 
a n d  E2, respectively,  andvp i s  a n  operator denotinq differentiation 

with respect t o  time. 



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

F i g u r e  D-9. 

Exponen t i  a 1  P r e s s u r e  R i s e  Rate  

Figure D-10. 



Linear Fa1 1  and Rise Rates 

The pressure f a l l  and r i s e ,  under t h i s  option,  i s  l i nea r  

in time w i t h  an upper 1  imi t as t r ead le  pressure,  P d ,  and a  lower 

l imi t  as zero pressure. Three f a l l  r a tes  and three  r i s e  r a t e s  

may be speci f ied  as in  the exponential case. The l i nea r  f a l l  
a and r i s e  r a t e s  a r e  denoted as PFLi and PRLi  , ( i = 1 , 3 ) ,  

respect ively .  Again, f o r  programing f l e x i b i l i t y ,  the 1  inear  

f a l l  and r i s e  r a t e s  a r e  defined as functions of var iables  

denoted as c3 and c 4 ,  respect ively .  E~ and c4 a re  defined by 

the general form expressions : 

where R .  and S , ( j=1 ,5 )  a re  the constant coef f i c ien t s  of each 
J j 

term, and v w ( j = l , 5 ;  k=4,5) a r e  variables/parameters 
j k '  

avai lable  in  the  user d ic t ionary.  These re la t ionships  a re  

i l l u s t r a t e d  in Figures u-11  and Z - 1 2 .  The pressure returned i s  

given simply by the  following two equations: 

P(t-to) = [ P F L ~ ( E ~ ) I  * ( t - t o ) t P ( t o )  ; ( f a l l )  

X 5 ,  X 6 '  X7, and X 8  a re  the  associated break-points s imi la r  

to the exponential case. 



L i n e a r  P r e s s u r e  F a l l  Rate , 

Figure D-11 

- 

L i n e a r  P r e s s u r e  R i se  Rate 

'8 

Figure W-12 
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Pressure Modulator Key 

A pressure modulator key, IPKEY, i s  read during input j u s t  

p r io r  t o  any data re la ted  t o  the pressure modulator. The value 

of t h i s  key dis t inguishes  f o r  the program whether exponential ,  

l i n e a r ,  or  both exponential and l i nea r  cha r ac t e r i s t i c s  wi l l  be 

computed. The following key defines the  IPKEY values required 

f o r  each case: 

' 0 , exponenti a1 

IPKEY = 1. 9 1 i  near 

2 , exponential and  1  inear 

The exponential and l i n e a r  option ( I P K E Y = 2 )  returns a  

pressure representing the summation of the  exponential and l i nea r  

pressure computations. 

Final ly ,  a1 1  coef f i c ien t s  appeari ng in the general form 

expressions f o r  the  pressure modulator possess the adaptive 

coef f i c ien t  f ea tu re .  

Exampl e 

Consider the following example of a ce r ta in  pressure modulator 

having only exponential pressure fa1 1  and r i s e  cha r ac t e r i s t i c s :  

1 )  " O N "  delay = "OFF" delay = 0.05 seconds. 

2 )  The exponential pressure r i s e  r a t e  assumes an 

approximate value of ( 0 . 2 ) - '  = 5.0 f o r  

d i f ferences  between t read le  valve output 

pressure and l i n e  pressure o f  50 psi or more, 

and an approximate exponential r i s e  r a t e  of 

(0.33)-I  = 3 .0  f o r  pressure differences of l e s s  

than 50 psi . 
3 )  The exponential pressure f a l l  r a t e  i s  approximately 

constant  f o r  a l l  l i n e  pressure values w i t h  a  f a l l  

r a t e  equal t o  (0.25)" = 4.0. 



This could be simulated by the following choice of input 

parameters : 

I PKEY 0 

Variable I .  0. code f o r  Pd  = 31 . 
See User Diectionary . 

Variable I .D.  code f o r  P = 35. 

The number of terms required fo r  E ~ ,  ( 1  term) a n d  c2  

( 2  terms) would a l so  be required as input as explained 

in Section D.7.  

D.6. Special Options. Five special options have been 

included in the model in  order t o  f a c i l i t a t e  simulation of 

c e r t a i n  fea tures  displayed in some actual anti lock systems while 

a lso  providing increased programi ng f l ex i  bi 1i ty .  The f ive  

o p t i o n s  referred t o  a r e :  (1 ) t r ead le  pressure modul ation/ 

programing,  ( 2 )  pul se-width modulated square wave, ( 3 )  f i ve  programmable 

one-shots, ( 4 )  general purpose counter, and ( 5 )  general purpose var iables .  

Each of these options wil l  be explained in the following sect ions .  

Tread1 e Pressure Modul a t i  on/Programni ng 

Most pressure valves operating without anti lock in te r rup t ion ,  

and many under ant i lock cyc l ing ,  follow or are  limited above 

by the t read le  pressure appl ica t ion;  while s imi la r ly ,  the output 

pressure of these valves f a l l  t o  t r ead le  pressure or zero 



pressure when tread1 e pressure i s  decreased or removed. However, 
in some valves, during anti lock cycling,  pressure may r i s e  t o  

some l imit ing pressure l e s s  than t readle  and/or fa11 to  some 
pressure greater  than zero. Such t read le  modulation or pro- 

gramning of demanded pressure i s  a fea ture  which i s  allowed fo r  

under t h i s  option. 

Prior  t o  any input f o r  t h i s  option,  a key, IPDKE'Y, f o r  

t readle  pressure modulation, i s  read. A value of -1 or  l e s s  

negates the use of t h i s  opt ion,  while values greater  than o r  

equal to  0 ac t iva te  the option. Variables P D F A L L  and PORISE 

become the  demanded pressure during pressure fa11 and r i s e  periods,  

respectively.  These variables a r e  defined by the following 

general form expressions: 

PDFALL 4 V , V ,  + V2v2 + V3v3 + V4v4w4 + V5v5w5 

A PDRISE - Wlvl + W2v2 + W3v3 + W V W + W5v5w5 4 4 4  

where, 

V . and W , (j=1 ,5)  a re  constant coeff ic ients  
J j 

f o r  each term. The adaptive coeff ic ient  fea ture  

i s  provided fo r  these coef f i c ien t s .  

v j  , w k  , ( j = 1 , 5 ;  k=4,5) a r e  variables/parameters 

selected from the user d ic t ionary.  

As an example, suppose an anti lock sys tem operated so as t o  

always r i s e  t o  the maximum pressure a t ta ined in the previous 

cycle ra the r  than t o  t r ead le  pressure. PDRSE w o u l d  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  se lected from the user dict ionary f o r  v l .  I n  t h i s  

case,  the coe f f i c i en t ,  1 . 0 ,  and the var iable  I.D. code f o r  

POFF1, 7 ,  would be required as input f o r  t he  option. 

Pulse-Width Modulated Square Wave 

A time, o r  pulse-width, modulated square wave i s  provided 

as an option fo r  general use. This option was motivated by a 

pa r t i cu l a r  ant i lock system known t o  possess such a fea ture  f o r  

purposes of tread1 e  pressure modulation. The square wave 

generated under t h i s  option can be used in any portion of the 

program and i s  ava i l ab le  in the user dict ionary under the name 

S Q U A R E .  Figure G-13 i l l u s t r a t e s  the parameter a n d  variable 

re la t ionships  which define the square wave. The period of the 

suqare wave, PERIOD, i s  constant. The amount of time modulation, 

represented by TMOD,  may be var iable  and programmable. This i s  

accomplished in the program by a1 lowing the r a t i o ,  TMOD/PERIOD, 

t o  be a  tabular  function of a var iable ,  E ~ ,  as shown in Figure 
3-14 

5 i s  defined as a general form expression: 

where 

PWi , ( i = 1 , 5 )  are  constant coeff ic ients  f o r  each 

term. The adaptive coef f i c ien t  f ea tu re  i s  

provided fo r  these coef f i c ien t s .  

v i  , w k  , ( i = 1 , 5 ;  k=4,5) a r e  variables/parameters 

se lected from the user d ic t ionary.  

Note t h a t  the F Z i  values in the T M O D / P E R I O D  table  should 

n o t  be g rea te r  than 1 .0  or l e s s  than 0 .0 .  Values of 1 .0  i dea l l y  

s ignify  700% modulation; values of 0 .0 ,  no modulation. ( I n  







ac tua l i t y ,  the degree of modulation a t t a inab le  depends on the 

simulation time s tep  used and the period chosen f o r  the square 

wave. ) 

Input data required f o r  t h i s  option includes: ( a )  f i v e  

pairs  of FZi  and Zi, ( b )  PERIOD, and ( c )  coeff ic ient  values and 

variable I . D .  codes used in the general form expression fo r  

E S .  
As before, a key fo r  the pulse-width modulation 'option,  

IPWMKY, i s  read pr ior  t o  any input f o r  t h i s  option. IPWMKY values 

greater  t h a n  or equal t o  0 enable the option. 

I f  des i red,  two addi t ionai  s e t s  of FZi  values may be input.  

Each s e t  i s  associated with a spec i f i c  variablelparameter chosen 

by the user from the dic t ionary and a break-point fo r  that  

vari able/parameter. If  the speci f ied  variable exceeds the break- 

point value f o r  the given FZi  s e t ,  t h a t  FZi  s e t  replaces the 

original  o r  previous s e t  used by the program. The purpose of t h i s  

i s  t o  allow f o r  sane adaptive capab i l i ty  within the FZi t ab le ,  

i f  desired.  The d e t a i l s  of the  numerical input fo r  th i s  adaptive 

option are  explained i n  f ec t ion  3.7. 

One-Shots 

Three programable one-shots a r e  provided under t h i s  option 

a n d  can be used f o r  several d i f f e r en t  purposes. Two common uses 

a re :  ( 1 )  simulating time delay e f f ec t s  and  ( 2 )  as auxi l iary  

binary variables f o r  use in any general purpose expressions. 

The three one-shots, as defined in t h i s  document, a re  binary 

variables having the numerical value of 1 . 0  o r  0.0.  These a r e  

available in the user dict ionary under the names FOS1, FOS2, 

and FOS3. 

The one-shots used in the program operate according t o  the 

following rule :  I f  a t r i gge r  o r  input condition (ineouali t y )  

changes f r m  neqative t o  pos i t i ve ,  the one-shot will change 

i t s  value from 0 . 0  t o  1.0 f o r  a fixed length of time, specif ied 

by the user ,  then return t o  0 .0 .  During a one-shot f i r i ng  (1 .0  



value) ,  the t r igger  input i s  disabled and cannot e f f ec t  recurrent  

f i r ings  from t h i s  s t a t e .  The one-shot i s  r ese t  f o r  another f i r i n g  

by two necessary occurrences: ( 1 )  the time duration of the present 

one-shot f i r i n g  has been exceeded, followed by or concurrent with, 

( 2 ) '  the t r igger  condition being negative. A t r igger  condition value 

of 0.0 i s  interpreted by the program as pos i t ive .  See Figure a-ls, 

The one-shot can a l so  be r e se t  by a c l e a r  command which i s  pro- 

grammed s imilar ly  as the t r i gge r  condition. I t  may be used t o  over- 
r ide  any current  t r i gge r  command t o  c lea r  o r  rese t  the one-shot. The 

one-shot i s  r ese t  whenever the c lea r  condition i s  posit ive o r  zero. 

The c lea r  condition i s  always evaluated a f t e r  the t r igger  condition 

a t  each program time s tep ,  

The t r igger  condition i s  defined by the general form expression: 

where 

OSi ( i=1 ,5 )  are  constant coeff ic ients  f o r  each term and 

possess the adaptive coef f i c ien t  fea ture .  

v i , w k  ( i=1 ,5 ;  k-4,5) are variables/parameters from the 
user dict ionary.  

The c l ea r  condition i s  defined by the general form expression: 

RIDCLIVl + RIDCL2V2 + RIDCL3V3 + R I D C L 4 V 4 W q  + R I D C L 5 V 5 W 5  0 

where 

R I D C L i  ( i = 1 , 5 )  a r e  constant coeff ic ients  f o r  each term 

and possess the adaptive coef f i c ien t  fea ture .  

V i  , W k  ( i -1 ,S ;  K=4,5) are variables/parameters from the 

user dict ionary.  

Each one-shot t r igger  and c l ea r  command i s  programmable by a 

general form expression as shown above. The one-shot time durations 

are  denoted as TOS1,. . . . . ,TOSS and a re  required as i n p u t  f o r  each 

one-shot used. 

General Purpose Counter 
This option allows the user t o  generate a count sequence by in- 

crementing a counter by 1 every d ig i t a l  time s tep ,  i f  a pa r t i cu la r  in- 

equali ty expression i s  greater  than or equal t o  0. The variable 



Tr igge r  Condition 

F i g u r e  U-15. One-shot o p e r a t i o n .  ( C l e a r  c o n d i t i o n  < 0)  

FOS 1 
I I 

I I 
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1.0-- 

0 

I 

3s-t 



containing the count i s  ca l led  GPCNT and  i s  in the user dictionary 

with the I ,D. code 44. The general form expression i s  given by 

G P l v ,  + GP2v2  + GP3v3 + GP4v4w4 + GP5v5w5 > 0 

where 

G P i  ( 1  5 are  constant coef f i c ien t s  f o r  each term and 

can be adaptive. 

v i  ,wk ( i=1 ,5 ;  k-4,5) are  variables/parameters from the 

user dict ionary.  

I f  the above inequali ty i s  s a t i s f i e d ,  the GPCNT count i s  incre- 

mented -- each time step.  If  only a one count increment i s  desired when- 

ever a pa r t i cu la r  condition i s  s a t i s f i e d ,  then a one-shot could be 

f i r e d  f o r  a time period equal t o  or  l e ss  than the d ig i t a l  time s tep ,  

with the general purpose counter incrementing i t s e l f  every one-shot 

f i r i n g .  

The above discussion applies whenever the logic sampling period 

i s  speci f ied  as less  than or equal t o  the d ig i t a l  simulation time s tep .  

I f  the user speci f ies  a l a rger  logic  sampling period (slower sampling 

r a t e ) ,  then the general purpose counter wi 11 be incremented only each 

logic sampling period. 

The counter can be r e se t  t o  zero by allowing the inequali ty expres- 

sion t o  become less  than or equal t o  -10,000. 

General Purpose Variables 

This option allows the program user t o  define new dictionary 

variables as l inear  combinations and products of any other variables 

avail able in the dict ionary.  Each general purpose variable i s  defined 

by a general form expression: 

G P V  = GPVVlvl  t GPVV2v2 + GPVV3v3 + GPVV4v4w4 + GPVV5v5w5 

where 

GPV i s  the general purpose variable 

GPVVi  ( i=1 ,5 )  are constant coef f i c ien t s  f o r  each term and 

possess the adaptive coef f i c ien t  fea ture .  

D.7. Input Data Format - General Form Expressions. The most 

frequently occurring form enountered by the program user i s  the general 

form expression which appears in almost every program segment and special 



option. As discussed in Section D.2, i t  has the form 

C1xl + C2x2 + C x + C x y 3 3 4 4 4 + C 5 X 5 ~ 5  
where 

Ci ( i=1 ,5 )  are the constant coefficients of each term. 

x i  ,yk ( i=1,5;  k-4,5) are variables/pararneters avail able 

in 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  5 ) ,  ( 2 )  the variable I.D. codes 

corresponding t o  the x i  Y k  from the user dictionary for  each variable/ 
parameter used in constructing the expression, and (3 )  the coefficients 

of each term, Ci, used in the expression. The following data input 

sequence i s  what would be required for  defining a general form expression: 

N T , number of terms ; I 1  format 

(I.D. code of x l )  ; F10.4 format 

(I.D. code of x p )  ; F10.4 format 

(I.D. code of x 3 )  

(1.D. code of x 4 ) , ( I . D .  code of y4) 

(I.D. code of x 5 ) , ( I . ~ .  code of y5) 

; F10.4 format 

; 2F10.4 format 

; 2F10.4 format 

Coefficient of x l  ; F10.4 format 

Coefficient of x2 
Coefficient of x3 
Coefficient o f  x4y4 

; F10.4 format 

; F10.4 format 

; F10.4 format 

Coefficient of x5y5 ; F10.4 format 

If  NT i s  5 ,  the above format i s  used. If NT = M < 5 ,  only M I . D .  

code cards and M coefficient cards are required. Note that  the second 

f ie lds  of the I . D .  code cards are used only for  the 4 t h  and 5 t h  terms. 

The 4 t h  and 5 t h  terms allow for  quadratic representations, b u t  can be 

l inear  i f  one of the two variable I.D. codes i s  selected as 1.0 
(unity parameter). 



Constant terms a re  represented by the unity parameter, 1 . 0 ,  

a n d  the  desired constant coef f i c ien t .  

As an example, consider the  general form expression, 

- u - 10. The required input f o r  t h i s  would be: 

3 number of terms required; I1 format 

variable I.D. codes from the user 

dict ionary corresponding t o  i ,  U, 
and  the constant; F10.4 format 

the C i  coe f f i c ien t s  f o r  each of 

the terms; F10.4 format 

Adaptive Coefficient Input Format 

As explained in  Section G.4, an adaptive coef f i c ien t  

f ea tu re  e x i s t s  t o  allow the coeff ic ients  appearing in the general 

form expressions t o  change value as a  function of one o r  two 

variables from the  user dict ionary and t h e i r  associated break- 

points .  The th i rd  and fourth f i e l d s  (columns 21-30, 31-40) 

of each var iable  I  . D .  input card a re  used t o  iden t i fy  the 

var iab le ( s )  t o  which the corresponding term's coef f i c ien t  i s  

adaptive. Similar ly ,  the fourth and f i f t h  f i e l d s  (columns 31-40, 

41-50) of each coeff ic ient  card a re  used fo r  specifying t h e i r  

associated break-points. The a 1  te rnate  coef f i c ien t s  a re  

speci f ied  in the  second and  th i rd  f i e l d s  (columns 11-20, 21-30) 

of each coef f i c ien t  card. Consider the example from the previous 

section and suppose i t  was desired t o  a l t e r  the coef f i c ien t  of 

x ,  i . e . ,  I., t o  values of . 5 ,  and . 2  according t o  the following 

rule :  



I 1.0 i n i t i a l  or nominal value 

Coefficient of = 0.5 whenever > 25 a n d  

T h e  input required would now become: 

where the numbers 4 .  and 2 .  a r e  the I . D .  codes fo r  k a n d  t ,  
respectively,  and  occur on the I .D .  card for  in f i e l d s  3 

and 4. 

I f  only one adaptive variable i s  required, then f i e l d  4 

of the I . D .  code card and f i e l d s  3 and 5 of the coeff ic ient  card 

should n o t  be used. Negative I .D.  codes are permitted fo r  the 

adaptive var iables .  This wil l  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 adaptive condit ion,  u i  > b l  , 
interpreted as 

Reference was rrade in Section 2 .  to  a nuinerical switch 

which allows the adaptive coef f i c ien t  fea ture  t o  be defined by 

Equation ( D - 6  ra ther  t h a n  by Equation ( ii-5 \ .  I f  t h i s  o p t i o n a l  



def in i t ion  i s  des i red,  any negative number should be entered 

in  f i e l d  2 (columns 11-20) of the var iable  I .D. card. Normally, 

t h i s  f i e l d  i s  n o t  used except when 4 o r  5 terms a re  needed in 

a general form expression. In the case of a 4th o r  5th term 

and  the  optional de f i n i t i on ,  the negative of the variable I.D. - 
code should be used i n  f i e l d  2 .  

Pul se-Width Modulation Table - Adaptive Capabil i  ty 

The adaptive capab i l i ty  f o r  the  FZi t ab le  i s  implemented 

by the following numerical input procedure: I f  f i e l d  6 

(column 51-60) of the f i r s t  FZi card i s  non-zero, two more 

F Z i  cards a r e  read. Each of these cards maintain the same f i ve  

f i e l d s  f o r  the a1 t e rna te  F Z i  input .  However, two addit ional  

f i e l d s  are included (columns 51-60, 61-70) and a r e  used t o  specify 

the adaptive var iable  I .D.  code and  i t s  associated break-point 

fo r  tha t  card ( a l t e r n a t e  t a b l e ) .  The second a1 ternate  card takes 

precedence over the f i r s t  a l t e rna t e  in the  event b o t h  break- 

points a r e  exceeded. The following sample input i s  a n  example: 

Z i  card: -30. -10. 0. 10. 50. 

1st F Z i  card: 0. .10 .20 .SO .90 99 .  

1 s t  a l t e rna t e  FZi  card: 0. .05 .10 .25 .45 5 .  50. 

2nd a l t e rna t e  FZi  card: 0. .025 .05 - 1 2  .22 5. 70. 

The number 99. in f i e l d  6 f o r  the 1 s t  F Z i  card simply 

causes the next two cards t o  be read. Both a1 ternate  cards a re  

adaptive in t h i s  case t o  the same var iable ,  vehicle velocity 

( I . D .  code 5;  f i e l d  6 ) .  The respective break-points a r e  50. 

f t / s e c  and 70. f t / s e c .  The e f f e c t  of t h i s  input i s  to cause 

the program t o  use table  3 f o r  speeds above 70 f t / s e c ,  table  2 

f o r  speeds between 70 f t / s e c  a n d  50 f t / s e c ,  and table  1 f o r  

speeds l ess  than 50 f t / s e c .  The adaptive variables do not have 

t o  be the same, as in the example. 



Antilock Input Stream 

Before any input data fo r  the antilock subroutine i s  read, a key 
parameter (ILOCK) i s  read to  indicate whether or not any wheel of the 
vehicle possesses an anti lock system (see Section 3.6 of the Users 

Manual). If any or a l l  wheels do, the key parameter (ILOCK) in the in- 
p u t  stream should be s e t  t o  01 ( I2  format). If no anti lock system a t  

a l l  i s  desired,  ILOCK should be s e t  to  0 .  No anti lock data should 
follow ILOCK i f  ILOCK i s  0. For ILOCK s e t  to 01, the following table  
number and input parameter discussion applies for  each wheel on the 

vehicle t r a i n .  

A table  number not currently in use fo r  a t i r e ,  spring,  or other 
anti lock t ab le ,  causes the program to  read antilock data fo r  the speci- 
f ied table  number. Subsequent wheels on the vehicle t r a in  requiring the 

same anti lock data as one previously read, need only enter  the same 
table  number. An entry of 0 fo r  any antilock table  number implies no 
anti lock system for  t ha t  wheel. 

The fol lowing example i 1 1  us t ra tes  the ant i  lock table  number usage 
fo r  a t r a c t o r - t r a i l e r  with tandem rear suspensions on the t rac to r  and 
t r a i l e r .  Following an 01 ILOCK entry indicating anti lock systems on 

the vehicle t r a i n :  



No ant i lock on the t r a c t o r  f ron t  axle 

0 ( l e f t  and r i g h t  wheels) 

New table  number of t r a c t o r  r ea r  suspension, 

f ron t  tandem ax le ,  l e f t  s ide  

Antilock data fo r  f ron t  tandem axle ,  

l e f t  s ide  

Same ant i lock data requested f o r  f ron t  

tandem, r igh t  s ide  

Same an t i  1 ock data requested fo r  rear  tandem, 

05 O5 I l e f t  and r igh t  s ides  

06 1 .- 
New tab le  number fo r  t r a i l e r  rear  suspensions, 

f ron t  tandem, l e f t  s ide  

Antilock data f o r  t r a i l e r  f ront  tandem, 

l e f t  s ide  

Same anti lock data requested f o r  t r a i l e r  f ront  
tandem, r igh t  s ide  

No ant i lock data fo r  t r a i l e r  r ea r  tandem 

0 ax le ,  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 

(I2 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 

particular system. 



Input 

I LOCK global anti lock key 

Format 

I2 

Table number entry fo r  1 s t  wheel ( f ron t  I2 
axle ,  l e f t  s ide )  
side-to-side op'tion, 1 s t  wheel 12 

side-to-side wheel speed di f ference F10.2 
operator ( see  var iable  I.D. 60 
def in i t ion)  

No. of 'OFF' inequa l i t i e s  
t o  follow 

No. of terms in 1 s t  i nequal i ty I1 

MI var iable  I.D. code cards 4F10.4 

f o r  logic  inequali ty 1 

MI coef f ic ien t  cards 

No. of terms in 2nd inequal i ty  

M2 variable I.D. code cards 

f o r  logic inequa l i ty  2 

I 

M2 coef f ic ien t  cards 

3 No, of terms in 3rd inequali ty 

For NOFF, inequali ty expressions, NOFFl - < 4. 



No. o f  ' O N '  i n e q u a l i t i e s  
t o  f o l l o w  

No. o f  te rms i n  5 t h  i n e q u a l i t y  

M 5  v a r i a b l e  I .D. code c a r d s  

f o r  logic i n e q u a l i t y  5 

M5 c o e f f i c i e n t  c a r d s  

No. o f  te rms i n  6 t h  i n e q u a l i t y  

For  NON i n e q u a l i t y  e x p r e s s i o n s ,  NONl c 4 .  1 - 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T I ,  T 2 ,  3, r 4  Logic t ime d e l a y s  

IPKEY P r e s s u r e  modu la to r  key 

No. o f  te rms i n  E 1 
e x p r e s s i o n  (IPKEY=O, 2 )  

N1 v a r i a b l e  I.D. code c a r d s  

N 1  c o e f f i c i e n t  c a r d s  





N 4  c o e f f i c i e n t  c a r d s  

'3 b r e a k - p o i n t s  

€ 4  b r e a k - p o i n t s  

PFLl PFL2 PFL3 

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  modu la to r  t i m e  d e l a y s  

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 c a l  o p e r a t o r  s w i t c h e s  

l o g i c a l  o p e r a t o r  s w i t c h e s  

t r e a d l e  p r e s s u r e  modu la to r  key 

No.  o f  t e rms  f o r  PDRISE 

IPDKEY 

N 5  v a r i a b l e  I .D.  code c a r d s  

N 5  c o e f f i c i e n t  c a r d s  

No. o f  t e rms  i n  PDFALL 
e x p r e s s  i o n  

N 6  v a r i a b l e  I .D .  code c a r d s  



N6 c o e f f i c i e n t  c a r d s  

IPWMKY p u l s e - w i d t h  m o d u l a t i o n  key  

PERIOD p e r i o d  o f  p u l s e - w i d t h  modu la t ed  
s q u a r e  wave 

N 7 No. o f  t e r m s  i n  E~ e x p r e s s i o n  

N 7  v a r i a b l e  I.D. code  c a r d s  

N7 c o e f f i c i e n t  c a r d s  

z 1 9 z 2 9 z 3 ~ Z 4 > z 5  TMoD PERIOD t a b l e  b r e a k - p o i n t s  

TMoD t a b l e  i n p u t  F Z 1 , F Z 2 > F Z 3 9 F Z 4 9 F Z 5  PERIOD 

IOSKEY 

N1 

a l t e r n a t e / a d a p t i v e  FZi i n p u t  
( s e e  S e c t i o n  1 

o n e - s h o t  o p t i o n  key  

No. o f  t e r m s  f o r  1 s t  o n e - s h o t  
e x p r e s s i o n  

N1 v a r i a b l e  I .D. code c a r d s  



TOS 

N 2 

N 1  coeffi  c ient  cards 5F10.4 

no. of terms f o r  1 s t  one-shot ' c l e a r '  I1 
express ion 

NC1 variable I . D .  code cards 4F10.4 

N C 1  coef f i c ien t  cards 

time duration of 1 s t  one-shot 

no. of terms in 2nd one-shot 
expression 

N2 variable I.D. code cards 

N2 coef f i c ien t  cards 

no. of terms fo r  2nd one-shot ' c l e a r '  I 1  
expression 

NC2 variable I .D. code cards 4F10.4 

NC2 coef f ic ien t  cards 



time durat ion of 2nd one-shot 
expressi  on 

no. of terms i n  3rd one-shot 
express i on 

N3 v a r i a b l e  I.D. code cards 

N 3  c o e f f i c i e n t  cards 5F10,.4 

no. o f  terms f o r  3rd one-shot ' c l e a r '  I1 
expression 

NC3 var i ab le  I . D .  code cards 

NC3 c o e f f i c i e n t  cards 

time dura t ion  of 3rd one-shot 

no. of terms f o r  4 t h  one-shot 
expression 

N4 var i ab le  I .D. code cards 

N4 c o e f f i c i e n t  cards 



RIDCL, I 

no. of  terms f o r  4 th  one-sho t  ' c l e a r '  I 1  
e x p r e s s i o n  

N C 4  v a r i a b l e  I.D. code c a r d s  

NC4 c o e f f i c i e n t  c a r d s  

t ime  d u r a t i o n  of  4 th  one-shot  

no. o f  terms f o r  5 t h  one-shot 
e x p r e s s i o n  

N5 v a r i a b l e  1 . D .  code c a r d s  

N5 c o e f f i c i e n t  c a r d s  5F10.4 

no. of  terms f o r  5 t h  one-shot  ' c l e a r '  I1 
e x p r e s s i o n  

NC5 v a r i a b l e  I .D.  code c a r d s  4F10.4 

NC5 c o e f f i c i e n t  c a r d s  

t ime d u r a t i o n  of  5 t h  one-shot  



I G P K E Y  

NG 

genera1 purpose counter key 

no. of terms in general purpose 
counter expression 

NG var iable  I.D. code cards 

NG coef f i c ien t  cards 

IGPVKY 

Nvl 

general purpose variable o p t i o n  key I2 

no.  of terms in f i r s t  general purpose I1  
expression 

NV1 variable I.D. code cards 

NV1 coef f ic ien t  cards 

no. of terms in 2nd general purpose 
express ion 

N V 2  variable I .D .  code cards 

NV2 coef f ic ien t  cards 

no. of terms in 3rd general purpose 
expression 



TSMPLE 

NV3 variable I .D. code cards 

NV3 coefficient cards 5FlO.O 

no. of terms in 4th general purpose I 1  
variable expression 

NV4 variable I.D. code cards 4FlO. 4 

NV4 coefficient cards 5F10.4 

no. of terms in 5 th  general purpose I1  
variable expression 

NV5 variable I . D .  code cards 

NV5 coefficient cards 

control logic sampling period F10.4 

Tab le  number entry for 2nd wheel (front 12 
a x l e ,  right s i d e )  

OPTION for  2nd wheel I 2  

Same input format as for wheel 1 1 



I'abie number en t ry  f o r  3rd wheel 

OPTION f o r  3rd wheel 

Same input  format as f o r  wheel 1 

End o f  an t i lock  input  



The fol 1 owing section provides two example problems and 

t h e i r  associated input l i s t s .  

Example Problems 

EXAMPLE 1 .  

Suppose a n  anti lock system possesses the fo?  lowi ng 

features :  ( 1 )  a wheel sensor time delay e f f ec t  of 10 ms. and 

another 20 ms. delay in the derivation of wheel accelera t ion;  

( 2 )  control logic  which generates an "OFF" signal once the 

wheel accelera t ion f a l l s  below -50.0 f t / s ec2  a n d  an " O N "  s ignal  

f o r  wheel accelera t ions  g rea te r  than -10.0 f t / s ec2  ; ( 3 )  pressure 

modulator time delays of 40 ms. f o r  "OFF" s ignals  and 60 ms. 

f o r  "ON" s igna l s .  The supposed exponential pressure ra tes  a r e  

functions of wheel accelera t i  on defined as ' f o l l  ows : 

( o . I ) - '  = 10.0 fo r  ; - < -100 f t / sec2 
Pressure Fall Rate ' 5 

( 0 . 2 ) - I  = 5.0 f o r  ; > -100 f t / s e c 2  

(0 .2 ) - I  = 5.0 f o r  < 50 f t / s e c 2  - 
Pressure Rise Rate r 

(0 .1 ) - '  = 10.0 fo r  w > 50 f t / s ecz  

The following choice of input parameters would describe the 

above ant i  1  ock sys tern: 



I.D. Code f o r  ; = 4 .  

I.D. Code f o r  1 . 0  = 1. 

P F E l  = 1 0 . 0  



OP12 = O P Z 3  = OP34 = OPS6 = OP67 = O P 7 *  = either 0 o r  1 

'0 N = 0 . 0 6  

'OFF = 0 . 0 4  

The f o l l o w i n g  i n p u t  list w o u l d  be  required: 



I LOCK 

TN 1 
worst-wheel side-to-side option 

WWDI F 

I .D.  code f o r  ; 
I . D ,  code f o r  1 . 0  

1 s t  t e n  c o e f f i c i e n t ,  C l l  

2nd term c o e f f i c i e n t ,  C12 

I .D.  code f o r  ; 
I .D .  code f o r  1 . 0  

1 s t  term c o e f f i c i e n t ,  CS1 

2nd t e rm c o e f f i c i e n t ,  C S 2  

I 

IPKEY 

I . D .  f o r  ; 
I .D.  f o r  1.0 

1 s t  te rm c o e f f i c i e n t  f o r  

2nd term c o e f f i c i e n t  f o r  

I . D .  f o r  ; 
I .D .  f o r  1 . 0  

1s t  term c o e f f i c i e n t  f o r  E~ 

2nd term c o e f f i c i e n t  f o r  c 2  



0P56¶ O p s 7 9  op78 

I PDKEY 

I PWMKY 

IOSKEY 

IGPKEY 

IGPVKY 

TSMPLE 



EXAMPLE 2. 

Simulation of a n  antilock system having the following 

features : 

Wheel Sensor: T T 
W ' od 

= .010 seconds 

Control Logic: 

OFF signal given by 

AND 

F3 = SLIP - .50 - > 0 

ON signal generated when 

AND - 

F6 = ; - 20. - > 0 



Pressure Modulator: 

a )  T~~ 
= .015sec .  ; 'OFF = .010 sec. 

b )  One exponential f a l l  rate of 14. sec-I. 

c )  One exponential r i s e  rate  of 14 .  sec- l .  

and one 1 i near r i s e  rate  of 45 .  sec-I . 

The exponential and 1 i near pressure r i s e  regions are determined 

by a decaying time ramp-from the maximum pressure in the previous 

cycle. For pressure below th i s  time ramp, the pressure r i se  i s  

exponential ; fo r  pressure. greater than the time ramp, the 

pressure r i s e  i s  l inear  (see Figure 0 -16 ) .  The decaying time 

ramp can be written as 

PMAXl - 85. ( t  - TPMAX1) 

where 

PMAXl i s  the maximum pressure in the l a s t  cycle 

t i s  time 

TPMAXl i s  the time of the maximum pressure in 

the l a s t  cycle 

and  85. i s  the rate  of decay. (psi /sec)  

By subtracting the above expression from brake pressure, 

P ,  the c 2  and E~ general expressions become: 

2 = P - PMAXl + 85 T - 85 TPMAXl 

and 

4 = P - PMAXl + 85 T - 85 TPMAX1, 





the switching point occurring a t  E~ = E~ = 0. Therefore, the 

desired r i s e  charac te r i s t i c  can be simulated by the following 

s e t  of pressure inputs:  

X 3  = X 4  = X, = X*  = 0 

P R E l  = PRE2 = 14. , PRE3 = 0 

P R L 1  = P R L 2  = 0. , P R L 3 = 4 5 .  

The following input l i s t  would be required: 



I LOCK 

TN 1 

OPTION, 

WWDIF 

NOFFl 

M1 

-11. , - 1 4 .  , , S O . ,  9 



IPKEY 



IPDKEY 

IOSKEY 



IGPKEY 

IGPVKY 

TSMPLE 



Outout-Echo Format 

Figures D-17 through D-20 show an example of the kind of o u t p u t -  
echo produced by the anti lock subroutine. The f i r s t  o u t p u t  page i s  
simply the user dict ionary of variables/parameters. The succeeding 
pages represent a computer echo of the anti lock i n p u t .  The "F i r s t "  
and "Second Adaptive Value" columns re fe r  to the a l t e rna te  coeff i -  
c ien t s  avail able with the adaptive coeff ic ient  feature.  The "F i r s t "  
and "Second Adaptive Variable" columns echo the variable I .D. codes 
fo r  the two adaptive variables,  while the columns labeled "F i r s t "  
and "Second Break-Point" contain t h e i r  associated break-points. If  
the secondary adaptive coeff ic ient  def in i t ion (Figure D-8) i s  used, 
the word "AND" appears between the F i r s t  and Second Adaptive 
Variable columns in the o u t p u t  echo fo r  tha t  coeff ic ient .  Any i n p u t  

not associated with a general form expression i s  l i s t e d  under 
"Non-Adaptive Anti lock Parameters." 
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p ( 1 )  

b 
E P S I L I O N  2 :  

C O E F F I C I E N T  ( 1 )  . 

C O E F F I C I E N T  ( 1 )  
C O E F k I C I E N T  ( 2 )  
C O E F F I C I E N T  ( 3 )  
C O E F F I C I E N T  ( 4 )  

C O E P F I C I E N T  ( 1 )  

C O E F F I C I E H T  ( 1 )  
C O E F F I C I B N T  ( 2 )  
C O E F F I C I E N T  ( 3 )  
C O E F F I C I E N T  ( 4 )  

ON E-SHOT 1 : 

C O E F F I C I E N T  ( 1 )  
C O E F F I C I E N T  ( 2 )  
C O E P F L C J E 1 : T  ( 3 )  
C O E F F I C I E N T  (4) 
C O E F F I C I E N T  ( 5 )  

O N E - S H O T  2 :  

C O E F F I C I E N T  ( 1 )  
C O E P E I C I E t t T  ( 2 )  
C O E F F I C I E N T  ( 3 )  
C O E F E I C I E N T  ( 4 )  

b +* N O N - A D A P T I V E  A N T I - L C C K  P R R A  METERS.  ** 

L O G I C  T I H E  DELAY 
I t  

. 11 

I 1  

0.0 
0.0 
0.0 
0.0 
0 .o 

50. OOCO 
-5 .OOCO 
2.50CO 
12.5000 
72.5000 
12.5000 
14. 0000 
14.0000 
0.0 
0.0 

50.0000 
-5.0000 

E P S I L O N  1 B R E B K - P T  
I 1  

E P S I L O N  2 B R E A K - P T  
II 

E X P .  P R E S S O n E  P A L L  HATE 
# I  

I 1  

PFE1 

3 P F 2 2  
P F E 3  
P H E l  

0 
P R E2 
P R E 3  
X 5 

E X P .  P R E S S U R E  RISE R A T S  
II 

II 

E P S I L O N  3 B R E A K - P T  
II 

EPSILON 4 BREAK-PT 

F l g u r e  9-15,. Antilock o u t p u t  echo. 



Y e  
P F i l  
P F L 2  
P P L 3  
P E L 1  
P R L 2  
P N L 3  
TAllON 
TAIJOPP 
T A U 2  
TAIJYD 
OP12 
0 P2 3  
0 P 3 Lb 

OP56 
O P 6 7  
0 PI H 
T O S  1 
T O S  2 
T S A n P L E  
O P T I O N  

I 2 .  
LIN. P R E S S O R S  F A L L  RATE 0 . 0  

I1  0 . 0  
1s 0 . 0  

L I N .  P R E S Z U R E  R I S E  R A T E  0 . 0  
11 0 . 0  
I1 4 0 . 0 0 G O  

F R E S S U R E - C N  T I f l E  D E I A Y  0 . 0 1 5 0  
P R E S S U E E - O F F  T I M E  DELAY 0 . 0 1 0 0  
T I H E  COtlSIIAIIT-WII E E L  RATE 0 . 0 1 0 0  
T I H E  CONSTANT-WIIEEL A C C E L .  0 . 0 1 0 0  
L C G I C A L  OFERATOR SUITCH 1  

,I 0 
II  0 

LOGICAL OPERATOR SWITCH 1 
I1 0 
'I 0 

ONE-SHOT I I f i E  D U R A T I O N  0 . 0 2 0 0  
O N E - S E O T  T I B E  D U H k T I O N  0 . 0 2 0 6  
A HTI-LOCK S A  H P L I N G  RATE 0 . 0 0 1 0  
S I D E - T O - S I D E  1  

F i g u r e  D-20. Anti lock o u t p u t  echo. 



APPENDIX E 

THE EQUATIONS OF MOTION 

To explain the  equations of motion of the system, i t  i s  convenient 

t o  describe several subsystems and t h e i r  interconnections. These sub- 

systems a r e  described in an orthogonal coordinate system which will  be 
defined f i r s t .  

E . 1  The Coordinate Systems 

The coordinates systems used a re  unchanged from the  Phase I1 

HSRI/MVMA program [2 ]  ," and d e t a i l s  can be found in Section 4 . 1 . 2  of 
t h i s  manual. To b r i e f ly  summarize: 

Each sprung mass has a  s e t  of body axes fixed t o  the  sprung mass 

or ig in  a t  the sprung mass center  designated as x ,  y ,  z,  where x goes 
toward the  f r o n t ,  y goes t o  the right, and z goes down. 

A second s e t  of axes i s  the i n e r t i a l  s e t  designated as X ,  Y ,  Z .  

These a re  f ixed and never change d i rec t ion .  In the i n i t i a l  condition 
f o r  any simulation run, the sprung mass c.g.  of the  t ruck / t r ac to r  i s  

a t  the or ig in  of X ,  Y ,  Z ,  facing in the X d i r ec t ion .  

A t h i r d  s e t  of axes, ca l led  the yaw plane system, i s  required. 
- - - 

These a re  designated as x, y ,  z ,  and have an origin which follows the  

sprung mass c.g. The d i rec t ion  of 7 remains normal t o  the road, and 
- 
x and follow the  ro ta t ion  of the vehicle around the r ax i s .  Thus, 
- 
x faces along the  projection of x in the road plane. 

There i s  frequent need t o  r o t a t e  forces and moments from one 

coordinate system t o  another. These are  done using the "A"  matrix, 

which ro ta te s  vectors between body and i n e r t i a l ,  a n d  the "BZ" matrix, 
which ro ta te s  vectors between body and yaw plane. The cosine and s ine  

of the  yaw angle, q ,  i s  used t o  go between the yaw plane and i n e r t i a l  
systems, 

*Numbers in brackets designate references appearing in Section 
6.0. 



E. 2 General Equations 

Each sprung mass has body axes x ,  y ,  z .  All forces are  rotated 
in to  these di rect ions ,  resul t ing i n  IF,, rF rFZ which i n  the com- 

Y '  
puter code are  ca l l  ed FSUM(1) , FSUM(2),  and FSUM(3). As i s  typical 
in the vehicle dynamics 1 i t e r a tu r e ,  the velocity i n  the x d i rec t ion 
i s  u ,  the velocity i n  the y direction i s  v ,  and the velocity in the z 
direction i s  w. The rotat ion r a t e  about the x axis  i s  p ,  the rotat ion 
r a t e  about the y  axis  i s  q ,  and the rotat ion r a t e  about the z axis  i s  
r .  

The t rans la t ional  equations of motion are  then: 

~ ( i  - vr + w q )  = rFx 

M(; + ur - wp) = I F  
Y 

M(; t uq - v p )  = IF, 

where M i s  the sprung mass and the dot indicates d i f fe ren t ia t ion  with 

respect t o  time. In the computer program these equations are  solved 
fo r  6 ,  ;, and k a t  the beginning of each integration time s tep ,  

There are a lso  the equations of rotat ional  motion about each body 
axis .  All moments on the  sprung mass a re  rotated in to  the x ,  y ,  and 
z d i rec t ions ,  thus resul t ing in zMx, 

"MY 
, and EMZ which in the computer 

code a re  cal led TSUM(l), TSUM(2), and TSUM(3). The equations of rota- 
t ional  motion a re  Euler 's  equations with zero cross-products of i n e r t i a ,  
namely: 

where p i s  the rota t ion r a t e  about x, q about y ,  and r about z .  The 
program solves fo r  b ,  6, and a t  the beginning of each integration 
time step.  



The accelera t ions  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 in the  next sec t ions ,  

E.3 Forces on the Sprung Mass 

There a r e  several forces on the sprung mass. These forces a re  

applied e i t h e r  through the suspensions or  the f i f t h  wheel ( p i n t l e  hook). 

Consider f i r s t  the  suspension forces .  

E.3.1 Suspension Forces. There a r e  suspension forces in the 

x, y ,  and z d i rec t ions .  The force i n  the  z d i rec t ion  i s  the most 
s traightforward.  For a s ing le  axle ,  the ca lcula t ions  a r e  unchanged 

from Phase I 1  121, i . e . ,  the  force ,  SF, in the z d i rec t ion  i s  the 
def lec t ion  of the spring times the spring r a t e  plus the force of coulomb 
and viscous f r i c t i o n .  Some notes: 

1 )  Tension i s  pos i t ive .  Zero force i s  a t  s t a t i c  e q u i l i -  

brium. Thus the  preload in the spr ing ,  which i s  the  
weight on t h a t  spring a t  s t a t i c  equilibrium, drops out 

of the ca lcula t ions .  

2 )  The springs may be made nonlinear by using a t ab le  

1 oo k u p .  

3 )  The coulomb f r i c t i o n  break-point i s  s e t  based on the 

masses, coulomb f r i c t i o n ,  and in tegra t ion  time s tep .  
Detai ls  of the theory a re  presented in [29]. 

4) Suspension force ca lcula t ions  take place in subroutine 

L I N E .  

For tandem ax les ,  the SF  use the same algorithms as the s ing le  

axle .  B u t ,  i f  braking occurs, suspension force i s  added t o  the lead 
axle and subtracted from the t r a i l i n g  axle according t o  the ru le  



where 

BTORQ i s  the t o t a l  brake torque of a l l  four brakes on 

the tandem s e t ,  FSHIFT comes from the dynamic load t rans-  

f e r  and TD i s  the fore-af t  separation distance of the 

tandem ax1 es.  

The load t r ans fe r  ca lcula t ions  a re  found in subroutine L I N E .  

The l a t e r a l  and longitudinal suspension forces are  a lso  calcu- 

la ted  using the Phase I 1  [2 ]  procedure. To explain b r i e f l y ,  the 

l a t e r a l  forces a t  the suspensions may be viewed as cons t ra in t  forces 
which hold sprung and unsprung masses together. To ca lcula te  these 

forces ,  the following procedure i s  used: 

1 )  The sprung and unsprung masses a re  assumed t o  move 

as a  un i t  with yawing b u t  no ro l l ing  o r  pitching. 

Thus an estimated accelerat ion f o r  the vehicle can be 
calculated using the e n t i r e  mass and the  known forces 

a t  the t i re-road in ter face .  

2 )  The unsprung mass accelerat ion i s  assumed t o  be a 

simple function of the gross accelerat ion calculated 

in ( 1 ) .  Then, s ince the yaw plane forces on the t i r e s  

a re  known, the yaw plane const ra in t  forces can be 

found. 

3 )  These yaw plane const ra in t  forces are applied to  the 

sprung mass in the f u l l  blown equations of motion. 

The user should note t h a t  the purpose of the method i s  t o  avoid dynamic 

coupling which requires matrix inversions each a t .  The height of the 

cons t ra in t  point i s  the r o l l  center  height given as an input parameter. 
Final ly,  the accuracy of the method i s  qu i t e  good. (See 1211 f o r  
d e t a i l s . )  

E.3.2 The Forces a t  the Fi f th  Wheel. The T3DRS:Vl simulation, 

l i k e  Phase I1 [2 ] ,  uses a  spring-dashpot f o r  the f i f t h  wheel and p in t l e  
hook connection. Two advantages accrue: 



1 )  removal of dynamic coupling 

2 )  the ability to simulate roll compliance at the hitch. 

The method works as follows. At each integration time step the 

position of the tractor fifth wheel, a point located on the tractor, 

is calculated and the position of the trailer fifth wheel, a point on 

the trailer, is calculated. A force is assumed to act along the line 
between these points. The magnitude of the force is assumed to be a 

spring rate, PIN, times the distance between the points plus a damping 
rate, CFW, times the relative velocity between the points. 



APPENDIX F 

PARAMETER ESTIMAT ION METHOD 

This appendix describes simplified methods f o r  estimating the mass 

moments of i ne r t i a  fo r  heavy vehicles with 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 o n  the t i r e s  are  entered, 

along with the unsprung weights and the wheel base. Note t ha t  the fore-af t  
mass center location i s  impl ic i t ly  input by the user. 

From t h i s  same data ,  one may find the to ta l  weight supported by the 
f ront  and rear  suspensions. Referring t o  these as WF and WR, and locating 
the mass center  leads to  the vehicle representation shown in the f igure  

be1 ow. 

W R 

Schematic diagram of sprung mass 



I t  i s  obvious t h a t  f o r  conventional vehicles one must expect the 
sprung mass p i tch  moment of i n e r t i a ,  

IYY 
, t o  be l imited by 

1 I  < -(WF A12 t WR A2') 
YY g 

Since one expects ( a t  l e a s t  in the unloaded condit ion) 

A2 > A1 

we were led t o  try the  formulation 

A comparison between empirical data and computed r e s u l t s  has led t o  
the  conclusion t h a t  the  value a  = .4 leads to  reasonable pi tch i n e r t i a  
values f o r  unloaded vehicles.  Furthermore, even in the  case of loaded 
vehic les ,  Equation ( 3 )  leads t o  very reasonable resul t s .  

Given the  pi tch i n e r t i a  from Equation ( 3 ) ,  empirical data has shown 
i t  reasonable t o  assume t h a t  the  sprung mass yaw moment of i n e r t i a ,  I Z , ,  

i s  equal to  the  pi tch i n e r t i a ,  and the r o l l  i n e r t i a  may be re l a t ed  t o  the  
p i tch  and yaw i n e r t i a s  by a  mult iple of the vehicle dimensions. I n  

par t icul  a r  

( T R A C K )  
I x x = LTota l  Length) 



APPENDIX G 

PATH-FOLLOWER, CLOSED-LOOP DRIVER MODEL 

Section 3 .2  of the Users Manual explains the input requirements 
for  the closed-loop driver model. This appendix will outline the 
manner in which the model works and demonstrate i t s  use in simulating 
a closed-1 oop double 1 ane-change maneuver with a t ractor- t rai l  e r ,  

The driver model i s  based on a technique, discussed more completely 
in Reference [19], which selects a steering control a t  each point i n  

time by minimizing the current preview error (squared er ror ) .  Referring 

to Figure G - 1 ,  the sol id l ine shows the desired path trajectory input 
by the program user ( table  values), and the dashed line 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, t ine t ,  t o  the end of the 
interval,  time t + T. This interval i s  divided into ten equal parts 
and position errors,  E ~ ,  between the desired and estimated trajectories 
are calculated for each. The current steering control i s  then selected 

t o  minimize the sum of the squares, 

Estimates of the vehicle position over the preview interval ( t ,  t t T )  
are obtained from an internal linear model representation of the truck/ 
tractor vehicle. 

Example Usage 

The following discussion demonstrates the use of the driver model 
in simulating a closed-loop double lane-change maneuver measured on an 
actual tractor-trai  le r .  The input data describing the experimentally 
measured vehicle path, and the necessary driver model parameters are 
shown i n  Table G-1. The format corresponds to  the requirements discussed 
in the Users Manual, Section 3 .2 .  





time, (:ti) -+f 1- 
Estimated Path Tra- 

Steering Control 

C e s i  red I ) , :  t h  
-r I r a  jet ti]ry 





Table G-1 

Closed-loop key ( -  sign) ) 16 points in path table. 

x-y p a t h  table 

) Transport lag 

) Preview interval 



The two driver model parameters following the path table input 

are the driver transpcrt lag a n d  the preview interval parameter, T ,  

discussed above, I n  this  example, the driver transport lag was selected 

as zer2 and the preview interval parameter value varied t o  find the 

best match between simulated and measured responses for the maneuver. 

Simulation results for this  data set  are shown in Figure G - 2 ,  

along with corresponding measured vehicle responses. The f i r s t  time 
history i s  tractor 1 ateral acceleration (simulated and measured), 
followed by tractor yaw rate and front-wheel steering angle. Excellent 
agreement between the simulated a n d  measured responses i s  demonstrated 
in Figure 6-2  even t h o u g h  estimates of  t i r e  cornering s t i f fness  had t o  
be used in this  case. 

Very similar responses can be obtained for non-zero driver trans- 

port lags (more accurate representations of  human operator limitations) 

by increasing the value of the preview interval parameter. For example, 

a transport lag of 0 .25  seconds would require an increase of the pre- 

view interval parameter value from 1 . 1  t o  a b o u t  1 . 5  in order t o  obtain 

responses similar t o  those shown in Figure G-2. The principal effect  

would be somewhat decreased damping i n  each of  the simulated time 
histories responses. 







APPENDIX H 

USER-WRITTEN ROAD SUBROUTINE 

E n t r y  o f  a  n e g a t i v e  v a l u e  f o r  t h e  road  key, IROAD, r e f e r r e d  t o  

i n  S e c t i o n  3.2 o f  t h e  Users Manual,  a l l o w s  t h e  program u s e r  t o  d e f i n e  

an a l t e r n a t e  r o a d  s u r f a c e  f o r  use i n  t h e  s i m u l a t i o n .  By e n t e r i n g  code 

(e.g.,  FORTRAN) i n  SUBROUTINE ROAD, wh ich  c a l c u l a t e s  t h e  road  e l e v a -  

t i o n s ,  Z, a t  each wheel as a  f u n c t i o n  o f  X and Y i n e r t i a l  c o o r d i n a t e s ,  

t h e  u s e r  i s  f r e e  t o  d e f i n e  n e a r l y  any r o a d  s u r f a c e  d e s i r e d .  The o n l y  

r e s t r i c t i o n s  a r e  t h a t  ( 1 )  t h e  comple te  v e h i c l e  t r a i n  s t a r t s  f r o m  a  

f l a t  o r  h o r i z o n t a l  s u r f a c e  and ( 2 )  a l l  g r a d i e n t s  ( c ross -s lopes ,  down- 

g rades )  encountered by t h e  v e h i c l e  t r a i n  d u r i n g  t h e  s i m u l a t i o n  remain  

l e s s  than  about  0.10 ( r i s e /  r u n ) .  

The v e h i c l e  t r a i n  i s  assumed t o  s t a r t  a t  t i m e  ze ro  p o i n t i n g  i n  a  

s t r a i g h t  l i n e  a l o n g  t h e  X i n e r t i a l  c o o r d i n a t e  a x i s  as shown i n  F i g u r e  

H-1. S ince t h e  v e h i c l e  t r a i n  s t a r t s  f r o m  a  f l a t  h o r i z o n t a l  p lane ,  t h e  

code d e f i n i n g  t h e  road  s u r f a c e  must guarantee t h a t  t h e  road  s u r f a c e  

e l e v a t i o n  i s  z e r o  f o r  n e g a t i v e  va lues  o f  t h e  i n e r t i a l  X-coord ina te .  

The u s e r - w r i t t e n  s u b r o u t i n e  (SUBROUTINE ROAD) must use t h e  

f o l l o w i n g  FORTRAN f o r m a t  ( o r  a1 t e r n a t e  e q u i v a l e n t )  : 

SUBROUTINE ROAD(XyYyZyT) 

Codes f o r  t h e  c a l c u l a t i o n  o f  r o a d  e l e v a t i o n ,  Z 

( i n  f e e t )  as a  f u n c t i o n  o f  X, Y ( i n  f e e t )  i n e r t i a l  

coordinates-suppl  i e d  by t h e  main c a l l  i n g  program. 

RETURN 

ENTRY ROADDZ ( X , Y , DZDX , DZDY ) 

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

dz/dx(DZDX) and dz/dy(DZDY) c o n s i s t e n t  w i t h  t h e  

e l e v a t i o n  d e f i n i t i o n  above. 

END 



Tractor 

Semitrailer 

Surface 

Semitrailer 

Flat Hori zon ta 1 

Full Trailer 

Figure H-1. 'Vehicle position at zero time. 

27 1 



The argument list for SUBROUTINE ROAD is defined as 

X forward inertial coordinate of the wheel, supplied 
by the call i ng program 

Y lateral inertial coordinate of the wheel , supplied 
by the calling program 

Z vertical road elevation (in feet) calculated by the 

user code using X and Y--returned to the call ing 

program 

T simulation time supplied by the calling program 

for possible use in the subroutine calculations. 

The argument list for ENTRY ROADDZ is: 

X same as above 

Y same as above 

DZDX user=calculated gradient (dz/dx) of the road surface 

along the X inertia1 coordinate direction 

DZDY user-calculated gradient (dz/dy) of the road surface 

along the Y inertial coordinate direction. 

The DZDX and DZDY calculations should be consistent with the definition 

of Z = f(X,Y). For example, if Z = X2Y + Y2 in ROAD, 

DZDX = 2XY 

DZDY = X2 + 2Y 

should be calculated in ROADDZ. The derivatives are used to establish 

the yaw plane coordinate system in the simulation procedure. In the 

case of a rough, but essentially horizontal road, the derivatives may 

be arbitrarily set to zero. 

Example Road 

The following code should be used to describe a super-elevated, 
500-foot circular roadway (cone): The roadway is horizontal for values 
of X - < 0. The super-elevation, E, is increased linearly between X=O 



and  X=299 t o  a  maximum value of 0.08. For values of X > 200, the 

super-elevation i s  fixed a t  0.08 (Figure H-2). R i s  the ac tua l  
radius (ca lcula ted)  of the (x,Y) point supplied by the ca l l ing  program. 

SUBROUTINE ROAD(X,Y ,Z,T) 

R = Sf)RT(X**2 + (Y+500)**2) 

E = 0.08 * X/200. 

IF(X.GT. 200.)  E = 0.08 

IF(X.LT. 0.1 E = 0.0 

Z = E * (500-R) 

RETURN 

ENTRY ROADDZ( x ,Y ,DZDX,DZDY) 

DZDX = - E * X / R  

DZDY = - E * ( Y + 5 0 0 ) / ~  

RETURN 

END 



I 

[ X 2  f (Y+500)2  = ( 5 0 0 ) 2 ]  

( Z  = 0  A l o n g  T h i s  Cu rve )  

( Z  P o s i t i v e ,  Down) 

-Y 

C e n t e r  o f  t h e  
Cone 

E=O 

F i g u r e  H-2 .  C i r c u l a r  s u p e r - e l e v a t e d  roadway example.  




