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i . 0  GENERAL INFORMATION 

Purpose of  the  Manual 

Th i s  document i s  a p r e i i m i n a r y  v e r s i o n  of a Use r ' s  Manual f o r  the  

Constant V e l o c i t y  Yaw/Roll Model, a computer-based mathematical  

s i m u l a t i o n  program developed i n  1980 by Dr. C. Mal i  i ka r j una rao  [g]: a t  

The U n i v e r s i t y  o f  M i  c h i  gan T ranspo r t a t  i on  Research l n s t  i t u t e  (UMTRI) . 
The manual prov ides an i n t r o d u c t i o n  t o  t he  s i m u l a t i o n  program w i t h  a 

d e s c r i p t i o n  o f  i t s  ex te rna l  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 r un  and i n t e r p r e t  the ou tpu t  obta ined.  The program was 

developed f o r  personal  use, and as y e t ,  the  i npu t / ou tpu t  has no t  been 

reworked t o  b r i n g  i t  up t o  the  usuai  standards f o r  p u b l i c  use o f  the  

program. Nevertheiess,  t h i s  manual has been prepared f o r  c u r r e n t  users  

t o  document t he  program i n  i t s  c u r r e n t  s t a t e .  

1.2 Backqround 

Since 1971, the  UMTRI has been conduct ing research under t he  

sponsorsh ip  o f  t he  Motor Veh i c 1 e Manufacturers  Assoc ia t ion  (MVMA) t o  

develop computer-based methods f o r  ana lyz ing  and p r e d i c t i n g  t h e  

d i r e c t i o n a l  and b rak i ng  response o f  commercial v e h i c l e s .  The i n i t i a l  

phase o f  t h i s  research d e a l t  w i t h  model ing the  b rak i ng  performance o f  

commercial v e h i c l e s  and was repo r t ed  i n  Reference [I] (Phase I )  . The 

second phase extended v e h i c l e  model ing t o  a l l o w  f o r  d i r e c t i o n a l  response 

and was repor ted  i n Reference [2] (Phase l I )  . The c o n t i n u a t i o n  o f  

research i n t o  b rak i ng  performance l ed  t o  a d d i t i o n a l  re f inements  i n  t he  

b r a k i n g  s imu la t i on  which were repo r t ed  i n  Reference [3] (Phase I I I )  . 
Subsequently, a d d i t i o n a l  s i m u l a t i o n  programs have been developed f o r  the  

government [ k ]  and i ndus t r y  151 , i n wh i ch the  de ta  i 1 o f  the  model i ng has 

been t a i l o r e d  t o  s p e c i f i c  needs. Though a l l  programs evo lved from the 

same approach t o  v e h i c l e  modeling, t he  separate programs o f f e r  a 

somewhat d i f f e r e n t  menu of  f ea tu res  t o  s i m p l i f y  t h e i r  use i n  d i f f e r e n t  

a p p l i c a t i o n s .  

=C i t ed  References a re  l i s t e d  i n  Sec t ion  5.0 of t h i s  Manual. 



In 1980, the need developed for a combination vehicle simulation 

program allowing more general representation of the number of axles and 

articulation points. Inasmuch as braking performance was not an issue, 

the program (and its use) could be greatly simp1 if ied by the assumption 

of a constant forward speed, while being expanded to allow for a broader 

range of axle and articulation arrangements. Because the application of 

the program was to be the prediction of the stability and turning 

behavior of generalized articulated vehicles, state-of-the-art modeling 

of the vehicle as it determines yaw and roll response was included. 

Engineerinq Units 

Throughout the Yaw/Roll Model, the English system of units is 

used. With the exceptions listed below, all input data are given in 

units of pounds, inches, degrees, and seconds. Masses and weights are 

in units of pounds, with a gravitational constant of 386 i n/sec/sec 

assumed. The units for input data parameters are defined in the input 

data echo. 

Exceptions: 

1) Input for the initial velocity is given in units of ft/sec. 

2) l nput describing trajectory points for the path-fol lower 

steering mode are defined in terms of feet lateral versus feet 

longitudinal . 
3) The tire aligning torque information is entered in units of 

ft-lbs/deg, but echoed in units of in-lbs/deg. 

Output data units are defined on the printed output pages. In 

general, the same units are used throughout. 

1.4 Computer Requirements 

The Yaw/Roll Model is written for use on any large-scale computer 

system, and requires only one input and one output device. The source 

code is in level-G Fortran i V  language, with 300,000 bytes of memory 

required for loading. Support software must include the following 

subroutines from the IBM Scientific Subroutine Package: HPCG, SMPY, 



L O C ,  GMPRD, and GMADDS. Two a d d i t i o n a l  subrou t ines  from the  Nat iona l  

Argonne Laboratory  so f tware  package, DBS and DLUD, a re  a l s o  r equ i r ed .  

Copies o f  the program and suppor t  so f tware  a re  a v a i l a b l e  t o  t he  

p u b l i c  by c o n t a c t i n g  t he  Engineer ing Research D i v i s i o n ,  The U n i v e r s i t y  

o f  Mich igan T ranspo r t a t i on  Research I n s t i t u t e ,  2901 Baxter Road, Ann 

Arbor,  Mich igan 48109. 



2.0 APPLICATION 

2.1 Description of the Program 

The Yaw/Roll Model is a time-domain mathematical simulation capable 

of simulating the yaw/roll response of multiple-articulated vehicles. 

The model was formulated for the purpose of analyzing the combined 

directional and roll behavior of trucks, tractor-semitrailers, and 

doubles combinations during dynamic maneuvers which approach the 

rollover limit. The model is limited to a maximum of four vehicle units 

and eleven axles, and the axles can be distributed as desired among the 

vehicle units. Vehicles equipped with a variety of hitching mechanisms 

can also be studied by making simple modifications to the computer code. 

A detailed description of the differential equations of motion is 

given in Appendix C. In this section, the description of the model is 

therefore restricted only to essential features and to the important 

assumptions made in the process of developing the equations of motion. 

2.1.1 Degrees of Freedom. The equations of motion of the 

vehicle are formulated by treating each of the sprung masses as a rigid 

body with five degrees of freedom, namely: lateral, vertical, yaw, 

roll, and pitch. The longitudinal degree of freedom is not included, 

since the forward velocity of the lead unit (or tractor) is assumed to 

remain constant during the maneuver. The axles are treated as beam 

axles which can roll and bounce with respect to the sprung masses to 

which they are attached. The total number of degrees of freedom, Nd, of 

a multiple-articulated vehicle with Ns sprung masses and Na axles is 

therefore given by the expression: Nd = 5Ns + 2Na. 

2.1.2 Features of the Model. The simplifying assumptions made 

in the process of deriving the equations and the essential features of 

the model are given below. 

1. The vehicle is assumed to travel on a horizontal surface with 

uniform friction characteristics. 

2. The pitch motion of the sprung masses are assumed to be small 

such that the approximations sin x = x, and cos x = 1 hold true. 



3. The relative roll angle between the sprung masses and the 

axles are assumed to be small so that the same approximations may be 

applied to the roll deflections between the sprung and unsprung masses. 

4. The relative roll motion between the sprung and unsprung 

masses is assumed to take place about a roll center, R, which is at a 

fixed height beneath the sprung mass, as illustrated in Figure 1 .  In 

order to simplify the equations, the suspension springs are assumed to 

remain parallel to the ku axis and transmit only compressive or tensile 

forces. Since the roll center is permitted to slide freely along the ku 

axis, all axle forces which act in a direction parallel to the ku axis 

are taken up by the suspension springs, while all axle forces along the 

ju axis are assumed to act through the roll center, Ri. When a relative 

roll motion takes place between the sprung mass and the axles of a leaf- 

spring-type suspension, the leaf springs tend to be twisted in the roll 

plane and hence produce an additional roll-resisting moment. This 

effect is represented in the model by an auxiliary roll stiffness 

parameter, KRS. 

5. Suspension nonlinearities such as backlash are represented by 

using a tabular load-deflection input format, shown in Figure 2. 

6. The model permits the simulation of vehicles equipped with a 

wide variety of hitching mechanisms. The equations are formulated such 

that the equations of motion are independent of the constraint 

equations. Hence, the vehicles equipped with any given hitching 

mechanism can be analyzed by simply altering the constraint equations 

(see Appendix C) . 
7. The nonlinear cornering force and aligning torque 

characteristics of the tires are represented as tabular functions. The 

tire forces and moments are computed by a double table look-up for the 

given vertical load and sideslip angle. 

8. The forces acting on each axle are treated independently, 

i.e., no interaxle load transfer effects are incorporated in the model. 

9. Simulations can be performed in the closed-loop or open-loop 

modes. In the open-loop mode, the time history of the steering input is 

provided as input to the model. In the closed-loop mode, the trajectory 



F igu re  1. Represen ta t ion  o f  ax l es  and suspension s p r i n g  i n  t h e  
yaw/roll model . 

F i gu re  2, Represen ta t ion  o f  susoension non l  i n e a r i  t i e s  i n  t he  
yawlroll model. 
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t o  be fo l lowed by the  v e h i c l e  i s  s p e c i f i e d  and the  " d r i v e r  model" [6] 

computes the  s t e e r i n g  i npu t  t h a t  i s  necessary t o  accompl ish the  

maneuver. 

2 . 2  Operat ion 

Operat ion o f  the  Yaw/Roll program i s  accomplished by submission 

o f  t he  necessary j o b  c o n t r o l  i n s t r u c t i o n s  f o l l owed  by a  l i s t  o f  i npu t  

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

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

e n t r y  i s  be ing used. However, t he  i npu t  parameter l i s t  i s  common t o  a l l  

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

The program commences by read ing  t he  i n p u t  l i s t  c o n t a i n i n g  

paramet r i c  data d e s c r i b i n g  the  v e h i c l e  c o n f i g u r a t i o n ,  i n i t i a l  

c o n d i t i o n s ,  and s t e e r i n g  inpu ts .  As i n p u t  da ta  i s  read, the  da ta  i s  

no rma l l y  "echoed" as the  f i r s t  pages o f  ou tpu t .  The program then 

"runs,"  s o l v i n g  t he  d i f f e r e n t i a l  equat ions o f  mot ion f o r  the  v e h i c l e  

u n t i l  t he  v e h i c l e  reaches a  d e f a u l t  s top  (such as r o l l o v e r ) ,  o r  u n t i l  

t he  des ignated maximum s i m u l a t i o n  t ime i s  reached. A t  va r i ous  p o i n t s  

d u r i n g  the run, s i m u l a t i o n  ou tpu t  i s  p r i n t e d ,  which inc ludes  time-based 

va lues  f o r  the  v e h i c l e  mot ion v a r i a b l e s ,  t i r e  f o r ces  a t  each ax le ,  and 

t he  suspension mot ions and fo rces .  

2.3 V a l i d i t y  

The v a l i d i t y  o f  the  Yaw/Roll program, l i k e  any computer program, 

i s  dependent on t he  accuracy and execu t ion  o f  program statements,  the 

c a p a b i l i t i e s  o f  t he  s i m u l a t i o n  models, and the  q u a l i t y  o f  t he  v e h i c l e  

and maneuver d e s c r i p t i o n s  de f i ned  by the  i npu t  data.  

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

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

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

t h a t  round-of f  and t r u n c a t i o n  e r r o r s  do no t  s u b s t a n t i a l l y  i n f l u e n c e  t he  

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

e r r o r s  a re  d iscovered,  t he  user should  con tac t  the  Engineer ing Research 

D i v i s i o n ,  The U n i v e r s i t y  o f  Michigan T ranspo r t a t i on  Research I n s t i t u t e ,  

Ann Arbor, Michigan 48109. 



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

a r t ,  r e f l e c t i n g  the most p r a c t i c a l  approaches t o  mathematical  

r ep resen ta t i on  o f  commercial v e h i c l e s  f o r  hand l ing  s t ud ies .  Wi th  nea r l y  

every component model used i n  t he  s imu la t i on ,  t he re  a re  ins tances where 

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

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

i n p u t  da ta  requirements would be untenable .  To some e x t e n t ,  these needs 

a re  p rov ided  f o r  i n  the Yaw/Roll Model by a l l o w i n g  o p t i o n a l  use o f  

lookup t ab les ,  i n  l i e u  o f  a  s i n g l e  numerical  parameter, as means t o  

descr ibe  component c h a r a c t e r i s t i c s  i n  more d e t a i l  when needed. 

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

supp l i ed  i n p u t  da ta  and t he  i n t e r p r e t a t i o n  app l i ed  t o  t he  r e s u l t s .  

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

o f  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  o f  wheel l i f t o f f .  

I n  the spec ia l  case where a  d i r e c t  comparison between a  v e h i c l e  and 

s i m u l a t i o n  ( i .e. ,  v a l i d a t i o n )  i s  intended, an i t e r a t i v e  process i s  o f t e n  

invo lved  as t h e  f i r s t  comparisons o f  s i m u l a t i o n  and t e s t  r evea l  

unexpected d i f f e rences ,  which, when examined, a re  t r aced  t o  inaccurac ies  

or  e r r o r s  i n  t he  exper imental  measurements o r  program i n p u t .  

Fo r t una te l y ,  t he  usefu lness o f  these s i m u l a t i o n  programs a re  n o t  

dependent on every user go ing  through t he  same process. I n  most 

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

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

knowing t h a t  i t  i s  t y p i c a l ,  bu t  ye t ,  no t  p r e c i s e l y  equ i va l en t  t o  any 

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

programs de r i ves  no t  from abso lu te  p r e d i c t i o n  o f  a  c e r t a i n  v e h i c l e / t e s t  

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

s tudy ing  genera l i zed  performance and s e n s i t i v i t y  o f  performance t o  the  

v e h i c l e  parameters. 

The Yaw/Roll Model was found t o  be capable o f  a c c u r a t e l y  

p r e d i c t i n g  the  d i r e c t i o n a l  and r o l l  response o f  t r a c t o r - s e m i t r a i l e r s  and 

d o u b l e - t r a i l e r - t y p e  v e h i c l e s  i n  i t s  use t o  date.  D i r e c t i o n a l  response 

da ta  c o l  l e c t e d  d u r i n g  t he  doubl e- tanker  s tudy [7] conducted i n  1978 was 

used f o r  t h e  purpose o f  v a l i d a t i n g  t he  Yaw/Roll Model. The match 

between t e s t  da ta  and s imu la ted  response was found t o  be good even f o r  



severe maneuvers which result in wheel lift-off. Since tractor front- 

wheel measurements had not been made during the double-tanker 

experiments, steering-wheel time histories were used to estimate the 

front-wheel angles. 

Shown in Figure 3 is a comparison of test data and simulation 

results for a two-second lane-change maneuver conducted on a 55-foot 

conventional double tanker at a speed of 50 mph. A schematic diagram of 

the tanker is shown in Figure 4. This relatively mild maneuver resulted 

in a peak tractor lateral acceleration of about 0.1 g and a peak lateral 

acceleration of the full trailer which is in the vicinity of 0.2 g. The 

roll angles are seen to be small and the maneuver is well within the 

linear regime. The agreement between test data and simulated response 

can be seen to be excellent for all of the measured variables. The 

simulation makes an accurate prediction of the amplification and the 

timing of the full trailer's response. 

A more severe lane-change maneuver performed on the same 55-foot 

double tanker is shown in Figure 5. The peak lateral acceleration 

response of the full trailer is in the vicinity of 0.3 g and exhibits a 

highly nonlinear response. The combination of large slip angles (which 

reach 6 degrees in the simulation) and a complete 1 ift-off of the left- 

hand side tires on the full trailer cause the lateral tire forces to 

saturate and hence produce the dwell in the lateral acceleration 

response at the point marked "x" in Figure 5. Except for some minor 

discrepancies, the simulation is found to predict the nonlinear lateral 

acceleration response of the full trailer rather well. The peak full 

trailer roll angle predicted by the simulation is higher than the 

measured roll angle by about 0.7 degree. The absence of accurate data 

on suspension backlash (the backlash was assumed to be 1.5 inches for 

the simulation) and spring stiffness could have resulted in this 

discrepancy. 

Another example of the capability of the Yaw/Roll Model in 

predicting limit behavior is portrayed in Figure 6. The test data shown 

in Figure 6 is for the tractor-semitrailer portion of the double tanker. 

In this experiment, the backlash on the semitrailer suspension springs 

was reduced to 0.5 inch by the installation of spring lash reduction 
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Figu re  5 ,  S e v e r e  l a n e  c h a n g e ,  pe r fo rmed  on a f u l l y  l o a d e d  55-foot  
d o u b l e  t a n k e r  - f o r w a r d  s p e e d  39 mph. 
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devices.  Several  i n t e r e s t i n g  observa t ions  can be made w i t h  regard  t o  

t h i s  maneuver. Both t he  t r a c t o r  and the  s e m i t r a i l e r  l a t e r a l  

acce le ra t i ons  reach r e l a t i v e l y  h i gh  peak l e v e l s  which a re  i n  t he  

v i c i n i t y  o f  0.3 g. The s i m u l a t i o n  r e s u l t s  i n d i c a t e d  t h a t  t he  t i r e s  on 

the l e f t - hand  s i d e  o f  the  semi t r a i  l e r  1 i f t e d  o f f  the  ground a t  1.8 

seconds and remained o f f  the  ground u n t i l  about 2.9 seconds. T h i s  wheel 

l i f t - o f f  once aga in  produces the long dwe l l  i n  the  s e m i t r a i l e r  l a t e r a l  

a c c e l e r a t i o n  response. The l i f t - o f f  o f  t he  s e m i t r a i l e r  t i r e s  d u r i n g  the  

second h a l f  o f  t he  maneuver produces r o l l - i n d u c e d  o s c i i l a t i o n s  i n  t he  

l a t e r a l  a c c e l e r a t i o n  response o f  t h e  t r a c t o r .  The model i s  seen t o  on l y  

q u a l i t a t i v e l y  match the  measured o s c i l l a t i o n  i n  the  t r a c t o r  l a t e r a l  

a c c e l e r a t i o n  response. 

I n  summary, i t  can t h e r e f o r e  be s t a t e d  t h a t  t he  Yaw/Roll Model i s  

accurate  enough t o  p r e d i c t  the  t r a n s i e n t  response o f  bo th  s i n g l e  and 

double t r a i l e r s  d u r i n g  maneuvers which approach the  r o l l o v e r  l i m i t .  

Hence t he  model w i t h  the  proper implementat ion o f  the  c o n s t r a i n t  

r e l a t i o n s h i p s  can be extended t o  s tudy t he  d i r e c t i o n a l  dynamics o f  o ther  

m u l t i p l e - a r t i c u l a t e d  v e h i c l e s .  



3.1 General 

Program operation is effectively accomplished by input of a 

parametric data list, along with the necessary job control instructions. 

This section provides a detailed description of the input data required. 

Appendix A provides a ready reference list of input parameters. A 

sample input list, along with the output of the "run" is provided in 

Appendix B. 

Depending on the vehicle configuration, the input data list will 

contain the following elements: 

-Title Line (up to 80 characters) 

-Simulation Operation Parameters 

-Sprung Mass Parameters for Each Vehicle 

-Axle Loading Parameters 

-Unsprung Mass Parameters for Each Axle 

-Suspension Parameters for Each Axle 

-Hitch Parameters 

-Suspens i on Spr i ng Tab 1 es (opt i ona 1) 

-Tire Cornering Force Tables 

-Tire Aligning Torque Tables 

-Steering System Parameters 

-Steer i ng Control Parameters (Dr iver 
Model or Time/Steer Angle Control) 

The input data is identified only by its position i n  the input 

list and hence must be ordered exactly to match the vehicles and options 

used in the simulation. Errors in the input list will result either in 

a read fault (with possible system interrupt and abort of the program) , 
or in simulation of the wrong conditions. Every effort has been made to 

define the input sequence and its alteration with various options in 



this section. Example input lists are shown throughout the Manual for 

reference by the user in compiling an input data list. 

3.1.1 Table Lookup Option. It is often desirable to include 

nonlinear characteristics of vehicle components (particularly for tires 

and springs) in the model simulated. For such parameters a table lookup 

option can be used, allowing the parameter to be described by a multiple 

point approximation over the range of interest rather than assigning to 

it a single valued linear characteristic. The program thence interprets 

the dependent variable's value when needed using linear interpolation 

methods. In the event the program exceeds the range of the table, the 

dependent variable is extrapolated from the last two entries in the 

table. 

T h e  table lookup option may be used with the following input 

parameters: 

-Suspension spring rate 

-Tire cornering stiffness 

-Tire aligning torque 

3.2 Data lnput 

lnput of a data list to run a simulation follows a concise 

format. T h e  individual lines of data are defined below. 

Line #1  

TITLE - T h e  Title line is an alphanumeric field of up to 80 
characters in length supplied by the user to identify the simulation 

run. T h e  program reads the ti tle in a 20A4 format. 

Line #2 

NUMBER OF SPRUNG MASS UNITS - T h e  first variable defines the 
number of sprung mass units in the vehicle configuration. Sprung mass 

units a r e  the tractor, any trailers, and any dollies o n  a full trailer 

combination. Up to 4 units are allowed. The number is entered in 12 

format. 



NUMBER OF AXLES - The second e n t r y  on t h i s  l i n e  i s  the t o t a l  

number o f  ax les  i n  the combination, a l s o  en te red  i n  12 format.  Up t o  1 1  

ax les  a re  a l lowed.  

L ine  #3 

FORWARD VELOCITY - The f i r s t  e n t r y  on L i ne  3 i s  the forward 

v e l o c i t y  o f  the  v e h i c l e  i n  u n i t s  o f  feet/second. The format i s  F10.2, 

MAXIMUM SIMULATION TIME - Th is  v a r i a b l e  i s  the second e n t r y  on 

the  l i n e ,  and de f i nes  the leng th  of  the s i m u l a t i o n  run i n  the absence o f  

a  d e f a u l t  t e rm ina t i on  due t o  r o l l o v e r .  The t ime i s  entered i n  u n i t s  o f  

seconds us ing  F10.2 format .  

PRINTOUT INTERVAL - The p r i n t o u t  i n t e r v a l  de f ines  the p o i n t s  i n  

t ime (seconds) a t  which the  instantaneous va lues f o r  a1 1 mot ion 

v a r i a b l e s  w i l l  be p r i n t e d .  Typ ica l  i n t e r v a l s  would be 0.1 seconds. The 

va lue  i s  entered i n  F10.2 format.  

ROLL ANGLE INCREMENT - Def ines t he  r o l l  angle increment a t  which 

the  mat r i ces  a re  updated i n  t he  s o l u t i o n .  T y p i c a l l y ,  t h i s  v a r i a b l e  

should be s e t  a t  0.02 rad ians.  The format  i s  F10.2. 

L ine  #4 

NUMBER OF AXLES PER UNlT - The number o f  ax les on each u n i t  o f  

the v e h i c l e  a re  entered on t h i s  l i n e .  An e n t r y  f o r  each u n i t  i s  made i n  

sequent ia l  o rder  us ing  12 format.  Therefore,  the  number o f  e n t r i e s  

should match the  number o f  u n i t s  s p e c i f i e d  i n  L ine  2, and the t o t a l  

number o f  ax les  should match the  number o f  ax l es  entered on L i n e  2. 

L i ne  #s 
SPRUNG WEIGHT OF E A C H  UNlT - On t h i s  l i n e  the sprung weight  i n  

pounds f o r  each u n i t  i s  entered i n  sequent ia l  o r d e r ,  Each e n t r y  i s  

F10.2 format,  and the  number o f  e n t r i e s  should match the number o f  u n i t s  

s p e c i f i e d  on L i ne  2. I f  the u n i t  c a r r i e s  payload, t h i s  e n t r y  should 

inc lude  the  weight  o f  the  payload. 

L ine  #6 

ROLL MOMENTS OF INERTIA - The r o l  1 moment o f  i n e r t i a  ( u n i t s  o f  

i nch-pound-seconds squared) f o r  each uni  t i s  entered i n  F 10.2 format .  



The e n t r i e s  a re  sequent ia l  by u n i t  and should match t h e  number o f  u n i t s  

s p e c i f i e d  i n  L ine  2. The moment o f  i n e r t i a  i s  de f i ned  as the  t o t a l  

va lue  f o r  t he  sprung mass taken about t he  center  o f  g r a v i t y  o f  the u n i t .  

I f  payload i s  c a r r i e d  on the  u n i t ,  the  r o l l  moment o f  i n e r t i a  should 

i nc l ude  the  c o n t r i b u t i o n  f rom the  payload, and i s  re ferenced t o  the 

cen te r  o f  g r a v i t y  o f  t h e  veh ic le /pay load  combinat ion.  Note t h a t  

c o n t r i b u t i o n s  from the ax les  (unsprung masses) a re  no t  inc luded i n  t h i s  

moment o f  i n e r t i a  va lue.  

PITCH MOMENT OF INERTIA - The p i t c h  moment o f  i n e r t i a  ( u n i t s  o f  

inch-pound-seconds squared) a re  entered i n  the same fash ion  as the r o l l  

moments o f  i n e r t i a .  That i s ,  sequen t ia l  e n t r i e s  i n  F10.2 format a re  

made f o r  each u n i t  o f  t he  combinat ion.  The p i t c h  moments o f  i n e r t i a  a re  

f o r  t he  veh ic le /pay load combinat ion taken about the  cen te r  o f  g r a v i t y  

f o r  the  t o t a l  mass. The number o f  e n t r i e s  should match t he  number o f  

v e h i c l e  u n i t s  s p e c i f i e d  i n  L i ne  2. 

L i ne  #8 

YAW MOMENTS OF l NERTl A  - The yaw moments o f  i n e r t i a  ( u n i t s  o f  

inch-pound-seconds squared) a re  l i k e w i s e  entered i n  t he  same fash ion  as 

t he  r o l l  moments o f  i n e r t i a .  Sequent ia l  e n t r i e s  i n  F10.2 format a re  

made f o r  each u n i t  o f  t he  combinat ion,  i n c l u d i n g  the  payload i n  the 

value. Unsprung masses should  be excluded i n  the  de te rm ina t i on  o f  t h i s  

parameter. The number o f  e n t r i e s  should  match the number o f  u n i t s  

entered on L i ne  2. 

L i ne  #9 

C.G.  HEIGHT - The cen te r  o f  g r a v i t y  he igh t  i n  inches above t h e  

ground f o r  each u n i t  o f  t he  v e h i c l e  combinat ion i s  entered i n  sequent ia l  

order  us ing  F10.2 format.  The c.g. he i gh t  should be determined f o r  the 

sprung mass on l y ,  exc lud ing  the  unsprung masses. The number of e n t r i e s  

should match the  number o f  v e h i c l e  u n i t s  entered on L i ne  2. 

L ine  #10 

A X L E  LOAD - The s t a t i c  load a t  the  ground ( i n  pounds) c a r r i e d  by 

each a x l e  o f  the assembled v e h i c l e  i s  en te red  s e q u e n t i a l l y  by ax l e  us ing  



F10.2 format .  These loads would be analogous t o  t he  load per a x l e  

observed i f  the  s imulated v e h i c l e  were d r i v e n  over an ax le -by -ax le  load 

sca le .  The number o f  e n t r i e s  should match the number o f  ax les  en te red  

on L i ne  2. 

L i ne  # 1 1  

UNSPRUNG MASSES - The unsprung mass i n  pounds f o r  each a x l e  i s  

en te red  i n  sequent ia l  order  i n  F10.2 fo rmat  on t h i s  l i n e .  The number o f  

e n t r i e s  should  match t he  number o f  ax l es  entered on L i ne  2 .  

L ine  #12 

ROLL MOMENT O F  INERTIA, AXLES - The r o l l  moment o f  i n e r t i a  f o r  

each unsprung mass (comprised o f  t he  axle/wheel/brakes/tires, etc . )  i s  

en te red  i n  F10.2 format .  The r o l l  moment o f  i n e r t i a  i s  expressed i n  

u n i t s  o f  inch-pound-seconds squared. E n t r i e s  a re  sequen t ia l  by ax le ,  

and t he  number o f  e n t r i e s  should match t h e  number o f  ax l es  entered on 

L i ne  2. 

L i n e  #13 

AXLE LOCATIONS - The l o c a t i o n  o f  each a x l e  i s  de f i ned  on t h i s  

l i n e  by i t s  p o s i t i o n  r e l a t i v e  t o  t he  sprung mass c o g .  o f  t he  v e h i c l e  

u n i t  on which i t  i s  mounted. One e n t r y  i s  made on t h i s  l i n e  f o r  each 

a x l e  o f  t h e  o v e r a l l  c o n f i g u r a t i o n .  The format  i s  F10.2, and t he  number 

o f  e n t r i e s  should match t he  number o f  ax l es  entered on L i ne  2. The 

l o c a t i o n  i s  s p e c i f i e d  by t he  l o n g i t u d i n a l  d i s t ance  i n  inches from t h e  

a x l e  rearward t o  the  c.g. o f  t he  u n i t  on which i t  i s  mounted. Thus i f  

t h e  a x l e  i s  i n  f r o n t  o f  t he  c.g., t he  v a l u e  i s  p o s i t i v e .  I f  t he  a x l e  i s  

behind t h e  c.g. o f  the v e h i c l e  u n i t ,  t h e  e n t r y  i s  nega t i ve .  

L i ne  #14 

UNSPRUNG MASS C.G.  HEIGHT - The c.g. h e i g h t  i n  inches above t h e  

ground i s  en te red  f o r  each unsprung mass us i ng  F10.2 format .  The number 

o f  e n t r i e s  should match t he  number o f  ax l es  entered on L i ne  2. 

L i n e  # 1 5  

ROLL CENTER HEIGHT - The r o l l  cen te r  he igh t  i n  inches above t he  

ground i s  entered f o r  each ax le .  The format  i s  FlO.Z,.and t he  number o f  

e n t r i e s  should match t he  number of ax l es  entered on L i ne  2. The r o l l  



center  h e i g h t  i s  f i x e d  on t h e  sprung mass and represen ts  t he  e f f e c t i v e  

l o c a t i o n  a t  which l a t e r a l  f o r c e s  a re  t r a n s f e r r e d  between t he  sprung and 

unsprung masses. The r o l l  cen te r  h e i g h t  should  be determined f o r  t he  

f u l  l y  assembled v e h i c l e  (a1 1 u n i t s  coupled and a t  load) . 
L i ne  #16 

SUSPENSION LATERAL SPREAD - The l a t e r a l  spread on t he  suspension 

i s  de f i ned  as the  l a t e r a l  d i s t ance  from the  c e n t e r l i n e  o f  the  v e h i c l e  

ou t  t o  the  spr i ng (somet i mes ca 1 1 ed the  suspension ha I f -spac i ng) . The 

u n i t s  a re  inches, us i ng  F10.2 format ,  and the  number o f  e n t r i e s  should 

match t he  number o f  ax l es  en te red  on L i ne  2. A suspension may c o n s i s t  

o f  bo th  sp r i ngs  and dampers. Th i s  e n t r y  should  r e f l e c t  the  d i s t ance  t o  

the  sp r ings .  I f  t he  dampers (shock absorbers) a re  loca ted  a t  a  

d i f f e r e n t  l a t e r a l  l o c a t i o n ,  t h e i r  damping va lues  (entered on L i n e  22) 

a re  ad jus ted  a p p r o p r i a t e l y  t o  y i e l d  t he  e q u i v a l e n t  r o l l  damping, 

L i ne  # l Z  

TRACK WIDTH - The t r a c k  w i d t h  i s  d e f i n e d  as t he  l a t e r a l  d i s t ance  

from the  c e n t e r l i n e  o f  t h e  v e h i c l e  t o  t he  c e n t e r l i n e  o f  the  t i r e  

(sometimes c a l  l ed  the  ha1 f - t r a c k )  . The parameter u n i t  i s  inches, 

en te red  i n  F10.2 format ,  w i t h  one e n t r y  r e q u i r e d  f o r  each ax le ,  and t he  

number o f  e n t r i e s  matching t h e  number o f  ax l es  s p e c i f i e d  i n  L i ne  2 .  

With dual t i r e s ,  t he  t r a c k  w i d t h  i s  d e f i n e d  as t he  d i s t ance  t o  the  

i n s i d e  t i r e ,  and t he  d i s t a n c e  t o  t he  o u t s i d e  t i r e  i s  obta ined from the  

dual  t i r e  spac ing en te red  on t he  nex t  l i n e .  

L i ne  #18 

DUAL TlRE SPACING - The program a l l ows  f o r  dual  t i r e s  on each 

ax le .  The d i s t ance  ( i n  inches) between t he  c e n t e r l i n e s  of the  t i r e s  on 

one s i d e  of  t h e  a x l e  i s  d e f i n e d  as t he  dual  t i r e  spacing. One e n t r y  i s  

r equ i r ed  f o r  each ax le ,  f o r  the  number o f  ax les  s p e c i f i e d  i n  L i ne  2 ,  

us ing  F10.2 format .  For ax l es  w i t h o u t  dual  t i r e s ,  t he  ze ro  e n t r y  i s  

r equ i r ed  t o  t e l l  the  program t h a t  i t  i s  a  s i n g l e  wheel. 

L i ne  # l2  

TlRE VERTICAL STIFFNESS - The t i r e  v e r t i c a l  s t i f f n e s s  parameter 

de f ines  t he  s p r i n g  r a t e  i n  pounds/ inch f o r  one t i r e .  I t  i s  en te red  i n  



F10.2 format ,  w i t h  one e n t r y  f o r  each o f  the ax les  s p e c i f i e d  i n  L ine  2. 

The s p r i n g  r a t e  i s  ad jus ted  i n s i d e  o f  the  program f o r  the  number o f  

t i r e s  ( s i n g l e  or  dual )  on each ax le .  

L i ne  #20 

ROLL STEER COEFFICIENT - The r o l l  s teer  c o e f f i c i e n t  de f i nes  t he  

degrees o f  s teer  angle  produced on an ax l e  f o r  each degree o f  r o l l  

between t he  sprung mass and t h e  ax l e .  P o s i t i v e  r o l l  corresponds t o  t he  

sprung mass r o l l  i ng t o  t he  r i g h t  (as i n  a  l e f t - hand  t u rn )  . Posi t i v e  

s teer  corresponds t o  t he  a x l e  s t e e r i n g  t o  the  r i g h t .  Thus a  p o s i t i v e  

r o l l  s t ee r  c o e f f i c i e n t  r e s u l t s  i n  the ax l e  s t e e r i n g  t o  t he  r i g h t  i n  a  

l e f t - hand  t u r n  maneuver. One e n t r y  i s  r equ i r ed  f o r  each a x l e  i n  

accordance w i t h  the number o f  ax l es  s p e c i f i e d  i n  L i ne  2 .  The parameter 

i s  dimensionless ( i .e. ,  deg/deg), and i s  entered i n  F10.2 format.  

L i ne  #21 

AUXILIARY ROLL STIFFNESS - I n  some suspension systems, 

a d d i t i o n a l  r o l l  s t i f f n e s s  i s  p rov ided  by a n t i - r o l l  ba rs ,  t he  t w i s t  i n  

the  l e a f  sp r i ngs  and o the r  sources. R o l l  s t i f f n e s s  d e r i v i n g  f rom these 

sources, and no t  accounted f o r  i n  the s imple mechanism o f  the  s p r i n g  

f o r ces  ope ra t i ng  on a  l a t e r a l  spread, i s  accommodated i n  t he  a u x i l i a r y  

r o l l  s t i f f n e s s  parameter. The parameter u n i t s  a re  inch-pound/degree, 

and a re  en te red  i n  F10.2 fo rmat .  One e n t r y  i s  r e q u i r e d  f o r  each a x l e  i n  

accordance w i t h  the  number o f  ax l es  entered i n  L i ne  2. 

L i ne  #22 

SUSPENSION COULOMB FRICTION - Dry f r i c t i o n  i n  t he  suspension 

l i nkages  o r  sp r ings  i s  assumed t o  be of  cons tan t  magnitude regard less  o f  

suspension d e f l e c t i o n .  The f r i c t i o n  r e s u l t s  i n  a h y s t e r e s i s  loop i n  the  

f o r c e / d e f l e c t i o n  p r o p e r t i e s  f o r  t he  suspension system. The suspension 

f o r c e  (a t  a  g i ven  d e f l e c t i o n  p o i n t )  w i l l  d i f f e r  depending on whether the  

d e f l e c t i o n  i s  moving i n  a  compression o r  ex tens ion  d i r e c t i o n .  The t o t a l  

d i f f e r e n c e  i n  f o r c e  i s  t w i c e  t h e  coulomb f r i c t i o n  magnitude. The 

coulomb f r i c t i o n  va lue  f o r  each s i d e  of  the  suspension on each a x l e  i s  

en te red  on t h i s  l i n e .  The va lue  i s  expressed i n  pounds, and entered i n  

F10.2 format .  One e n t r y  i s  r e q u i r e d  f o r  each ax le .  



L ine  # 2 j  

VISCOUS DAMPING - Shock absorbers o r  e las tomer ic  bushings may 

produce v e l o c i t y  p r o p o r t i o n a l  damping i n  a  suspension system. The 

v i  scous dampi ng ( i n  un i  t s  o f  pound-seconds/i nch) f o r  one s  ide  o f  the  

suspension i s  entered i n  F10.2 format ;  one e n t r y  be ing  requ i r ed  f o r  each 

a x l e  i n  accordance w i t h  the  number s p e c i f i e d  i n  L i ne  2. I t  i s  assumed 

t h a t  t h e  damping f o r c e  ac t s  a t  the  l a t e r a l  l o c a t i o n  o f  the  suspension 

system as s p e c i f i e d  i n  L i ne  16. I n  the  event the  shock absorbers have a  

l a t e r a l  spread t h a t  i s  s i g n i f i c a n t l y  d i f f e r e n t  than t h a t  o f  the sp r ings ,  

the  damping va lues should  be ad jus ted  t o  achieve the  same r o l l  damping 

e f f e c t .  The app rop r i a t e  adjustment f a c t o r  i s  the  square o f  the  r a t i o  o f  

the  damper l a t e r a l  spread/suspension l a t e r a l  spread. 

L i ne  #24  

ART1 CULATION PARAMETER #1 - I n  the  event more than one v e h i c l e  

u n i t  was s p e c i f i e d  i n  L i n e  2 ,  t he  a r t i c u l a t i o n  p o i n t s  on each v e h i c l e  

must be de f i ned  (o therwise,  s k i p  t o  l i n e  28). The a r t i c u l a t i o n  p o i n t  on 

the  f i r s t  v e h i c l e  i s  l oca ted  by t h i s  parameter. I t s  va lue  i s  the  

l o n g i t u d i n a l  d i s t ance  ( i n  inches) f rom t h e  sprung mass c,g. rearward t o  

t he  a r t i c u l a t i o n  p o i n t .  A nega t i ve  va l ue  places the  a r t i c u l a t i o n  p o i n t  

beh ind t h e  c.g. The e n t r y  i s  made i n  F10.2 format.  

ART1 CULATI ON PARAMETER #2 - Th i s  parameter, entered on the  same 

l i n e ,  es tab l i shes  l o c a t i o n  o f  t he  fo rward  a r t i c u l a t i o n  p o i n t  on t he  

second v e h i c l e  u n i t .  The va lue  i s  t h e  long- i tud ina l  d i s t ance  ( i n  inches) 

f rom the  a r t i c u l a t i o n  p o i n t  rearward t o  t he  sprung mass c.g. l o c a t i o n .  A 

p o s i t i v e  v a l u e  p laces t h e  a r t i c u l a t i o n  p o i n t  ahead o f  t h e  c.g. The 

e n t r y  i s  made i n  F10.2 format .  

ART1 CULATI ON PARAMETER #j - Th i s  parameter, entered on the  same 

l i n e ,  l oca tes  the  a r t i c u l a t i o n  p o i n t  on t he  second v e h i c l e  u n i t  f o r  

connec t ion  t o  a  t h i r d  u n i t .  The va lue  i s  the  l o n g i t u d i n a l  d i s t ance  ( i n  

inches) f rom the  sprung mass c.g. rearward t o  t he  a r t i c u l a t i o n  p o i n t .  A 

nega t i ve  va l ue  p laces t h e  a r t i c u l a t i o n  p o i n t  behind the  c.g. The e n t r y  

i s  made i n  F10.2 format .  

ART1 CULATI ON PARAMETER #4 - Th i s  parameter, entered on the same 

l i n e ,  l o ca tes  the  f o rwa rd  a r t i c u l a t i o n  p o i n t  on t he  t h i r d  v e h i c l e  u n i t .  



The value is the longitudinal distance (in inches) from the articulation 

point rearward to the sprung mass c.g. location. A positive value 

places the articulation point ahead of the c.g. The entry is made in 

F10.2 format. 

ART\ CULATION PARAMETER #5 - This parameter, entered on the same 
line, locates the articulation point on the third vehicle unit for 

connection to a fourth unit. The value is the longitudinal distance (in 

inches) from the sprung mass c.g. rearward to the articulation point. A 

negative value places the articulation point behind the c.g. The entry 

is made in F10.2 format. 

ART1 CULATION PARAMETER #6 - This parameter, entered on the same 
line, locates the forward articulation point on the fourth vehicle unit. 

The value is the longitudinal distance (in inches) from the articulation 

point rearward to the sprung mass c.g. location, A positive value 

places the articulation point ahead of the c.g. The entry is made in 

F10.2 format. 

Line #25 

ARTICULATION HEIGHT - The set of parameters entered on this line 
sets the vertical height (in inches) above the ground for a1 1 the 

articulation points. The vertical heights of each of the articulation 

points are sequentially entered in F10.2 format. The number of entries 

should match the number of articulation points (maximum of three). 

Line #26 

ARTICULATION POINT ROLL STIFFNESS - The roll stiffness at each of 

the articulation points is set by the sequential entry of parameters on 

this line. The roll stiffness is specified in units of inch-pounds/ 

degrees, entered in F12.2 format. The number of entries should match 

the number of articulation points (maximum of three). 

Line #2Z - For Multi-Unit Vehicles Only 
ARTICULATION TYPE - Thz type of joint at each articulation point 

is defined by the entries on this line. The code is as follows: 

01 - Conventional fifth wheel 

02 - Inverted fifth wheel 



03 - P i n t l e  hook or  b a l l  h i t c h  

04 - Kingpin- type t u r n t a b l e  

Data i s  en te red  i n  12 format ,  w i t h  t he  number o f  e n t r i e s  equal t o  t he  

number o f  a r t i c u l a t i o n  p o i n t s  (maximum o f  t h r e e ) .  Note: The 

a r t i c u l a t i o n  type 03 may n o t  be used t o  support  a  v e r t i c a l  load--only a  

l a t e r a l  f o r ce ,  I n  add i t i on ,  t he  r o l l  s t i f f n e s s  va lue  en te red  on L i ne  

#26 f o r  any a r t i c u l a t i o n  t ype  04 j o i n t ,  a l s o  de f i nes  ( i n t e r n a l l y )  t he  

p i t c h  s t i f f n e s s .  

L i n e  #28 

NUMBER OF SPRING TABLES - Enter i n  12 format t he  number o f  

d i f f e r e n t  s p r i n g  t ab les  t o  f o l l o w .  The maximum number a l lowed i s  

e leven.  

SPRING ASSIGNMENTS - On t h i s  l i n e  en te r  the  i d e n t i f i e r  number o f  

t he  s p r i n g  t a b l e  app rop r i a t e  t o  each a x l e .  Eleven e n t r i e s ,  each i n  12 

format ,  a r e  requ i red .  

L i ne  #30 

TABLE SIZE #I - One e n t r y  i s  made on t h i s  l i n e  i n d i c a t i n g  the 

number o f  l i n e s  i n  Spr ing  Table  # I .  Anywhere from 1 t o  10 l i n e s  may be 

s p e c i f i e d .  The en t r y  i s  made i n  12 format .  

L ines  #31-40 

TABLE # 1  - Each o f  t he  1 ines up t o  a  maximum o f  10 con ta ins  two 

e n t r i e s ,  a  s p r i n g  f o r c e  va lue,  and a  d e f l e c t i o n  va lue.  Both a re  entered 

i n  F10.2 format .  The f o r c e  va lue  i s  i n  pounds, w h i l e  the  d e f l e c t i o n  i s  

i n  inches. D e f l e c t i o n  va lues a re  a l l  r e l a t i v e ,  as the r i d e  he igh t  o f  

t he  c.g. i s  a l ready  es tab l i shed  by da ta  entered i n  L i ne  9. A p o s i t i v e  

f o r c e  represen ts  compression o f  t he  sp r i ng .  L ikewise, a  p o s i t i v e  

d e f l e c t i o n  a l s o  represents  compression of  t h e  sp r ing .  Begin the  t a b l e  

a t  t he  t e n s i l e  end o f  t he  f o r c e - d e f l e c t i o n  curve. 

L ines #41-150 

ADDITIONAL SPRING TABLES - The remainder o f  these l i n e s  a re  

o p t i o n a l l y  used f o r  d e f i n i t i o n  o f  t en  more s p r i n g  t ab les .  I n  each case, 



the  t a b l e  should beg in  w i t h  a  parameter s p e c i f y i n g  t h e  number o f  l i n e s  

t o  be read i n  t he  t a b l e  (per L i ne  jO),  f o l l owed  by t h a t  number o f  l i n e s  

o f  fo rce -de f  1 e c t  i on  va lues  (per L i nes 3 1-40) . The number o f  tab  1 es 

en te red  must match t he  number ca l  l ed  o u t  i n  L i ne  28. Unused 1 i nes can 

be s imp ly  dropped from the  i npu t  1 i s t  (i .e., b lank 1 ines do no t  need t o  

be en te red  t o  f i l l  t he  i npu t  l i s t  t o  l i n e  number 150). 

L i n e  #151 

NUMBER OF TIRE CORNERING F O R C E  TABLES - T i r e  co rne r i ng  f o r c e  

p r o p e r t i e s  a re  de f i ned  i n  t he  co rne r i ng  f o r c e  t ab les .  Two op t i ons  a re  

a v a i l a b l e :  

1) L inear  t i r e s  - L inear  t i r e s  may be s p e c i f i e d  by e n t e r i n g  a  

ze ro  va lue  f o r  the  number o f  t ab l es .  I f  se lec ted ,  on t he  

nex t  l i n e  t he  s t i f f n e s s  va lues i n  pounds/degree/ t i re  should 

be entered f o r  the  t i  r es  on each ax1 e  (up t o  e l  even) . The 

va lues a re  en te red  s e q u e n t i a l l y  by a x l e  i n  F10.2 format .  

The rea f t e r ,  s k i p  t o  t he  a l i g n i n g  torque t a b l e  e n t r i e s  

beg inn ing  on L i ne  263. 

2 )  Nonl inear  t i r e s  - Nonl inear  t i r e  p r o p e r t i e s  a re  represented 

by t abu la r  i npu t .  Th i s  o p t i o n  i s  c a l l e d  by e n t e r i n g  a 

p o s i t i v e  number between 1 and 1 1  on L i ne  151, i n d i c a t i n g  t h e  

number o f  t i r e  co rne r i ng  f o r c e  t ab les  t o  f o l l o w .  

L i ne  #I52 

TIRE ASSIGNMENTS - The assignment o f  the  t i r e  co rne r i ng  f o r c e  

t a b l e s  t o  t h e  ax les  i s  s p e c i f i e d  on t h i s  l i n e .  The l i n e  c o n s i s t s  o f  

e n t r i e s  o f  t he  t i r e  t a b l e  i d e n t i f i c a t i o n  number f o r  each a x l e  o f  t he  

v e h i c l e .  E n t r i e s  a re  made s e q u e n t i a l l y  by ax le ,  each i n  I 2  format.  

L i n e  #I53 

TABLE # I ,  SIZE - The t i  r e  co rne r i ng  f o r c e  t a b l e  begins w i t h  an 

e n t r y  l i n e  d e f i n i n g  t he  number of rows and the number o f  columns i n  t he  

t a b l e .  Both numbers a re  entered on one l i n e  i n  12 format .  The number 

o f  rows i s  one p l us  t he  number o f  v e r t i c a l  load va lues a t  which da ta  

w i l l  be supp l ied .  The number o f  columns i s  one p l u s  t he  number o f  s l i p  



angles a t  which data w i l l  be suppl ied.  Ne i the r  the  number o f  rows, nor 

the  number o f  columns may exceed nine. 

L ines #154-162 

TABLE #I, ROW #1  - The f i r s t  row c o n s i s t s  o f  e n t r i e s  o f  the  s l i p  

angle  va lues a t  which data i s  t o  be entered. The l i n e  cons i s t s  o f  up t o  

9 e n t r i e s ,  each i n  F10.2 format.  The f i r s t  va lue  should be a n u l l  

(0.0), fo l l owed by up t o  8 va lues o f  s l i p  angle,  i n  degrees, entered i n  

order  o f  i nc reas ing  va lue .  The number o f  e n t r i e s  i n  t h i s  row, i n c l u d i n g  

the  n u l l ,  should equal the  number o f  columns s p e c i f i e d  i n  L i ne  153. 

TABLE #I, ROW #2 - The second row cons i s t s  o f  an e n t r y  f o r  the  

v e r t i c a l  load (pounds) , f o l  1 owed by the corner i ng f o r c e  va 1 ues (pounds) 

f o r  each o f  the s l i p  angle  va lues entered i n  Row # I .  The e n t r i e s  a re  

made i n  F10.2 format.  The number o f  e n t r i e s  ( load p l us  co rner ing  f o r c e  

va 1 ues) should equal the  number o f  columns spec i f  i ed i n L  i ne 153. 

TABLE # I ,  ROW #3 - The t h i r d  and subsequent rows repeat  the  e n t r y  

format de f i ned  f o r  the  second row, represen t ing  data i npu t  a t  a  

subsequent load cond i t i on .  The rows should be i n  order  o f  i nc reas ing  

load values. The number o f  rows should match the  number c a l l e d  ou t  i n  

L ine  153. 

L ines #163-172 

TlRE CORNERING FORCE TABLE #2 - T i r e  co rne r i ng  f o r c e  Table  #2 i s  

entered i n  t he  same fash ion  as Table #l. The f i r s t  e n t r y  (L ine #163) i s  

the Table S ize  s p e c i f i c a t i o n  i n d i c a t i n g  the  number o f  rows and columns. 

The subsequent l i n e s  (up t o  n ine)  represent  e n t r i e s  p a r a l l e l i n g  L ines 

#154-162. 

L  i nes #I 73-262 

ADDITIONAL TlRE CORNERING FORCE TABLES - The remaining l i n e s  173 

t o  262 p rov i de  f o r  up t o  n i ne  more t i r e  co rne r i ng  f o r c e  t ab les  

cons t ruc ted  as the  f i r s t  two tab les  above. I f  fewer than the  maximum 

number o f  t ab l es  a re  requ i red ,  those l i n e s  a re  s imply  de le ted  from the 

i npu t  ( i ,e . ,  b lank l i n e s  need no t  be entered i n  the  da ta  l i s t  t o  f i l l  

these assigned l i n e  numbers). 



L ine  #26J 

NUMBER O F  ALIGNING TORQUE TABLES - The number o f  a l i g n i n g  to rque  

t a b l e s  t o  f o l l o w  a re  en te red  on t h i s  l i n e .  Up t o  1 1  a re  a l lowed.  The 

number i s  en te red  i n  12 format .  Two op t i ons  a re  a v a i l a b l e .  

1) L inear  t i r e s  - L inear  t i r e s  may be s p e c i f i e d  by e n t e r i n g  zero 

f o r  the  number o f  t ab l es  i n  12 format .  I f  se lec ted ,  t he  nex t  

l i n e  should l i s t  t h e  a l i g n i n g  to rque  s t i f f n e s s  va lues  i n  

foot -pounds/degree/ t i re  f o r  t he  t i r e s  on each ax l e .  The 

e n t r i e s  a re  made i n  F10.2 format  s e q u e n t i a l l y  by a x l e  f o r  t he  

number o f  ax les  s p e c i f i e d  i n  L i ne  2, then s k i p  t o  L i ne  375. 

2) Nonl inear  t i r e s  - Nonl inear  t i r e  p r o p e r t i e s  a re  represen ted  

by t abu la r  i npu t .  Th i s  o p t i o n  i s  c a l l e d  by  e n t e r i n g  a  

p o s i t i v e  number between 1 and 1 1  on L i ne  263, i n d i c a t i n g  t h e  

number o f  t i r e  a l i g n i n g  to rque  t ab les  t o  f o l l o w .  

L i ne  #264 

TIRE ASSIGNMENTS - The assignment o f  t h e  t i r e  a l i g n i n g  to rque  

t a b l e s  t o  t h e  ax les  i s  s p e c i f i e d  on t h i s  l i n e .  The l i n e  c o n s i s t s  o f  

e n t r i e s  o f  the  t i r e  t a b l e  i d e n t i f i c a t i o n  number f o r  each a x l e  o f  t h e  

v e h i c i e .  E n t r i e s  a re  made s e q u e n t i a l l y  by ax le ,  each i n  12 format .  

L i ne  f265  

TABLE #1, SIZE - The t i r e  a l i g n i n g  torque t a b l e  begins w i t h  an 

e n t r y  l i n e  d e f i n i n g  t he  number o f  rows and columns i n  t h e  t a b l e .  Both 

numbers a re  entered on one l i n e  i n  I 2  format.  The number o f  rows i s  one 

p l u s  t he  number o f  v e r t i c a l  load va lues  a t  which da ta  w i l l  be supp l ied .  

The number o f  columns i s  one p l u s  t he  number o f  s l i p  angles a t  which 

da ta  w i l l  be supp l ied .  Ne i the r  the  number o f  rows, nor the  number o f  

columns may exceed n ine .  

L  i nes #266-274 

TABLE #1,  ROW # 1  - The f i r s t  row c o n s i s t s  o f  e n t r i e s  o f  t he  s l  i p  

ang le  va lues  a t  which da ta  i s  t o  be en te red .  The l i n e  c o n s i s t s  o f  up t o  

n i ne  e n t r i e s ,  each i n  F10.2 format .  The f i r s t  va l ue  should be a  n u l l  

(0 .0) ,  f o l l owed  by up t o  e i g h t  va lues of  s l i p  angle  i n  degrees, entered 

i n  o rder  o f  i nc reas ing  va lues.  The number o f  e n t r i e s  i n  t h i s  row, 



i n c l u d i n g  the n u l l ,  should equal t h e  number o f  columns s p e c i f i e d  i n  L i ne  

265. 

TABLE #1,  ROW #2 - The second row cons i s t s  o f  an e n t r y  f o r  the 

ver t i ca 1 1 oad (pounds) , f  0 1  1 owed by t he  a  1 i gn i ng to rque  va 1 ues ( f o o t -  

pounds/degree) f o r  each of the  s l  i p  angle  va lues en te red  i n  Row #l .  The 

e n t r i e s  a re  made i n  F10.2 format .  The number o f  e n t r i e s  ( load p l u s  

a1 i gn i ng torque va lues)  shou i d  equa 1 t he  number o f  columns spec i f i ed i n  

L i ne  265. 

TABLE #I, ROW #3 - The t h i r d  and subsequent rows repeat  t he  e n t r y  

format de f i ned  f o r  the  second row, represen t ing  da ta  i npu t  a t  subsequent 
I 

load va lues.  The number of  rows should match the  number c a l l e d  ou t  i n  

L i ne  265. 

L i nes #275-284 

TIRE ALIGNING TORQUE TABLE #2 - T i r e  a l i g n i n g  torque Table  #2 i s  

entered i n  the same fash ion  as Table  # I .  The f i r s t  e n t r y  (L ine 275) i s  

the  Table  S ize s p e c i f i c a t i o n  i n d i c a t i n g  t he  number o f  rows and columns. 

The subsequent 1 i nes (up t o  nine) represen t  e n t r i e s  para1 l e l  i ng L ines 

266-274 above. 

L i nes #285-374 

ADD IT1 ONAL AL l GN l NG TORQUE TABLES - The rema i  n i  ng 1 i nes 285 t o  

374 are  up t o  n i ne  o r  more t i r e  a l i g n i n g  torque t ab les  cons t ruc ted  as 

the f i r s t  two t ab les  above. I f  fewer than the  maximum number o f  t ab l es  

a re  requ i red ,  those 1 ines a re  s imp ly  de le ted  from the  i npu t  ( i  .e., b lank 

l i n e s  need no t  be entered i n  the  da ta  l i s t  t o  f i l l  these assigned l i n e  

numbers) . 
L ine  #375 

STEERING RATIO - I n  the  s imu la t i on ,  the  s t e e r i n g  i npu t  t o  the  

v e h i c l e  can be c o n t r o l l e d  e i t h e r  a t  t he  s t e e r i n g  wheel o r  a t  the  f r o n t  

road wheels. The type of  c o n t r o l  i s  i n d i c a t e d  by t he  e n t r y  o f  the  

s t e e r i n g  r a t i o  i n  F10.2 format on t h i s  l i n e .  I f  the  i npu t  i s  app l i ed  a t  

the s t e e r i n g  wheel, compliance i n  t he  s t e e r i n g  system a l t e r s  the  ac tua l  

f r o n t  wheel s teer  angle  obtained. If  i t  i s  des i red  t o  apply  the  

s t e e r i n g  i npu t  a t  the s t e e r i n g  wheel, a  s t e e r i n g  r a t i o  (degrees s t e e r i n g  



wheel/degree road wheel) greater than one must be speci f ied (typical 

ranges are 18: 1 to 36: 1 )  . I n that case, certain steer i ng system 

properties must be entered on the following Line 376. If the steering 

input is to be applied directly at the road wheel, a unity value is 

entered for the ratio, and Line 376 is deleted from the input. 

Line #376 

STEERING SYSTEM STIFFNESS - Three parameters must be entered on 
this line to define the important steering system properties. i 1 0 . 2  

format is used. The first property is the steering system stiffness 

from the steering wheel to the left road wheel. The value describes the 

stiffness at the road wheel when the steering wheel is held fixed. The 

units for the entry are inch-pounds/degree of road wheel deflection. 

TIE ROD LINKAGE STIFFNESS - The second parameter describes the 
stiffness o f  the tie rod linkage transfering the steer angle command 

from the left to the right road wheel. The value describes the 

stiffness at the right road wheel when the left road wheel remains 

stationary. The units for this parameter are inch-pounds/degree of 

right road wheel steer angle. 

MECHANICAL TRAIL - In the steering system model, the major source 

of compliance steer (the action of the lateral forces on the front 

wheels) is modeled. Because of caster angle on the front axle, the 

lateral forces act behind the steer rotation axis. The torque created 

acts against the compliance of the steering system, allowing small steer 

deviations to occur. Even though the angles are small, they have been 

found to be significant to the handling behavior of vehicles. The point 

of action for the lateral forces is specified by the Mechanical Trail.' 

The parameter is given in inches, and is nominally equal to the caster 

angle (radians) times the front tire radius. A positive value 

corresponds to positive caster. 

Line #377 

STEERING CONTROL KEY - Within the model, the steering of the 
vehicle can be controlled by either of two options: 

1) Steer Angle - The steering input can be control led by 
definition of a time versus steer angle table. If this 



o p t i o n  i s  t o  be used, a  p o s i t i v e  va lue  equal t o  t h e  number o f  

l i n e s  i n  the t ime/s teer  angle  t a b l e  i s  entered here.  The 

e n t r y  i s  i n  13 format .  When choosing t h i s  op t i on ,  the next 

1 i ne  o f  e n t r y  (378) i s  skipped, go ing immediately t o  the  

f i r s t  l i n e  o f  t a b l e  e n t r y  on L i ne  3 7 9 .  

2) D r i v e r  Model - A 1  t e r n a t i v e l y ,  t he  s t e e r i n g  can be c o n t r o l  l ed  

v i a  a  d r i v e r  model t o  make t he  v e h i c l e  f o l l o w  a  p resc r ibed  

t r a j e c t o r y .  Th is  o p t i o n  i s  a c t i v a t e d  by e n t e r i n g  a  negat ive 

number on t h i s  l i n e  w i t h  a  numerical  va lue  equal t o  the 

number o f  l i n e s  i n  the  t a b l e  d e f i n i n g  the  des i r ed  t r a j e c t o r y .  

The nega t i ve  s i g n  i s  used t o  key the program t o  s e l e c t  t h i s  

o p t i o n .  13 format i s  used f o r  t he  en t r y .  

L i ne  #378 

D R I V E R  TRANSPORT LAG - The r e a c t i o n  c h a r a c t e r i s t i c s  o f  the d r i v e r  

model i nc l ude  a  l ag  i n  the  i npu t  o f  t he  des i r ed  s teer  angle.  The lag  i s  

s p e c i f i e d  by t h i s  parameter. D r i ve r  t r a n s p o r t  l ag  i s  norma l l y  i n  the 

range o f  0.2 - 0.4 seconds. The e n t r y  i s  made i n  F10.2 format .  

PREVIEW INTERVAL - The second d r i v e r  c h a r a c t e r i s t i c  entered on 

t h i s  l i n e  i s  the Preview I n t e r v a l ,  en te red  i n  F10.2 format.  The preview 

i n t e r v a l  de f i nes  the " look  ahead1' t ime i n t e r v a l  over which t he  d r i v e r  i s  

observ ing the  t r a j e c t o r y  t o  be fo l lowed.  The i n t e r v a l  i s  expressed i n  

u n i t s  o f  seconds ( the  look ahead d i s t ance  be ing  equ i va l en t  t o  the 

i n t e r v a l  t imes the  v e l o c i t y ) .  The i n t e r v a l  i s  normal ly  i n  t he  range o f  

1-3 seconds. Shor ter  i n t e r v a l s  e l i c i t  qu icker  response from the d r i v e r ,  

r e s u l t i n g  i n  more o s c i l l a t o r y  s t e e r i n g  c o r r e c t i o n  inputs .  Longer 

i n t e r v a l s  produce a  more damped s t e e r i n g  i npu t  w i t h  g rea te r  dev ia t i ons  

f rom the  des i r ed  t r a j e c t o r y .  

L  i ne #379 

STEER TABLE - The Steer Table  en te red  a t  t h i s  p o i n t  de f i nes  

e i t h e r  s teer  angle  i npu t s  ( i f  t he  Steer Angle o p t i o n  was se lected)  or 

the  t r a j e c t o r y  t a b l e  ( i f  the  D r i v e r  Model o p t i o n  was se lec ted ) .  I n  

e i t h e r  case, t he  t a b l e  c o n s i s t s  o f  a  number o f  l i n e  inpu ts  equal t o  the 

t a b l e  leng th  s p e c i f i e d  i n  L i ne  377 above. Depending on t h e  o p t i o n  

se lected,  the t a b l e  i s  entered us i ng  the  f o l l o w i n g  convent ions:  



1) Steer  Angle Table  - The s tee r  angle  t a b l e  c o n s i s t s  o f  two or  

t h r e e  e n t r i e s  on a  l i n e  u s i n g  F10.2 format .  The f i r s t  e n t r y  

i s  t h e  t ime i n  seconds, beg inn ing  w i t h  a  va l ue  o f  zero on t he  

f i r s t  l i n e .  The second e n t r y  i s  the  s t e e r i n g  wheel angle  

(degrees) i f  i n p u t  a t  t h e  s t e e r i n g  wheel was se lec ted  i n  L i ne  

375 by cho ice  o f  a  s t e e r i n g  r a t i o  g rea te r  than u n i t y .  I f  

i n p u t  d i r e c t l y  t o  the  road wheels was se lec ted  i n  L i ne  375, 

then s teer  ang le  va lues f o r  t he  l e f t  and r i g h t  road wheels 

r e s p e c t i v e l y ,  a re  entered.  Steer angles a re  p o s i t i v e  t o  the  

r i g h t .  The l eng th  o f  t h e  s t ee r  angle  t a b l e  ( i n  time) should 

a t  l e a s t  equal t he  maximum s i m u l a t i o n  t ime s p e c i f i e d  i n  L i ne  

2 )  T r a j e c t o r y  Tab le  - The d e s i r e d  t r a j e c t o r y  f o r  the  v e h i c l e  t o  

f o l l o w  i s  s p e c i f i e d  i n  l i e u  o f  a  s teer  ang le  t a b l e  i f  the  

D r i v e r  Model was se lec ted  i n  L i ne  377. The T r a j e c t o r y  Table  

c o n s i s t s  o f  two e n t r i e s  t o  a  l i n e ,  each i n  F10.2 format ,  

where those e n t r i e s  a re  t he  l o n g i t u d i n a l  and l a t e r a l  p o i n t s  

d e f i n i n g  t h e  t r a j e c t o r y .  Both p o i n t s  a r e  g i ven  i n  u n i t s  o f  

f e e t .  The t a b l e  should  beg in  a t  0,O and extend f o r  a  

l o n g i t u d i n a l  d i s t ance  equal t o  o r  g rea te r  than the  d i s t ance  

t h e  v e h i c l e  w i l l  t r a v e l  d u r i n g  the  s imu la t i on ,  p l u s  the  

d i s t ance  e q u i v a l e n t  t o  t he  D r i v e r  Preview I n t e r v a l .  



4.0 PROGRAM OUTPUT 

4.1 General 

Operat ion o f  t he  cons tan t  v e l o c i t y  Yaw/Roll program generates 

ou tpu t  i n  a  format  compat ib le  w i t h  l i n e  p r i n t e r  systems w i t h  132 or more 

charac te rs  per l i n e .  The ou tpu t  f a l l s  i n  two categor ies- -echo o f  i npu t  

da ta  and time-based l i s t i n g  o f  s i m u l a t i o n  ou tpu t  v a r i a b l e s ,  

4.1.1 Coordinate Systems. I n  order  t o  i n t e r p r e t  the v e h i c l e  

mot ion parameters g iven  i n  t he  s i m u l a t i o n  ou tpu t ,  i t  i s  necessary t o  

d e f i n e  the  coord ina te  systems used. Two coo rd i na te  systems a re  

necessary t o  descr ibe  the s imulated mot ion o f  each v e h i c l e ;  an i n e r t i a l  

coo rd i na te  system and a  body- f i xed  coord ina te  system, as shown i n  F igure  

7 

The i n e r t i a l  coo rd i na te  system i s  a  r igh t -hand  orthogonal  system 

f i x e d  i n  space t h a t  serves as the  re fe rence  p o i n t  f rom which v e h i c l e  

mot ions and a t t i t u d e s  a re  de f ined .  The o r i g i n  i s  p laced a t  the t r u c k /  

t r a c t o r  sprung mass cen te r  of g r a v i t y  a t  t he  beg inn ing  o f  the  s imu la t i on  

(time=O). The i n e r t i a l  coord ina te  system i s  a l i gned  w i t h  the  g r a v i t y  

vec to r  and t he  h o r i z o n t a l  p r o j e c t i o n  o f  the  t r u c k / t r a c t o r  l o n g i t u d i n a l  

ax i s .  The axes a re  de f ined  accord ing t o  S A E  convent ion as f o l l ows :  

X - h o r i z o n t a l  o u t  t he  f r o n t  o f  t he  v e h i c l e  

Y - h o r i z o n t a l  ou t  t he  r i g h t  s i d e  o f  t he  v e h i c l e  

Z - v e r t i c a l l y  downward i n  the  d i r e c t i o n  o f  g r a v i t y  

The body- f i xed  coord ina te  system i s  loca ted  and f i x e d  i n  the 

v e h i c l e  and de f i nes  t he  v e h i c l e  l o c a t i o n  and a t t i t u d e .  I t s  o r i g i n  i s  a t  

the  sprung mass cen te r  o f  g r a v i t y  and i s  o r i e n t e d  as f o l l ows :  

x - l o n g i t u d i n a l l y  o u t  the  f r o n t  o f  the  v e h i c l e  

y  - l a t e r a l l y  ou t  the  r i g h t  s i d e  o f  the  v e h i c l e  

z - v e r t i c a l l y  i n  the  p lane o f  t he  v e h i c l e  sprung mass 

Each v e h i c l e  i n  the  s imu la ted  combinat ion has a  separate  body- f ixed 

coord ina te  system. 



I n e r t i a l  
System 

Body Fixed 
Coordinate Systems 

F i  qure 7 .  I1  1 u s t r a t i  on of coordinate  sys tern. 



At the beginning of a simulation run, the origin of the truck/ 

tractor body-fixed coordinate system is at the origin of the inertial 

coordinate system. Furthermore, the axes of the body-fixed system are 

coincident with those of the inertial system. 

Since all vehicles in a combination are aligned on the inertial X 

axis at the beginning of a simulation, all trailers start off with a 

negative X coordinate and a zero Y coordinate. Since all vehicles may 

have a different sprung mass center of gravity height as well as 

different elevations due to road grade, the height of each vehicle in 

the inertial system is referenced from its initial height (i .e., the Z 

coordinate for each vehicle is defined by the change from its initial 

elevation) . 
During a simulation, the position and attitude of each vehicle is 

defined by the position and attitude of its body-fixed coordinate system 

in the inertial coordinate system. The vehicle position is given by the 

X, Y, and Z coordinates locating the origin of the body-fixed system. 

That is, at any instant of time, the vehicle attitude is defined by the 

following three rotations (Euler angles) going from the orientation of a 

translated inertial coordinate system to the orientation of the body- 

fixed system. 

1) Yaw angle - rotation in the X-Y inertial plane about the Z 

axis; positive clockwise when viewed from above. 

2) Pitch angle - rotation about the y body axis, out of the X-Y 
inertial plane; positive clockwise looking from left to right 

on the vehicle. 

3) Roll angle - rotation about the x body axis; positive 
clockwise looking forward on the vehicle. 

4.2 Input Echo 

The first series of pages in the program output is an echo of the 

input data used to define the vehicle and simulation to be made. The 

order of the echo pages are as follows: 



S imu la t i on  Operat ion Parameters and S teer ing  Parameters 

Truck/Tractor  Parameters 

Second U n i t  Parameters 

T h i r d  U n i t  Parameters 

Four th  U n i t  Parameters 

As a  minimum, pages 1 and 2  a re  always p r i n t e d ,  w h i l e  a d d i t i o n a l  pages 

appear o n l y  i f  a  t r a c t o r - t r a i l e r ,  o r  doubles, a re  be ing  s imulated.  

4 .3  S imu la t i on  Output 

The s i m u l a t i o n  ou tpu t  pages a re  t he  product  o f  t he  s i m u l a t i o n  

run, p r o v i d i n g  a  d e s c r i p t i o n  o f  what happens t o  the v e h i c l e  combinat ion 

i n  t h e  course of t he  s imu la ted  maneuver. The ou tpu t  pages p resen t  l i s t s  

o f  t he  se l ec ted  v e h i c l e  mot ion  v a r i a b l e s  and ope ra t i ng  cond i t i ons  a t  

s p e c i f i e d  i n t e r v a l s  o f  t ime  throughout  the  maneuver. The v a r i a b l e s  and 

c o n d i t i o n s  a re  presented i n  columns w i t h  each l i n e  r ep resen t i ng  a  p o i n t  

i n  t ime, measured i n  seconds, f rom the  beg inn ing  o f  the s imu la t i on .  

The ou tpu t  i s  i d e n t i f i e d  by sprung mass number appear ing on the  

t op  o f  each page. The ou tpu t  c o n s i s t s  o f  b locks  a r i s i n g  from the  need 

t o  m in im ize  computer memory requirements.  Each page of ou tpu t  con ta ins  

up t o  41 t ime increments o f  ou tpu t .  I f  the  d u r a t i o n  of the  maneuver and 

se lec ted  t ime i n t e r v a l  f o r  p r i n t i n g  r e s u l t s  i n  more than 41  l i n e s  o f  

ou tpu t ,  t o  min imize t h e  number o f  ou tpu t  devices,  ou tpu t  f o r  t he  f i r s t  

4 1  t ime  increments ( t ime  b l ock  1) i s  p r i n t e d ;  then i t  con t inues  w i t h  the  

second b l ock  of 41 ( t ime  b l ock  2) ,  e t c .  I n  o rder  t o  min imize t he  number 

o f  t ime  b l ocks  and hence the  b u l k  o f  t he  ou tpu t  pages, t he  user may want 

t o  choose c a r e f u l l y  t he  P r i n t o u t  I n t e r v a l  s p e c i f i e d  i n  t he  S imu la t i on  

Operat ion Parameters (Sect ion 3 . 2 1 ,  us ing  the f o l l o w i n g  i n f o rma t i on  f o r  

guidance: 



Up t o  s i x t e e n  ou tpu t  pages can be ob ta ined  f o r  each s i m u l a t i o n  

t ime  b l o c k .  The ou tpu t  f o l l o w s  t he  fo rmat  descr ibed  i n  t he  f o l l o w i n g  

sec t  ions.  

Maneuver 
D i r e c t i o n  

2 sec. 

4 

4 

6 

6 

6 

8 

8 

8 

8 

4.3.1 Sprunq Mass Pages. The Sprung Mass Page shown i n  F i gu re  8 
descr ibes  the  s imulated v e h i c l e  mot ion by i t s  p o s i t i o n  and r o t a t i o n a l  

a t t i t u d e  i n  t h e  i n e r t i a l  coord ina te  system. The i n e r t i a l  coo rd i na te  

system i s  loca ted  a t  the t r u c k / t r a c t o r  sprung mass center  o f  g r a v i t y  a t  

t ime zero  i n  the  s i m u l a t i o n  (see Sec t ion  4.1.1). The v e h i c l e  p o s i t i o n  

i s  de f i ned  by forward, l a t e r a l ,  and v e r t i c a l  i n e r t i a l  coord ina tes  o f  the  

v e h i c l e  sprung mass center  o f  g r a v i t y  d u r i n g  t he  s imu la t i on .  For t he  

t r u c k / t r a c t o r ,  the  i n i t i a l  coord ina tes  a r e  always zero. T r a i l e r s  a re  

always a l i g n e d  behind t he  t r a c t o r  so t h a t  they s t a r t  from a  nega t i ve  

fo rward  p o s i t i o n  and zero l a t e r a l  p o s i t i o n .  P o s i t i v e  l a t e r a l  i s  t o  the  

r i g h t  o f  t h e  v e h i c l e .  To avo id  con fus ion  from the  d i f f e r i n g  sprung mass 

he igh t s ,  t h e  v e r t i c a l  p o s i t i o n  always begins a t  zero and i n d i c a t e s  

Time Increment 
o f  Output 

.05 sec. 

-10 

05 

. I 5  

-10 

9 05 

.20 

* 15 

. l o  

05 

No. o f  
Time Blocks 

1 

1 

2 

1 

2 

3 

1 

2 

3 

4 



relative change in elevation. Note that, by SAE convention, positive 

values of vertical position are downward, in the direction of gravity. 

The attitude of the vehicle is given in the next three columns as 

defined by the Euler angle rotations (rol 1, pitch, and yaw) of the body- . 
fixed coordinate system (see Section 4.1.1) in the inertial coordinate 

system. 

In addition, the page lists the instantaneous values of linear 

and rotational velocities and the lateral acceleration. In the last 

column the steer angle is listed for the lead vehicle, whereas for towed 

vehicles, it 1 ists the articulation angle, which is the difference 

between the yaw angles of the leading and trailing vehicles (leading 

minus trailing). 

4.3.2 Constraint Page. The next page echos the calculated 

constraint forces at the articulation connections, as illustrated in 

Figure 9. 

Constraint forces and moments are listed on this page for each 

articulation pivot on the vehicle. The first (left-hand) column is 

time. Depending on the type of articulation joint being used, the 

number of add i ti onal pr i ntout columns wi 1 1 vary. (a) For a sing 1 e-un i t 

vehicle no output will appear (no articulation pivots). (b) For a 

pintle hook connection only one column is printed--lateral constraint 

force. (c) For kingpin, conventional fifth wheel, and inverted fifth 

wheel type connections, four columns are printed for each articulation 

pivot: lateral force (lb), vertical force (lb), roll moment (in-lb), 

and pi tch moment (i n-1 b) . 

4 . 3 . 3  Axle Paqe. Motion variables and conditions at each of the 

axles are listed on the Axle Page, as shown in Figure 10. The axle 

position is indicated by a roll angle and vertical (bounce) position. 

Thereafter, left and right side values for slip angle, vertical load, 

lateral force, aligning torque, and the suspension spring force are 

listed. One page is printed for each axle up to the maximum of eleven. 





1 1  AXLE DOUBLE ( M I C H  TANKER) 

CONSTRAINT FORCES 
* * * * * * + * * * * * * * * * *  

T I M E  
0.0 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1 . 0 0  
I .  10 
1 .20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2 .oo 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 
2.70 
2.80 
2.90 
3.00 
3.10 
3.20 
3.30 
3.40 
3.50 
3.60 
3.70 
3.80 
3.90 
4.00 

NOTE:  LATERAL FORCE ALONE I S  P R I N T E D  FOR P I N T L E  HOOK T I  
LOCATE FORCES & MOMENTS BASED ON CONSTRAINT TYPE 

fPE CONSTRAINT .  

Figure 9. S a m p l e  constraint forces page. 



1 1  AXLE DOUBLE ( M I C H  TANKER) 

AXLE # 2 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  (DEG)  ( I N )  

L E F T  S I D E  
S L I P  VERTICAL LATERAL A L I G N I N G  SPRING 
ANGLE LOAD FORCE TORQUE FORCE 
(DEG)  ( L B . )  ( L B . )  ( F T . L B )  ( L B . )  

R I G H T  S I D E  
S L I P  VERTICAL LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
(DEG)  ( L B . )  ( L B .  ) ( F T . L B )  ( L B . )  

F i g u r e  10. Sample  axle p a g e .  
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11 AXLE DOUBLE ( M I C H  TANKER) 
0411 

APPENDIX B 
80.67.  4 . 0 . 0 . 1 . 0 . 0 2  
03030203 SAMPLE LISTING OF INPUT AND OUTPUT 
7800.0.67200.0.1515.0.55485.0 
15500.0.75764.0.3082.0.58243.0 
31332.0.1609673.0.5320.0.725165.0 
31332.0.1609673.0.5320.0.725165.0 
40 .0 .99 .64 .36 .0 .99 .25  
14500..16000..16000..13000.,13000.,13000.,1282~.,~2825-,~~950.~12~~0..1~~~0. 
1200 .0 .2500 .0 .2300 . ,1500 . . 1500 . , 1500 . , 1500~ ,1500 . .1500 . . 1500 . . 1500 .0  
3 7 0 0 . , 4 5 0 0 . . 4 5 0 0 . . 4 1 0 0 . 0 . 4 1 0 0 . . 4 1 ~ . , ~ ~ ~ ~ . , ~ ~ ~ ~ - . ~ ~ ~ ~ . ~  
3 5 . 0 . - 7 6 . 5 . - 1 2 6 . 5 , - 5 8 . 2 4 . - 1 4 2 . 2 4 . 2 1 . 0 . - 2 1 . 0 , - 5 . 6 . - 4 7 . 6 . - 8 9 . 6  
2 2 . 5 . 2 2 . 5 . 2 2 . 5 . 2 0 . 0 . 2 0 . 0 . 2 0 . 0 . 2 0 . 0 . 2 0 . . 2 0 . . 2 0 . , 2 0 . 0  
22.0.29.0.29.0.29.0.29.0.29.0.29.0.29.0.29.0.29~0.29.0 
16 .3 .19 .0 .19 .0 .19 .0 .19 .0 .19 .0 .19 .0 .19 .0 .19 .0 .19 .0 .19 .0  
40.25.29.5.29.5.29.5.29.5.29.5.30.0.30.0.30.0.30.0.30.0 
0 .0 .13 .0 .13 .0 ,13 .0 ,13 .0 .13 .0 .13 .0 .13 .0 .13 .0 .13 .0 .13 .0  
5000 .0 .5000 .000 .5000 .0 ,5000 . ,5000 .005000000 .5000 .005000 . .5000 .O5000 . .5000 .0  
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0  
0.0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0 
2 5 0 . 0 . 5 0 0 . 0 0 . 5 0 0 . 0 0 . 1 0 0 0 0 0 0 , 1 0 0 0 . 0 . 1 0 0 0 . 0 . 1 0 0 0 . 0 , 1 ~ . 0 , 1 0 0 0 . 0 . 1 0 0 0 - ~ ~ ~ ~ ~ . ~  
10.0.10.0.10.0.10.0.10.0.10.0.10.0.10.0.10.0.10.0.10.0 
-70 .345 .105 .7578 . -158 .44 .68 .5 .0 .0 .77 .4  
8 0 . . 4 8 . . 5 0 .  
500000.0.0.0.500000.0 
0 10304 
03  
0102020303030303030303 
02 
-5000 .0 . -5 .0  
5000 .0 .5 .0  
04 
-3000.00 . -1 .0  
0 .0 .0 .00000 
0 . 0 . 1 . 5  
6000 .00 .2 .5  
04 
-35000 .0 , -1 .0  
0 . 0 . 0 . 0  
0 . 0 . 1 . 5  
35000.0 .2 .5  
03  
0102020303030303030303 
0507 
0 . 0 . 1 . 0 . 2 . 0 . 4 . 0 . 8 . 0 . 1 2 . 0 . 1 6 . 0  
2500.0 .348.0 .616.0 .1036.0 .1586.0 .1859.0 .1952.0  
5000.0 .662.0 .1195. .2017.0 .3121.0 .3675.0 .3812.0  
7 5 0 0 . 0 . 9 4 5 . 0 . 1 7 1 2 . . 2 9 4 4 . 0 . 4 5 5 5 . 0 . 5 2 2 1 . 0 . 5 4 9 1 . 0  
10000. .1139. .2112. .3715.0 ,5802.0 .6618.0 ,6970.0  
0507 
0 . 0 . 1 . 0 . 2 . 0 . 4 . 0 . 8 . 0 . 1 2 . 0 . 1 6 . 0  
2000.0 .275.0 .503.0 .918.0 .1445. ,1668. .1818.0  
4 0 0 0 . 0 . 5 2 2 . 0 . 9 8 1 . 0 . 1 7 6 5 . , 2 7 2 1 . . 3 1 1 8 . . 3 3 3 ~ . 0  
6000 .0 .677 .0 .1307 . . 2391 . . 3707 . . 4245 . . 4401 .0  
8000 .0 .753 .0 .1477 . .2767 . . 4437 . . 5080 . . 5357 .0  
0607 
0 . 0 . 1 . 0 . 2 . 0 . 4 . 0 . 8 . 0 . 1 2 . 0 . 1 6 . 0  
1400.0 .238.0 .440.0 .718.0 .1001.0 .1263.0 .1232-0  
2800.0 .391.0 .743.0 .1286.0 .1898.0 .2500.0 .2431.0  
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11 AXLE  DOUBLE ( M I C H  TANKER)  
U N I T  # 1 
* * * * * * * * *  

# OF A X L E S  ON T H I S  U N I T  = 3 

WEIGHT OF SPRUNG MASS = 7800.00 L B .  

R O L L  MOMENT OF I N E R T I A  OF SPRUNG MASS = 15500.00 L B . I N . S E C * * 2  

P I T C H  MOMENT OF I N E R T I A  OF SPRUNG MASS = 31332.00 L B . I N . S E C * * Z  

YAW MOMENT OF I N E R T I A  OF SPRUNG MASS = 31332.00 L B . I N . S E C * * 2  

H E I G H T  OF SPRUNG MASS CG ABOVE GROUND = 40.00 I N C H E S  

AXLE  # 1 AXLE  1 2 AXLE  Y 3 A X L E  Y 
* * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  

LOAD ON EACH AXLE ( L B .  ) 14500.00 16000.00 16000.00 

AXLE  WEIGHT ( L B . )  1200.00 2500.00 .2300.00  

AXLE  R O L L  M . 1  ( L B . I N . S E C * * 2 )  3700.00 4500.00 4500.00 

X  O I S T  FROM SP MASS CG ( I N )  35 .00  -76 .50  -126.50 

H E I G H T  OF AXLE C.G.  ABOVE 22.50 22 .50  22.50 
GROUND ( I N C H E S )  

Cn 
H E I G H T  OF R O L L  CENTER ABOVE 2 2  .OO 29.00  29 .OO 

N GROUND ( I N C H E S  ) 

H A L F  S P R I N G  SPACING ( I N )  16.30 19.00 19.00 

H A L F  TRACK - INNER T I R E S  ( I N )  40.25 29 .50  29 .50  

DUAL T I R E  SPACING ( I N )  0.0 13.00 13.00 

S T I F F N E S S  OF EACH T I R E  ( L B / I N )  5000.00 5000.00 5000.00 

ROLL  STEER C O E F F I C I E N T  0.0 0.0 0.0 

AUX ROLL  S T I F F N E S S  ( I N . L B / D E G )  0.0 0.0 0.0 

S P R I N G  COULOMB F R I C T I O N  - 250.00 500.00 500.00 
PER S P R I N G  (LB) 

V ISCOUS DAMPING PER S P R I N G  10.00 10.00 10.00 
( L B . S E C / I N )  

S P R I N G  FABLE # 1 2 2 

CORNERING FORCE T A B L E  # 1 2 2 

A L I G N I N G  TORQUE T A B L E  # 1 2  2  



1 1  AXLE  DOUBLE ( M I C H  TANKER)  
U N I T  # 2 
* * * * * * * * *  

# OF AXLES O N  T H I S  U N I T  = 3 

WEIGHT OF SPRUNG MASS = 6 7 2 0 0 . 0 0  LB. 

R O L L  MOMENT OF I N E R T I A  OF SPRUNG MASS = 7 5 7 6 4 . 0 0  L B . I N . S E C * * 2  

P I T C H  MOMENT OF I N E R T I A  OF SPRUNG MASS = 1 6 0 9 6 7 3 . 0 0  L B . I N . S E C * * 2  

YAW MOMENT OF I N E R T I A  OF SPRUNG MASS = 1 6 0 9 6 7 3 . 0 0  L .B . IN .SEC* *2  

H E I G H T  OF SPRUNG MASS CG ABOVE GROUND = 9 9 . 6 4  I N C H E S  

AXLE  # 4 AXLE  # 5 AXLE  1 6 AXLE  # 
* * * * * * * * *  *********  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  * * * * * * * * *  

LOAO ON EACH AXLE (LB. )  13000.00 1 3 0 0 0 . 0 0  13000.00 

AXLE  WEIGHT ( L B . )  1 5 0 0 . 0 0  1 5 0 0 . 0 0  1 5 0 0 . 0 0  

AXLE  R O L L  M . 1  ( L B . I N . S E C * * ~ )  4 1 0 0 . 0 0  4 1 0 0 . 0 0  4 1 0 0 . 0 0  

X O I S T  FROM SP MASS CG ( I N )  - 5 8 . 2 4  - 1 0 0 . 2 4  - 1 4 2 . 2 4  

H E I G H T  OF AXLE C .G .  ABOVE 2 0 . 0 0  2 0 . 0 0  2 0  .OO 
GROUND ( I N C H E S )  

H E I G H T  OF ROLL  CENTER ABOVE 29 .OO 2 9 . 0 0  2 9  .OO 
w GROUND ( I N C H E S )  

H A L F  S P R I N G  SPACING ( I N )  1 9 . 0 0  1 9 . 0 0  1 9 . 0 0  

H A L F  TRACK - INNER T I R E S  ( I N )  2 9 . 5 0  2 9 . 5 0  2 9 . 5 0  

DUAL  T I R E  SPACING ( I N )  1 3 . 0 0  1 3 . 0 0  1 3 . 0 0  

S T I F F N E S S  OF EACH T I R E  (LB/IN) 5000.00 5000.00 5000.00 

R O L L  STEER C O E F F I C I E N T  0.0 0.0 0.0 

AUX ROLL  S T I F F N E S S  ( I N . L B / D E G )  0.0 0.0 0.0 

S P R I N G  COULOMB F R I C T I O N  - 1 000.00 1 0 0 0 . 0 0  1 000.00 
PER S P R I N G  ( L B )  

V ISCOUS DAMPING PER S P R I N G  1 0 . 0 0  1 0 . 0 0  1 0 . 0 0  
(LB.SEC/IN) 

S P R I N G  TABLE  # 3 3 3 

CORNERING FORCE TABLE  # 3 3 3 

A L I G N I N G  TORQUE TABLE  # 3 3 3 
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1 1  AXLE DOUBLE ( M I C H  T A N K E R )  

SPRUNG MASS # 2 
* * * * * * * + * * * * * * * *  

T I M E  FORWARD L A T E R A L  V E R T I C A L  
( S E C )  P O S I T I O N  P O S I T I O N  P O S I T I O N  

(IN) ( I N )  ( I N )  

R O L L  YAW P I T C H  FORWARD L A T E R A L  R O L L  YAW P I T C H  L A T E R A L  
ANGLE ANGLE ANGLE V E L  V E L  R A T E  RATE R A T E  ACCIJ. 
(DEG) ( D E G )  ( D E G )  I N / S E C  I N / S E C  D E G / S E C  DEG/SEC DEG/sEc I N / S E C * + ~  

ART I C  
ANGLE 
D E G  



1 1  AXLE DOUBLE (MICt-1 TANKER) 

SPRUNG MASS # 3 
* * * * * * * * * * * * * + * *  

T I M E  FORWARD LATERAL V E R T I C A L  
( S E C )  P O S I T I O N  P O S I T I O N  P O S I T I O N  

( I N )  ( I N )  ( I N )  

ROLL YAW P I T C H  FORWARD LATERAL ROLL YAW P I T C t i  LATERAL 
ANGLE ANGLE ANGLE VEL VEL RATE RATE RATE ACCN . 
( D E G )  (DEG)  ( D E G )  I N / S E C  I N / S E C  DEG/SEC DEG/SEC DEG/SEC I N / S E C k * 2  

A R T I C  
ANGLE 
DEG 



1 1  AXLE D0UBL.E (M IC t1  TANKER) 

SPRUNG MASS # 4 
* * * * * * * * * * * * * * * *  

T I M E  FORWARD LATERAL V E R T I C A L  
( S E C )  P O S I T I O N  P O S I T I O N  P O S I T I O N  

( I N )  ( I N )  ( I N )  

ROLL 
ANGLE 
(DEG)  

YAW P I T C H  FORWARD LATERAL ROLL YAW P I T C H  LATERAL 
ANGLE ANGLE VEL VE L RATE RATE RATE ACCFJ. 
(DEG)  ( D E G )  I N / S E C  I N / S E C  DEG/SEC DEG/SEC DEG/SEC I N / S F C * * 2  

ART I C  
ANGLE 
DEG 
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I I AXLE D O U B l ~ E  ( M I C H  TANKER)  

AXLE # 2 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  ( O E G )  ( I N )  

L E F T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L E I . )  ( F T . L B )  ( L B . )  

R I G H T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B . )  ( F T . L B )  ( L B . )  



1 1  AXLE DOUBLE ( M I C H  TANKER)  

AXLE # 3 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  ( D E G )  ( I N )  

S L I P  
ANGLE 
( D E G )  

L E F T  S I D E  
V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  

LOAD FORCE TORQUE FGRCE 
( L B .  ( L B .  ( F T . L B )  ( L B . )  

R I G I i T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B .  ( F T . L B )  ( L B .  ) 



DOUBLE ( M I C H  TANKER)  

AXLE # 4 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  (DEG)  ( I N )  

S L I P  
ANGLE 
( D E G )  

L E F T  S I D E  
V E R T I C A L  LATERAL A L I G N I N G  

LOAD FORCE TORQUE 
( L B .  ( L B .  ) ( F T .  L B )  

S P R I N G  
FORCE 

( L B .  1 

R I G H T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B .  ( F T . L B )  ( L E I . )  



1 1  AXLE DOUBLE ( M I C H  TANKER) 

AXLE # 5 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  (DEG)  ( I N )  

L E F T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B . )  ( F T . L B )  ( L B . )  

R I G H T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
(DEG)  ( L B . )  ( L B . )  ( F T . L B )  ( L B . )  





AXLE # 7 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  ( D E G )  ( I N )  

L E F T  S I D E  R I G H T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B .  ( F T . L B )  ( L B . )  ( D E G )  ( L B . )  ( L B .  ( F T . L B )  ( L B .  ) 



I 1  AXLE DOUBLE ( M I C H  TANKER)  

AXLE # 8 
* * * * * * * * *  

T I M E  ROLL BOUNCE 
( S E C )  ( D E G )  ( I N )  

L E F T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B . )  ( F T . L B )  ( L B . )  

R I G H T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B . )  ( F T . L B )  ( L B .  ) 







DOUBLE ( M I C H  TANKER) 

AXLE # 1 1  
* * * * * * * * * 

T I M E  ROLL BOUNCE 
( S E C )  (DEG)  ( I N )  

L E F T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
(DEG)  ( L B . )  ( L B .  ( F T . L f 3 )  ( L B . )  

R I G H T  S I D E  
S L I P  V E R T I C A L  LATERAL A L I G N I N G  S P R I N G  
ANGLE LOAD FORCE TORQUE FORCE 
( D E G )  ( L B . )  ( L B . )  ( F T . L B )  ( L B . )  



APPENDIX C 

DERIVATION OF THE EQUATIONS OF MOTION FOR THE DYNAMIC MODEL 
OF MULTIPLE-ARTICULATED VEHICLES (YAW/ROLL MODEL)  

The equations of motion are derived by the appl ication of the 

Newton's laws of motion. The derivation i s  organized under the 

following sub-headings: 

1 )  Axis Systems 

2 )  Equations of Motion for the Sprung and 
Unsprung Masses 

3 )  Suspension Forces 
,.' 

4)  Constraint Forces and 'Moments 

5) Tire Forces 

A brief out1 ine of the computer code is  presented a t  the end 
of the appendix. , 

C . 1 ,  Axis Systems 

Three types of axis systems are used in the process of develop- 
ing the equations of motion. They are: (1) a n  inertial axis system 
fixed i n  space, (2) an axis system fixed t o  each of the sprung masses, 
and ( 3 )  an axis system fixed t o  each of the unsprung masses. For 
example, Figure B.l shows the axis systems for a four-axle, mu1 t iple- 
articulated vehicle with two articulation points, C1 and C 2 ,  

respectively. 

Euler angles are used t o  define the orientation of the sprung 

and unsprung masses with respect t o  the inertial axis system. Since 
a l l  sprung mass axis systems are defined alike, the axis transforma- 
tion equations are given below for only one sprung mass. For the same 
reason, the transformation equations for the unsprung mass axis systems 
are derived for a single unsprung mass. 





C. 1 . I  Sprung Mass Axis System. The three Eul er angles of 

yaw ( i s ) ,  pitch ( e S ) ,  and rol l  ($s )  which are needed t o  describe 
the orientation of each of the sprung mass axis systems are shown in 
Figures C.2, C.3, and C.4, respectively. 

The transformation equation between the iner t ia l  and sprung 
mass axis systems can be derived using the three sequential steps of 
rotation which are  i l lus t ra ted .  For the yaw rotation, qS 

For the rotation, e,, i l lus t ra ted  in Figure C.3, 

0 ( ?  ' cos eS  sin eS ' 2 
- + 

- [ - s r n e  co :e]  I , + j~ ) 
S s  k2, 

Proceeding along similar 1 ines, the roll  rotation i l lus t ra ted  i n  

Figure C.4 yields 



Figure C.2 

YAW - 

Figure C.3 

PITCH 

ROLL - 
Euler angles needed t o  define the orientation of 
each of the sprung mass axis systems. 



The t ransformat ion ma t r i x  which i s  needed t o  r e l a t e  the sprung 

mass a x i s  system and the  i n e r t i a l  a x i s  system can now be obtained by 

combining (Z), ( 4 ) ,  and ( 6 ) .  Doing so, we get 

where [ A .  .] = [ai j] [bi j] [ci j] 
1J 

During d i r e c t i o n a l  maneuvers, the p i t c h  angle,s of sprung masses are 

u s u a l l y  r e s t r i c t e d  t o  very small values, hence the t ransformat ion 

equations can be s i m p l i f i e d  by rep lac ing  s i n  e S  by B S  and cos e S  by 

1.0. Expanding Equation (7 )  and applying the small p i t c h  angle 

assumpti'on, we get: 
, 

I + 
cow, -sinw ~ o s ~ ~ + c o s $  e sin)s s inqssing +cos$ e C O S ~ ~  s S S S . is 

? )  sinqs cos$ c o ~ ) ~ + s i n ~ ~ e ~ s i n ( ~  - c o ~ q ~ s i n ( ~ + s i q  e cos) 
S s S S 

s s  1 1  s 
+ - e s sing, ~ 0 ~ 4 ~  ks 1 



Sprung Mass Angular Velocities : 

The equations of motion of each sprung mass are  written in 
terms of the body-fixed angular velocities (ps,qs , r s )  and their  
derivatives. In order t o  determine the Euler angles, the Euler 
angular velocities (GS,6S,$S)  have to be calculated from the body- 
fixed angular velocities ( p s  ,qs,rs) and then integrated numerically. 
The Euler angular velocities ( s , s , s )  are defined along the 
? t +  

,J  ,k ) directions. Therefore, equating the body-fixed and Euler ( 's  2 n 
angular velocities,  we get 

From Equation ( 5 )  we note that 

j2 = cos t S j S  - sin mSkS 

A 1  so, Equation (8) indicates that 

- 
k n  - -esis + s i n  4 s j s + cos $SkS 

Substituting Equations (11) and ( 1 2 )  back i n t o  (10)  we get 



qSjs = (is cos p s  + sin 0 s s  6 )j s 

+ + 
rSkS = (-is sin q s + $, cos Q k S  

The above three equations can also be written fo r  solving the 
Euler angular veloci t ies  in terms of the body-fixed angular velo- 

c i t i e s  (ps ,qs , rs) .  I n  doing so,  we get: 

. 
s = qS cos m S  - r sin ( s S (17) 

$s = qs s in  + + rs cos 0 
S s (78) 

Therefore, Equations (1 6 ) -  (18) can be numerical ly  integrated to  obtain 
the Euler angles a t  any time t of the simulation. 

C .  1.2 Unsprung Mass Axis System. Each unsprung mass i s  per- 
mitted only to rol l  and bounce with respect t o  the sprung mass to  
which i t  i s  attached. The orientation of the unsprung mass w i t h  

respect t o  the iner t ia l  axis system i s  therefore defined by the yaw 
angle, $,, and the rol l  angle, p u ,  which are  shown i n  Figures C . 5  

and C.6 ,  respectively. 

Figure C . 6  indicates that 



F i g u r e  C . 5  

YAW - 

ROLL - l A i -  kl 'U 

F i g u r e  C.6 

E u l e r  ang les needed t o  d e f i n e  t h e  o r i e n t a t i o n  o f  each o f  t h e  
unsprung masses. 



When Equations (3) and (5)  are combined, we have 

Therefore, combining Equations ( 1  9 )  and ( 2 0 )  and substi tuting for  
[ b i  j] and [c .  .], we get the transformation equation which relates  

1 J  
the sprung and unsprung mass axis systems. , 

C.2. Equations of  Motion 

With each sprung mass assumed t o  possess f ive degrees o f  

freedom and each unsprung mass assumed t o  possess two degrees of 
freedom, the number of different ial  equations requi red t o  describe 
the directional and roll  behavior of a multiple-articulated vehicle 
i s  given by 

where n = number o f  sprung masses 
rn = number of unsprung masses 

C.2.1 Equations of Motion for the Sprunq Masses. Appl ica- 
tion of Newton's laws of motion leads t o  f ive  equations for each of 
the sprung masses possessed by the assumed vehicle system, v i z . :  



Lateral Force Equation: 

-+ 
- ms(pswS - rSuS) = r j component of constraint forces 

+s 
+ i jS component of the suspension forces 
+ m g sin 4, 

S ( 2 2 )  

Vertical Force Equation: 
-f 

m ; - m ( q  u - psvS) = z k component of constraint forces s S s S S  +s 
t i ks component of the suspension forces 
t mSg cos + 

S (23) 

Roll i na Moment Eauation: 

- ( I  - I )qSrS = i roll  moments from the constraints 
YJ's z Z ~  + i roll moments from the suspensions 

Pitching Moment Equation: 
(24 

- I p r  = i pitching moments from the constraints 
XXs + i pitching moments from the suspensions 

Yawing Moment Equation: 
(25) 

IzzFs - (Ixx - I ) p S q S  = r yawing moments from the constraints 
s s t i yawing moments from the suspensions 

Note: - 
- 

In the above equation, the "cons~raint  forces" are the  

forces which arise a t  the points of connection between adjacent 
sprung masses. The "suspension forces" are defined as the forces 
acting between an axle and the sprung mass. 



C.2.2 Equations of Motion for  the Unsprunq Masses. Two 

equations can be written for  the roll and bounce degrees of freedom 
possessed by each of the unsprung masses: 

= roll  moment produced by the suspension 

forces + roll moment produced by the 
t i r e  forces 

m f 1. = if component of suspension forces 
'i mui  i i 

+ t component of the t i r e  forces " i 

In order t o  evaluate the right-hand side of Equations ( 2 2 )  
through (28) ,  the forces produced by the suspension, hitching 
mechanisms and t i r e s  need t o  be determined. The manner i n  which 
these forces are treated i s  out1 ined in the foll  owing sections. 

C.3. Suspension Forces 

Each suspension i s  assumed t o  consist of a pair of linear 
springs and linkages which establish a roll center, R i .  Figure C . 7  

i s  a schematic diagram showing that the suspension springs are assumed 
to remain para1 le l  t o  the tui axis of the unsprung mass, and are 
capable of transmitting ei ther  compressive or tensi le  forces only. 
All roll  plane forces which are perpendicular to  the suspension springs 

are assumed t o  act  through the roll center, R i .  The roll center, R i ,  

i s  located a t  a fixed distance, Z R ~ ,  beneath the sprung mass, and  i s  
permitted t o  s l ide along the rui axis of the unsprung mass. 



Figure C.7. Suspension and t i r e  forces a t  each axle. 



Figure C.7 shows that  the suspension forces transmitted t o  the 
sprung mass from any given axle,  i ,  are  

The suspension forces can be defined in the sprung mass co- 
ordinate system by applying the coordinate transformati on expressed 
by Equation (21 ) .  Upon applying the transformation, we get 

F su s p = [- F R i  e s sin ( i + ( F i l + F i 2 ) ~ S ~ ~ ~  $I i ] i s  + [F i C O S ( $ ~ - C ~ ~ )  

The compressive or tens i le  forces, Fi  j ,  produced by the sus- 
pension springs are  calculated using a sui tab1 e suspension spring 
model. On the other hand, the force, F R ~ ,  acting through the roll 
center,  R i ,  i s  an internal force which can be eliminated by inspect- 
ing the dynamic equilibrium o f  the axle i n  the iUi direction. Upon 
writing the equation for  the la teral  equilibrium of the axle, and 
rearranging, we get: 

4 
+ - 

FR - - m u  [ g o  ju ] + C F cos + 
i i u i  i j;1 Yij U i 

4 

- C F sin 4" + m g sin eu  
j.1 'i j i i i 

Of the terms in the right-hand side of (31 ) ,  the only un-  

known i s  the acceleration, &, . o f  the unsprung mass. Since the 
i 

acceleration of the unsprung mass can be defined relat ive t o  the 
sprung mass to which i t  i s  attached, i t  can be written as: 



+ 
where am i s  the acceleration a t  the c. g .  of the sprung mass 

C 

+ = 
a R i s  the relative acceleration a t  the roll center, R i ,  

' lms with respect to the sprung mass c.g. 
+ 

and am / R i  i s  the relat ive acceleration a t  the c.g. of the 

'i axle with respect to  the roll center, R i  

We shall now derive expressions for each of the three terms in the 
right-hand side of (32) .  

The acceleration of the sprung mass along the body-fixed co- 
- k t +  ordinates ( i S , j S , k S )  i s  given by: 

Since the rol l  center, Ri, i s  a t  a fixed distance from the sprung 
mass c.g., the acceleration of R i  with respect t o  the sprung mass 

+ 
(aR. /m ) can be derived as follows: 

1 s 



The t h i r d  term i n  Equation ( 3 2 ) ,  iim /R , can be der ived 

along the  same 1 ines  as , v iz . :  i i 
Ri/ms 

Hence, combining Equations ( 3 3 ) ,  (36); and (39) and t rans-  

forming the  acce le ra t i on  de f ined i n  t h e  sprung mass coordinate system 

t o  the unsprung mass coord ina te  system, we get: 

On s u b s t i t u t i n g  the  r ight-hand s ide o f  (40) f o r  the term 
i 

( Zrn * j, ) i n  Equation (311, we get  the fo l low ing r e s u l t  f o r  FR : 

ti i i i 



+ m g  s i n  $I " i i 

C.4. C o n s t r a i n t  Equat ions 

The d i f f e r e n t i a l  equa t ions  which d e s c r i b e  t h e  mot ion  of the  

sprung mass (Equat ions ( 2 2 ) - ( 2 6 ) )  c o n t a i n  terms which a re  r e l a t e d  

t o  t h e  f o r c e s  and moments which a r i s e  a t  t h e  p o i n t s  o f  connect ion 

between t h e  v a r i o u s  sprung masses. These f o r c e s  and moments can be  

determined from t h e  k inemat ic  equa t ions  which d e f i n e  t h e  c o n s t r a i n t s .  

A1 t e r n a t i v e l y ,  t h e  c o n s t r a i n t  f o r ces  and moments cou ld  be eva l  uated 

by cons ide r i ng  t h e  c o u p l i n g  mechanisms t o  be compl ian t  such t h a t  t h e  

forces/moments t r a n s m i t t e d  th rough  t h e  coupl  i ng becomes a  f unc t i on  

o f  t h e  r e l a t i v e  d isp lacement  ( l i n e a r  and angu la r )  between t h e  lead  

and t r a i l i n g  e l emen ts ' o f  t h e  c o u p l i n g  mechanism. 

Examinat ion of t h e  geometr ic c o n f i g u r a t i o n  o f  t h e  coupl  i ng  

u n i t s  used on heavy-duty t r ucks  and t h e  s t r u c t u r e s  t o  which t hey  a r e  

a t t ached  i n d i c a t e s  t h a t  these coupl  i n g  elements a r e  r e1  a t i v e l y  r i g i d  

w i t h  r espec t  t o  t r a n s l a t i o n  b u t  r e l a t i v e l y  comp l ian t  w i t h  respec t  t o  

r o t a t i o n .  Accord ing ly ,  two d i f f e r e n t  schemes were adopted t o  repre -  

sen t  t h e  c o n s t r a i n t  forces/moments t h a t  appear on t h e  r i gh t - hand  s i d e  

of Equat ions (22). th rough  ( 2 6 ) .  Spec i f  i c a l  l y  , t h e  f o r c e s  were d e t e r -  

mined f rom k i nema t i c  express ions which s t a t e ,  i n  e f f e c t ,  t h a t  t h e  

a c c e l e r a t i o n  a t  a  coupl  i n g  p o i n t  i s  t h e  same f o r  bo th  t h e  l e a d  and 



the t ra i l ing  units of the coupling. The moments, on the other hand, 

were calculated as a function of the angular displacement of the lead 
and t r a i l  i n g  el ements of a given coupl ing mechanism. 

Four particular coupl ing mechanisms were of interest .  These 
mechanisms are diagrammed in Figure C.8. Note that the f i f t h  wheel 

and the inverted f i f t h  wheel arrangement permit the lead and  the t r a i l -  
ing units t o  yaw and pitch with respect t o  one another, b u t  are s t i f f  
in ro l l .  The kingpin-type connection permits only yaw motions. In 
the case of the pintle hook connection, the t ra i l ing unit i s  permitted 
t o  r o l l ,  bounce, yaw, and pitch with respect to  the lead unit ,  the 
only constraint being that which requires the lateral  position of the 
lead coupler to be the same as the la teral  position of the forward end 
of the drawbar. 

Let us consider, f i r s t ,  the procedure by which the unknown 
constraint forces can be determined on the basis of the kinematic 
conditions which must be satisfied. If  the se t  of k second-order 
differential  equations of motion corresponding t o  n sprung masses and 
m unsprung masses are written in matrix notation (recall  that 
k = 5n + 2m), we obtain: 

where 

M i s  the iner t ia  matrix of  s ize  kxk  . 
+ 
x i s  a vector of the f i r s t  derivative of the motion 

variables of size k:  

[ ( v i Y  wi, r i  , q i ,  p . )  i.1,. . . ,n , (P, ,z ) i=1 y . . .  ,m 
1 i  "i 

+ 
y i s  a vector of size k, which i s  a function of 2, 

7 

x a n d  the dimension of the vehicle 
+ 
f c  i s  a vector of j unknown constraint forces and  moments 

N i s  a matrix of size k x k  which i s  a function of vehicle 
dimensions and z. 



CONVENTIONAL FIFTH WHEEL 

INVERTED FIFTH WHEEL 

PINTLE HOOK 

Figure C.8. Schematic diagrams of four coup1 ing mechanisms commonly 
used on commercial vehicles. 



The kinematic constraints that exist at the various connect- 
ing points, when written as a set of acceleration constraint 
equations, are of the form: 

where 
C is a matrix of size j x k ,  which is a function of the 

vehicle dimensions and 2 
-L 

d is a vector o f  size j, which is a function of 2, 
4 
x, and the dimensions of the vehicle. . . 

If we solve Equation (42) for ;, we obtain 

On substituting Equation (44 )  in (43), we get 

which, on being solved for the constraint forces, yields: 

The set of differential equations given by Equation (42) can now be 

solved by substituting Equation (46)  back into ( 4 2 ) .  Upon doing so, 
we obtain: 

Since all the terms in the right-hand side of (47) are known, 
Equation (47 )  can be integrated by any standard integration sub- 

routine. 



Each of the four connections considered here are single-point 
constraints.  Specifically,  there i s  a point C common to both the 
lead and the t r a i l i ng  uni ts ,  about which ar t iculat ion takes place. 
(See, for  example, Figure C.9.) The required equations of constraint 
are obtained by equating the acceleration of  point C on the lead unit  
t o  the acceleration of the same point on the t r a i l i ng  unit .  

With reference to  Figure C.9, the acceleration of point C on 
the lead u n i t  i s  seen to  be: 

Figure C.9. A single point constraint in which the articulation 
takes place about point C .  



The acceleration of the same point in terms of the motion 
variables of the trailing unit is :  

Equations (48) and (49 )  can be equated t o  each other after  transform- 
ing the coordinate system of the lead unit t o  t h a t  of the trailing 
unit, or vice versa. 

Referring t o  Equation ( 7 ) ,  we note t h a t :  



Upon combining Equations (50)  and (51 ) ,  we get: 

where: 

T12 = -$s )cos 4 - a s  sin 4 + sin 4 e cos($ -qs ) 
2 1 1 2 1 s1 S2 1 

Ti3 = -sin($, -+, )sin 4 - e S  cos 4 + cos $s eS cos(9 -qs ) 
2 1 1 2 1 1 1  s2  1 

Tpl  = -COS 4s  s in($  -$s ) - a s  sin 4 + sin $s eS  C O S ( ~ ~ J ~  ) 
2 s~ I I 2 2 2 s2 1: 

TZ2 = cos -0s 4 C O S ( + ~  -qs ) + sin ps sin 
1 2 2 1 1 2 

- sin +, es  cos 4 s in(+,  -qs ) 
1 1  2 2 1 

+ sin $s e S  cos m S  s in(+  -w ) 
2 2 1 S2 

= -sin $s cos 4 cos ( iS  -$ ) + cos bS sin 6 ' 23 1 2 2 1 2 
- cos 4 cos $ e sin(qs -qS ) 

1 s1 2 1 
- sin 4, sin 4 e s in($  -qs ) 

1 s2 s2 S2 1 
T31 = sin 4, s in($  - ) - cos 4, E, + cos m e cos($ -6 ) 

2 S2  2 1 s 2  s2  '2 



T32 = -cos 4 sin (s cos($, -$, ) + cos 4, sin + 
1 2 2 1 2 1 

+ sin 4s  s in  $ e sin(qS -$ ) 
1 s2 S1 2 

+ cos +, cos 4 e sin($ -qS ) 
1 s2 s 2  s 2  1 

T33 = sin $, sin 4, cos($ -$s ) + cos 4, cos + 
1 2 s2 1 1 s2 

+ cos +, sin 0, e s  s in(+,--? ) 
1 2 1 2 S1 

- sin 4 cos $ e sin(qJs -qS ) 
1 s2 s2 2 1 

After the transformation i s  appl ied to" Equation (51 ) , one 
obtains the following constraint equations: 

Note that  Equations (54)  and (55) are equivalent to Equation 
(43 )  above, since the quant i t ies ,  a l ,  bl , and c l ,  e tc . ,  are  accelera- 
tions. Equations (54) and (55) serve t o  determine the lateral  and 

vertical forces acting a t  the coupling p o i n t  C. In the case of the 
pintle hook connection, only Equation (54) i s  required since a 
constraint force cannot exis t  in the vertical  direction. 

Roll and Pitch Moments for  a Conventional Fifth 
Wheel Connection. Figure C.10 presents both the side and rear views 
of a conventional f i f t h  wheel arrangement. I t  i s  observed that the 
conventional f i f t h  .wheel arrangement permits f ree rotational motions 
of the t r a i l i ng  u n i t  along the pitch axis,  jsl , o f  the lead u n i t ,  and 

-b 

along the yaw axis ,  k S 2 ,  of the t ra i l ing  unit .  When the two units 
I 

are in l i ne ,  the pitch axis ,  jS2, of the t ra i l ing  unit coincides 
with the ; axis. Therefore, when the relat ive yaw angle i s  zero, 

1 



SIDE VIEW REAR VIEW 
7 ___ 

LEADING 
UNIT 

Figure C-10- Conventional f i f t h  wheel arrangement. 

the t ra i l ing  unit i s  free t o  pitch with respect t o  the lead unit. 

- 

When the relat ive yaw angle between the two units reaches 90 degrees, 

TRAILING UNIT - 

, 

t the roll  axis,  1 5 ~ '  of the t ra i l ing  unit coincides with the pitch 
3 

axis ,  js,, making the t rai l ing unit free t o  roll w i t h  respect t o  the - 
lead unit. 

' s t  w / 

J 
G, 

I t  i s  assumed t h a t  fr ictional couples which exis t  along the 
+ -f 

jsl and ks2 directions are sufficiently small t h a t  they can be 

neglected. Thus, the only constraining moment that can act  on the 

lead unit i s  a roll moment along the TS, direction. The roll 



compl iance which exis ts  b o t h  in the t ractor  and t r a i l e r  structures 

and in the  coup1in.g device i s  lumped t o  constitute the torsional 

s t i f fness ,  K 1 ,  shown in Figure C.ll .  A second se t  of axes 
+ (Yi,, T i , ,  k i l )  affixed t o  the f i f t h  wheel are also defined i n  

Figure C.ll.  This axis system has the same yaw and pitch angles as 

those of the lead uni t ,  b u t  has a different roll angle, G I .  The 

- 

Figure C .  11. Representation of  the conventional f i f t h  wheel 
arrangement in the yawlroll model. 



difference in the ro l l  angle (+il -hl ) represents the structural  
compliance. The ro l l  moment acting through the f i f t h  wheel can 
therefore be expressed as: 

The construction of the f i f t h  wheel i s  such t ha t  + the pitch 
axis ,  $1, i s  always perpendicular t o  the yaw ax i s ,  k S 2  I n  t e n s  
of u n i t  vectors, t h i s  condition can be written as: 

3 3 

Both jll and kS2 can be expressed i n  terms of the ine r t i a l  
+ + 

unit vector ( i n ,  jn,  kn) using the transform equation ( 9 ) .  Upon 
doing so, carrying out the dot product and solving fo r  $il ,  we find 
t ha t  Equation (56)  can be expressed as  

The constraining moments acting on the  t r a i l i n g  uni t  a r e  

and 

where TI1  and T2, a r e  defined i n  Equation ( 5 3 ) .  



Roll and Pitch Moments for an Inverted Fifth Wheel 
Arrangement. The inverted f i f t h  wheel i s  an arrangement i n  which 
the lower and upper halves of a conventional f i f t h  wheel coupl ing are 

reversed. The inverted f i f t h  wheel arrangement i s  shown in Figure 

The coupler permits free rotational motion of the t ra i l ing 
-k 

unit along the pitch axis ,  js2, of the t ra i l ing  unit and the yaw 
-+ 

axis,  k S 1 ,  of the lead unit. Unlike the conventional f i f t h  wheel 

arrangement, the pitch axis of the inverted coupler i s  always lined 

u p  w i t h  the pitch axis of the t r a i l e r  for a11 values of articulation 
angles. The inverted f i f t h  wheel coupl ing can therefore transmit a 
rol l - resis t ing moment from the lead unit to the t ra i l ing unit for a71 
values of the relat ive yaw angle between the lead and the t rai l ing 

SIDE VIEW REAR VIEW 

Figure C. 12. The inverted f i f t h  wheel arrangement. 



u n i t s .  I n  the  case o f  the i nve r ted  f i f t h  wheel, the  s t r u c t u r a l  corn- 

p l  iance i n  r o l l  i s  modeled by a  t o r s i o n a l  sp r i ng  o f  s t i f f n e s s  Kxl, 

o r i en ted  along the  Ts2 ax i s  o f  t he  t r a i l i n g  u n i t .  Upon ca r ry ing  ou t  

the d e r i v a t i o n ,  we get:  

The r o l l  and p i t c h  moment a c t i n g  on the lead u n i t  a re  given 

by 

where TI and T12 a re  once again def ined< i n  Equation ( 5 3 ) .  

C.4.3 Ro l l  and P i t c h  Moments f o r  a  Kingpin-Type Connection. 

I n  a  k ingp in- type arrangement, on ly  yaw mot ion i s  permi t ted  between 

the  lead and the t r a i l i n g  u n i t s .  Hence, cons t ra in ing  moments a c t  

i n  both the  p i t c h  and yaw d i r e c t i o n s .  The s t r u c t u r a l  compliance i s  

t he re fo re  represented by t o r s i o n a l  spr ings,  Kxl m d  K d l  , along the 

p i t c h  and r o l l  axes. Shown i n  F igure  C.13 i s  an ax i s  system 
? I  

-+ 
(74, , jsl , k i l  ) which has the  same yaw angle, ys,, as the  lead u n i t ,  

bu t  d i f f e r e n t  r o l l  and p i t c h  angles, and c;,, r espec t i ve l y .  The 
+ 

a x i s  system i s  so o r i en ted  t h a t  the k i l  a x i s  i s  p a r a l l e l  t o  the k S 2  

a x i s  o f  the  t r a i l i n g  u n i t .  Therefore, t h e  vector  equations 

and 



F igu re  C.13. Represen ta t ion  o f  t h e  k i ngp in - t ype  connec t ion  i n  the  
y a w l r o l l  model. 

have t o  be s a t i s f i e d .  Equat ion (64 )  y i e l d s  t h e  p i t c h  ang le  

e '  = cos(q  - ) + t a n $  s i n ( $  - $ s )  
1 2 s~ 2 s~ 1 

The re fo re  



Equation (65)  yields a resul t  which i s  identical t o  ( 5 8 ) ,  

therefore 

The constraining moments, Mx2 and My2, which act on the t r a i l -  
i n g  unit are now given by 

and 

where T1 TI 2 ,  T21 , and TTZ2 are once again defined in Equation (53 ) .  

C . 5  Forces and Moments a t  the Tire-Road Interface 

In order to obtain a high degree of accuracy in predicting 
rolllyaw behavior, the computer code u t i l i zes  measured t i r e  data for 
computing the la te ra l  forces and aligning moments generated a t  the 
tire-road interface.  If the s idesl ip  angle and the vertical load 
acting on a t i r e  are  known, the la teral  force and aligning moment can 

be computed by a 1 inear interpolation of the tabulated t i r e  data. 
Expressions for  the s idesl ip  angle and the vertical load a t  the t i r e -  
road interface will now be derived in terms of the velocities and 
displacements of the sprung and unsprung masses. 

C.5.1 SideslipAngles. L e t u s  f i r s t  express t h e s i d e s l i p  

angle a t  the tire-road interface in terms of the body-fixed velo- 

c i t i e s  of the sprung mass and the axle. The s idesl ip  angle a t  the 
j - t h  t i r e  on  axle i  i s  given by the expression: 



a i j  = tan-' (vaxiei'uti rei - 
where 

( ~ o t e  that the t e n  tii in Equation (71 ) represents the angle made by 

the wheel plane with respect t o  the longitudinal axis of the sprung 
mass coordinate system. ) 

C.5.2 Vertical Loads. The vertical  compliance in the t i r e s  
i s  modeled by l inear  springs, K T i j  Therefore, i f  the vertical  
deflection, a t  the t i r e  i s  known, the vertical t i r e  load, F z i j ,  

can be calculated from the expression: 

The vertical  deflection of the t i r e s  can be expressed i n  terns 

o f  the deflection of the sprung and unsprung masses. The deflection 
of the outer l e f t  t i r e  on axle i  i s  siven by the equation: 



where 

nzS i s  the vertical deflection of the sprung mass c.g. 
-F 

along the iner t ia l  axis k n  

azs = 0.0 a t  time t = 0.0 

i s  the vertical distance between the rol l  center, 
'ui 0 R i y  and the axle c.g. a t  time t = 0.0 

Ai o i s  the s t a t i c  deflection of the t i r e s  a t  time 

t = 0.0. 

The deflection of the other three t i r e s  on axle i i s  given by: 

A i  2 = t A .  sin (,, 
1 i 

= A i 2  + 2Ti s in  ( 
i 

A i 4 = A + A i  sin ( 
i 3 i 

Equations (78) through (81) yield the vertical load on a given 
t i r e  which, in combination with Equation ( 7 1 ) ,  permits one to  per- 
form a l inear  interpolation of tabulated t i r e  data to  determine the 
value of la teral  force and a1 igning moment corresponding t o  the pre- 
vailing load and s l i p  angle. 

C.6 Computer Code for  Solving the Equations of Motion 

The discussions in Section C.3  through C.5 have outlined the 
manner in which one can compute the external forces acting on b o t h  

the sprung and unsprung masses. The equations o f  motion, (22) 
through (28) ,  together with Equations ( 1 6 )  through (18) which define 
the Euler angular velocities ( i s ,  is, .. . 6,) are sufficient to solve 
for  z, i ,  and by numerical integration. 

A summary description of the computer code in the form of 
flow charts i s  given below in Figures C.14 through C.17. The computer 
program consists of an INPUT subroutine which reads in the input 
variables. A subroutine called FUNCTN solves the equation and 



.. 
computes 2. During the simulation of closed-loop maneuvers, the sub- 

routine FUNCTN ca l l s  the driver model (described in References [ I ]  
and [Z]) for  computing the steering-wheel angle. During open-loop 
maneuvers, the steering-wheel angle i s  calculated from a s t a r  table 
which i s  specified by the user of the program. The subroutine 
FUNCTN also ca l l s  subroutines which compute the la teral  forces and 

aligning torques which are present a t  the tire-road interfaces. The 
necessary o u t p u t  variables are printed o u t  through the OUTPUT sub- 
routine a t  specified intervals of time-XPRINT. The numerical 
integration i s  performed using a predictor corrector method. 
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Figure C.14. Main 
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Input Variables 
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Write I n p u t  Variables and 
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I Variables t o  I 
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Return 0 
Figure C .  15. Subroutine INPUT 
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Return 0 
Figure C .  16. Subroutine FUNCTN 
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Figure C .  17 .  Subroutine OUTP 


