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This report was prepared by Mr. Windeil F. Ingram of the Systems 

Software Section, Operations Branch, Automatic Data Processing Center, 

U. S. Army Engineer Waterways Experiment Station. The report is es- 

sentially a thesis submitted by Mr. Ingram in partial fulfillment of 

the requirements for the degree of Master of Science in Engineering to 

the Faculty of Mississippi State University, ant", is a study concerned 

with vehicle dynamics. The study described herein was conducted under 

the auspices of the Mobility and Environmental Systems Laboratory, Water- 

ways Experiment Station under DA Project 1T162112A0146, "Trafficability 

and Mobility Research," Task 03, "Mobility Fundamentals and Model 

Studies," under the sponsorship and guidance of the Research, Develop- 

ment and Engineering Directorate, U. S. Army Materiel Command. The 

study was accomplished under the general direction of Messrs. S. J. 

Knight and W. G. Shockley. 

BG Ernest D. Peixotto, CE, and COL G. H. Hilt, CE, were Directors 

of 4he Waterways Experiment Station during the period of preparation and 

pubiiration of this report. Mr. F. R. Brown was Technical Director. 
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CHAPTER I:  INTRODUCTION 

A vehicle body considered as rigid possesses six degrees of 

freedom, and may experience any of six different types of motion. 

Motion in the direction of travel of the vehicle is related to accel- 

eration and braking characteristics and is generally called the 

performance" motion.  Yawing and sideslipping are assorititod with 

steering control and are called "handling" motions.  Bounce, pitch, 

and roll are considered to be "ride" motions of the vehicle. 

In a general sense, the analysis of ground vehicle ride can be 

viewed as a problem involving the riding surface, the vehicle, and 

the vehicle occupants.  A complete analysis of occupant comfort 

would deal not only with the physical phenomena stimulating occu- 

pants, but also with the physiological and psychological responses 

of the occupants.  The vehicle occupants are stimulated by vehicle 

motions and by noises and vibrations coming from the power plant, 

the power transmission system, and other sources.  While stimulated 

by the vehicle's response to steering, acceleration, and braking, the 

occupants' most frequent stimulation is due to the motions of 

bounce, pitch, and roll.  These components of ride dynamics, which 

may be defined as the vehicle's response motions to excitations 

from riding surface irregularities, are the only vehicle motions 

considered in this study.  While some researchers consider roll 

motions to lie in the domain of handling rather than ride charac- 

teristics, roll has been shown to contribute significantly to 

vertical motions of the vehicle occupants, especially in cross-country 

vehicles where terrain profiles along the paths of the two sides of 

' 
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the vehicle can be significantly different. The effects of engine 

vibrations and vehicle frame flexure are not generally considered to 

be significant contributors to ride dynamics and will not be con- 

sidered here. 

Generally, the primary objective of an analysis of ride 

dynamics is to improve the ride characteristics of vehicles through 

an understanding of the mechanics of vehicle response to riding 

surface irregularities.  However, some analyses may be for the 

specific purpose of determining which existing vehicle design 

exhibits most favorable response characteristics to u given type 

riding surface, thus facilitating selection of a vehicle for a 

particular application. 

The three methods used in ride analysis are generally referred 

to as observation, experimental analysis, and mathematical analysis. 

Of the three methods, the oldest and most obvious is that of 

observation.  This is simply to observe the ride of the vehicle on 

various types of riding surfaces, make changes, and observe their 

influence.  This has been the most widely used method and it was 

largely through the use of this method that the ride of our 

present vehicles evolved.  The observation method has several 

drawbacks: 

1. The method is subjective, depending on the observer for memory 
and evaluation, and does not give a numerical measurement of 
ride characteristics. 

2. While detecting disturbing ride characteristics, the observer 
has no way to determine the source of the disturbance or 
what changes are necessary to improve the condition. 

3. Any changes in vehicle design must be fully implemented in 
the prototype vehicle before evaluation can be made. 

m 
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Experimental methods improve on the observation method by- 

employing instrumentation to quantify the vehicle response.  Modern 

electronic instrumentation makes it possible to measure and record 

many vehicle motions plotted against time.  Experimental methods, 

which are widely used, share with the observation method the dis- 

advantage of requiring a vehicle prototype for design evaluation. 

Proposed design changes can be evaluated only by construe* Ion of 

the changed component und implementation in the prototype.  It 

is also necessary to construct a test trnck or in some manner 

simulate the riding surface for which the vehicle is intended. 

Mathematical analyses have been made feasible by the advent of 

high-speed analog cuid digital computers.  Potential advantages of 

mathematical analyses are 

1. They provide a fundamental understanding of the in'.errelation 
of the various components of the vehicle.  This provides a 
better understanding of the influence of a design change. 

2. The effect of a proposed design change can be estimated 
without building a prototype. 

3. Comparison between many existing vehicle designs on varying 
riding surfaces can be made by changing the parameters 
associated with, the mathematical model. 

Experimental analyses are often used in conjunction with and for 

verification of mathematical models. 

• 

Historical   Background 

Attempts  at  analytical  approaches   to vehicle dynamics  date  back 

to  shortly after construction of the  first  automobile.     One of the 

first by Rowell   (.^l)*  in  1922 dealt with undamped,   free  vibrations. 

^Numbers  in parentheses  refer to similarly numbered entries   in  the 
Bibliography. 
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In 1926 Guest (9) developed a system of differential equations Lo 

describe the vibration motion of a vehicle.  His equations included 

effects of body bounce, body pitch, and axle bounce in a system 

consisting of body mass, suspension springs, axle masses, and tire 

vibration for body bounce and pitch to the motions felt by passen- 

gers located in different parts of the vehicle.  In 193'' 0] ley (l8) 

extended the work of Guest to include independent suspension systems. 

Through calculations and experiments he determined the effects of 

changes to a vehicle's design parameters (suspension and dampinf. 

rates) on the vehicle's periods of free vibration in body bounce and 

pitch.  He also determined that ride comfort is not solely a matter of 

opinion, but that a definite determination of the motion functions 

that produce discomfort could be made with variation being small 

between individuals.  His work made it possible to visualize clearly 

many of the problems associated with vehicle springing.  In i93r 

James, et al. (ll), using the analysis by Guest as a basis, developed 

the first method for obtaining the pitch moment of inertia of a 

vehicle body experimentally.  This was a significant contribution 

since an accurate value of the moment of inertia is essential to 

mathematical analysis of ride.  These early attempts at ride analysis, 

while producing considerable insight into the problem, soon become 

too mathematically complex for solution by manual methods and it 

became apparent that some sort of simulation of the vehicle would be 

necessary. 

In 19^3  Schilling and Fuchs (23) built a mechanical differential 

analyzer to solve the nonlinear differential equation associated with 

1 
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a single mass,  single  spring damper system.    Their analyzer permitted 

the  inclusion of a nonlinear characteristic for the  shock absorber 

and was used to determine  the  transient  vertical accelerations 

that might be experienced by a vehicle  passenger.    They demonstrated 

how these  accelerations  could  be  altered drastically  by changes   in 

the characteristics of  the  shock  absorber.    This analyzer was  con- 

sidered to be  the  first   analog  computer used  in suspension  analysis 

and was  a  significant  advance  to  the  state of the art. 

In the  early 1950's  there  was considerable work  directed 

toward passenger car  suspension  analysis   in  the automotive   industry 

as   a result  of  the  advent  of  ^he   analog  computer.     A   rignificant 

advance was made  in 1953 by Jeska   (12)  with  the presentation cf a 

model  that   included vertical motions of tne  front   and   rear wheels 

together with the bounce  and pitch of the  body.     The  unique  contri- 

bution  here  was   that   the  analysis   included   an  actual   roaci   pro-file, 

measured by a photographic  technique,  as  a dri'ing  function   to  the 

...odel. 

In  1955  Bodeau,  ot   al.   (2),   presented  a very  good   general 

i:scussion of ride analysis  and  a detailed  analysis using  a nine- 

.   ,.:ree-of-freedom model   to describe  a passenger  car.     This  work, 

which included both an  experimental  analysis  and a mathematical 

analysis using an analog computer,  attempted to determine  human 

response characteristics  in  terms  of passenger comfort   limits.     Up 

to this point,  little had been  learned  regarding passenger  tolerance 

to vibrations. 

Kohr   (10)   in I960 constructed  a servo-controlled motion  simu- 

lator which could  seat  two occupants and which  followed motions 

- - 
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determined by an analog computer. This "ride simulator" included 

seven degreesof freedom, i.e., body bounce, roll, and pitch, plus 

bounce and roll of each of the two axles.  A road profile was 

recorded on magnetic tape and then "played" into the analog computer 

Q.3 input disturbance to the model suspension system.  The simulator 

was occupied by a driver and passenger to provide a means of deter- 

mining the effects of the vibrationai characteristics of humans. 

The ride simulator was an important advancement for the automotive 

.ndustry because it enabled improvements in passenger car ride to be 

made with a minimum of time and effort. 

Up until the late 1950's most of the research in ride dynamics 

had been directed at on-the-road vehicles such as passenger cars. 

However, in this case most of the severe effects of ride motions had 

been overcome by altering the environment rather than the vehicle; 

i.e., we have designed and built smooth roads that produce rather 

minor disturbances to the suspension system as compared with cross- 

country locomotion. 

In the late 1950's the military began to recognize the signi- 

ficance of the ride dynamics problem in off-road mobility.  For 

off-road locomotion to achieve maximum effectiveness, ride motions 

due to terrain roughness must cause neither mechanical failure 

nor human response that reduces the average velocity of the 

vehicle.  Mechanical failure of military vehicles due to terrain 

roughness is not common, thus the military driver in an emergency 

will always drive to the limits of his tolerance to vibratory 

motions. Analysis of ride stimuli to the driver and crew in this 

environment bears little resemblance to determination of comfort 

\ 
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levels  in the usual automotive  sense.    The objective is to determine 

limiting speeds for cross-country vehicles in terms of the vehicle's 

design parameters,  the terrain roughness,  and human tolerance  to 

vibratory motions. 

As  a result of this military awareness  of ride dynamics, 

mathematical models  to assess  the   influence  of various design  al- 

ternatives on the performance  of military vehicles  have  become 

important.     Greater requirements   for ground mobility have  produced 

requirements  for new vehicles.     There  is  no longer time  for  expensive 

"cut  and try" methods  in  search of new designs.    Technology  has 

increased  the number cf possible  engineering choices to the  extent 

that exploratory building and testing of all  the alternatives   is 

impossible.     This  has  led  to  the  recognition that mathematical   models 

of terrain-vehicle  systems  are  necessary  to explore the  possible 

choices  and  select  a rational optimum. 

Thus the 19b0's  saw the  birth of  several  studies of off-road 

vehicle mobility,   including  not  only  analysis of ride dynamics,   but 

also analysis of trafficabiiity and maneuverability.    Van  Deusen   (r'O 

conducted a comprehensive  study of  the  ride dynamics aspect  of 

off-road mobility  including  a  theoretical  treatment  of the  dynamic 

behaviour of vehicles and an  analysis of human response  to vehicle 

vibration.     Pradko,  et  a.l .   (20),   conducted basic research  on   the 

effects  of venicle vibrations  on man.     On  the  assumption  that   ride 

comfort  is  strongly influenced by vertical acceleration,   he 

developed quantities to describe human dynamic  tolerances.     In  1965 

the FMC  Corporation   (7)  conducted  a study  for the Waterways   Experiment 

Station   (WES)  to determine  the  feasibility of using a digital  computer 

n - 
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to evaluate the ride dynamics of a vehicle traversing a hard-surface 

terrain.     It was this FMC  study that provided a starting point  for 

the  author's work on this  thesis.     In 1966 Cornell Aeronautical 

Laboratory  (5) began a comprehensive  study of ground mobility,  the 

result of which included a sophisticated vehicle dynamics model using 

a digital  computer.     The model,   however,  was not verified  against 

experimental results.     This  reference  contains a comprehensive  list 

of all ground mobility studies  conducted by and for the U.   2.   Govern- 

ment  in recent years.    The  efforts  in  off-road mobility research, 

both  completed and  in progress,   are  extensive. 

Two basic  approaches  have  been  token  in attempting  to  interpret 

ride vibrations and correlate  them with passenger  response  and 

terrain characteristics.     The deterministic  approach u;:.es  actual 

terrain or obstacle displacement   records  as  a function of time  as 

input  tu the model  and produces  information concerning vehicle  motion 

at each instart of time.     This  allows  determination of maximum ac- 

ceJorations and displacements,   etc.     The  stochastic  approach 

involves describing the terrain profile  statistically and  performing 

a statistical analysis of the response.     The output of a  stochastic 

analysis  consists of statistical  quantities  associated with the 

vehicle motions.    Although more  investigations have been made using 

the deterministic approach,   emphasis has apparently shifted to 

stocaastic  techniques. 

Virtually all models developed use either an analog computer 

or a digital  computer in the  analysis.     The determination of which 

is used is related to the nature of the study and the computing 

equipment  available to the researcher.     Generally, the analog approach 

UMjilll 
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is more limited in number of degrees of freedom than the digital 

approach since many organizations interested in vehicle ride dynamics 

do not have a large scale analog computer capable of including 

all the degrees of freedom desired in a complex vehicle simulation. 

Digital computers, though readily available in sizes capable of 

solving many degree of freedom vehicle simulations, do not provide 

the speed of solution as does the analog and often involve long 

program run-times for representative terrain lengths. 

11 

Purpose 

The general purpose of this study wan to provide an improved 

capability for simulating vehicle ride motions felt by the driver. 

The specific objectives encompassed by the study were essentially 

three.  First was the development of a practicable, efficient 

digital computer simulation model of the three-dimensional ride 

dynamics of a single-hull vehicle with an arbitrary number of axles, 

A background for this effort was provided by computerized models 

developed by FMC Corporation and by the WES.  The second objective 

was validation of the model by comparison of model responses to 

field test measurements for a representative vehicle.  The final 

objective was to investigate the effects of numerical integration 

step-size on the model responses and to formulate :riteria for 

dynamic managemen of the step-size to achieve optimum model 

performance. 

• 
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Scope 

The effort consisted entirely of developing,  implementing,   and 

evaluating  a digital computer  simulation.     Severa]   field tests   for a 

representative vehicle were  simulated  and comparisons  are presented 

in the   form of graphs of measured  and   simulated vehicJe  responses. 

The  effects  of  integration  step-size  are  presented   in  the  form  of 

graphs   comparing simulated vehicle  responses using various  inte- 

gration   intervals.     Criteria  for management  of tne  integration 

interval   are  established. 

The  scope of the  study did   not   include  the execution of  field 

tests  or  the measurement  of vehicle  parameters.     The   field  test  data 

were provided by  the Mobility  Research  branch   (MRB)  of the WKG   and 

the  vehicle  parameters used   in   the  simulation came  from the t'IRB  and 

the  F;-!C  Corporation.     The  data were  accepted  as being as  reliable 

as  any  that were available  during   uhe   course  of this  study. 
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CHAPTER II: THE MATHEMATICAL MODEL 

The Differential Equations of Motion 

The ride motions of a generalized three-dimensional vehicle tra- 

versing an unyielding riding surface can be described by writing a set 

of simultaneous differential equations relating the accelerations of 

the vehicle components to the spring and damping forces applied by 

the pneumatic tires and suspensions (springs and shock absorbers). 

Considering the vehicle body and axles as rigid masses, the motions 

to be included are body bounce, body pitch, body roll, axle bounce, 

and axle roll.  No fore and aft or transverse vibratory motions are 

to be considered here.  By viewing the vehicle body and axles as 

displaced from their static equilibrium position (Figure 1)*, we can 

identify the spring and viscous damper forces contributing to body 

bounce as shown below: 

Force produced by vertical displacement of the body: 

2n 
-x Ikj 

J=l 

Force produced by vertical motion of the body: 

.  2n 

J=l 

Force produced by body pitch displacement: 

(1) 

(2) 

■•Each  tire  is depicted in Figure 1  as a single spring-damper assembly 
for convenience only.    As actually modeled, stiffness of each tire  is 
represented by many radially spaced springs as will be shown on the 
following pages. 
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n   2i 
-sine y        hi.W. 

i=l J=2i-1 

Force produced by body pitch motion: 

n   2i 
-6 cosO I        lct11! 

1=1 J=2i-1 

Force produced by body roll displacement: 

2n 
-sin(J)    Ik H 

J     J 

J=l 

Force produced  by body roll motion: 

2n 

J J 

J=l 

Force produced by vertical displacement of the axles: 

n        2i 
-I        5>k 

L        
L i  i 

i=l    j=2i-l 

Force prodiiced by vertical motion of the  axles: 

n        2i 
-I Ix.c, L L i i 

i=l    J=2i-1 

Force produced by axle roll displacement: 

n   21 
+ y    ysin $,*.,!., L    L     i J J 

1=1 J=2i-1 

Force produced by axle roll motion: 

n   21. 

+ 1   I *iC08<,,iC/j 
1=1 J=2i-1 

(3) 

(14) 

(5) 

(6) 

(7) 

(8) 

(9) 

do; 

• 

' 
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Summing suspension forces and equating to the body accelerating 

force yields: /;Q) 

2n                2n                     n         2i n       2i 
xw = -x [kj - x ^Cj - sine I      I k izi -  ecosG I     lc]Mi - 
g               j=l              J=l                   i=l    J=2i-1 i=l J=2i-1 

2n m 2n n 2i n 21 
sin* i kjtj -«cos*   ^Cjjij -1     i xikJ - 5;    5; xiC 

j 

J=l J=l 1=1       J=2i-1 1=1     .]=21-1 

n        2i n        21 
I £s\n«^k  8,       +  I I    ^costf.c  £ 

i=l    J=2i-1  ' 1=1    J=2i-1 

Similai-ly the differential  equation describing body pitch 

can be vritten  by  summing the pitching moments  about  the body 

center of gravity. (l-) 

ei 
P  - 

cos6 

n 21 
-X  I iK^ 

i=l     J=2i-1 

n        21 

L -       j       1 
i-1     J=21-l 

-si 
n 21 2 

ne  I I k  If.. 

1=1      J=2i-1 

21 
-9cos6  y \c .11* 

n 

-I 
i=l 

J 
i=l    J=2i-1 

n        21 

L        ^  J  J     i 
i=l    J=21-l 

n    2i 
icosb y   yc.n.u. 

'J  J 
1=1  J=2i-1 

21 n 2i n      2i 
y x.k^i. - y y^c.ta. + y   ysin^.k.&.u, 
^    1 J    i        L ^ i J    i      L      L        IJJi 
j=2i-l 1=1 J=2i-1 1=1 J=2i-1 

lit 

•G** 
' ■    '•      ■....'      '. I':* ■ -.'■ •.■"'      ■  . . "      '        .. ■. 



■■■■ ' 
  
      I.  . I  

jm 
^ - ■■ ■-'--- ■- -J.i--i-:...'i-.-i.-«if.t..i..»»t.^>»iWi->^iiafc^^ *> 

2i 
I        I    ^.cos(}..c iiJ,ii 

i=l J=2i-1 

Coupled with the pitch and bounce equations is an equation 

describing the rolling motion of the vehicle body.  This is obtained 

by summing the rolling moments about the body center of gravity. 

'' f 

t 

n 
COB^ 

2n 
-X Ik.i L  J . 

J=l 

2n n 
sin6 \ 

2i 

L  i   i     i 

1=1 J=2i-1 

(13) 

Zi 2n 2n 
-OcosöV    )c >' «.A. - sin^yk.f-^ -J.cos^y c .I2. 

i=l  J=2i-1        ,1=1        J=l 

21 21 21 

i=l J=2i-1    1=1 J=21-l    1=1 J=2i-1 

>i 

+ I        I     i.cos^.c^^ 

1=1 j=2i-l 

Each axle assembly requires two diffeiential equations, 

one describing axle bounce and one describing axle roll, to 

couple with the three body equations. The equation describing 

lr' 
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axle bounce is obtained by summing forces  from the suspensions 

and tires  connected to an axle.    The axle  bounce equation is 

written as: 

2i #2i 2i # 2i 
x,w,     = -Xh.,     - xTc,  - DinOJU V k,      -QcoBdllJ c 

g ,]=?i-l    J=2i-1 J=2i-1 J=2i-1 

(IM 

n 

2i 
sini}i 5.k  £ 

J   J 
J=2i-1 

2i 2i 
-    ^cosij)^  c  £    - x    ^(k    + kk   ) 

J      J ^ J J 
J=2i-1 J=2i-1 

2i 
-   ^KCj    +   CCj)    + 

J=2i-1 

2i 21 21 
sin*,   yikfcj  + kk.L.)   + 4).cos*,   [(c^,  + cc.L.)     +  Txx.kk. 

j=2i-l J=2i-1 J=2i-1 

21 
+1 XVCJ 

J=21-l 

• 

The  general  equation  for axle roll  is   obtained by  summing 

the rolling moments about  the  axle center of  gravity. 

2i 21 2i 
(15) 

i  i 

cos*. 

+ xykJ£.     +    X)cll,    +    sineJlJ,,   )kA. 

j=2i-l .1-21-1 J=2i-1 

<_i 21 2i 
QcosQll.'j c.a,     +  sin* Tk^f    + *cos* Ic ,i.2,     + x.V  (k £,  + kk.Lj 

J=2i-1 J=2i~l J=2i-1 J=2i-1 
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2i 
:.   i(c  e    + cc.  L,)  - 

J    J 

2i 
3in(t>      I(k ^2    + kk L^) 

^ J     J J     J 

j=2i-l J=2i-1 

> 

21 2i 2i 

i.cos^    J  (0^2    +  cc^Z) _    ^xxjkkjLj    -    IXXJCCJLJ 

j=2i-l J=2i-1 J=21-l 

The coupled set of second order differentjal equations 

describes all the components of vehicle motion a3sociated with 

ride dynamics, i,.e,, body bounce, body pitch, body roll, axle 

bounce, and axle roll.  Thus for an n-axled vehicle the system 

described has N degree of freedom where 

N = 2n + 3 

It includes all the nonlinearities associated with lar^e 

rotational motions, i.e., sinO, cos9, sin^, cos<{), etc. 

The Segmented Tire Concept 

Many vehicle dynamics models use a representation of the 

pneumatic tire-riding surface contact mechanism similar to that 

shown in Figure 2.  The flexure property of the tire is represented 

by a single spring element which may have either linear or non- 

linear properties.  Dissipation of energy is accommodated by u 

viscous damper which may also be linear or nonlinear.  Using this 

technique, the single point of contact is deflected by changes in 

elevation along the riding surface profile. 
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This point-contact method may be adequate in many cases 

where the riding surface is relatively smooth and there are no 

abrupt changes in surface slope.  For on-the-road vehic]e models 

this method may be sufficiently representative of the contact 

mechanism while providing a relatively simple implementation. 

For off-road modely where large surface irregularities, 

obstacles, and abrupt slope changes may he encountered, the point- 

contact concept is a questionable representation of the tire- 

terrain interface.  It provides none of the "enveloping" charac- 

teristic:-. . f a pnematic tire.  That is, small terrain features 

cannot produce deflections of small areas of the tire carcass. 

Every deflection of the point of contact produces forces repre- 

sentative of a deflection of the entire contact surface by the 

same magnitude.  Figure - shows an example of this condition. 

The small round obstacle produces a deflection at the contact 

point that produces forces of the same magnitude as would be 

produced by a deflection of the entire contact surface as shown by 

the solid line.  i'he obstacle would actually >e somewhat enveloped 

by the tire, the 'ire surface being more (.usely approximated by 

the dashed line. 

Seeking a more realistic tire simulation method, A. S. Lessem 

(li) of the WES Mobility Research Branch conceived a variable-area 

contact mechanism that simulates tire envelopment properties and 

provides for transmission of horizontal as well as vertical forces 

through the tire. The flexure property of the tire is represented 

by many radial springs spaced throughout an "active region" of 

the tire, i.e., that area of the tire that may contact the riding 

19 
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surface (Figure '•).  Each spring, reprecenting one "segment" of 

the tire carcase, was considered linear with spring coefficient K 

being the same for each segment.  Individual springs of the segmented 

tire are deflected by the riding surface profile; each spring 

deflection produces u force vector; summing these force vectors 

produces a resultant force vector representative of the spring 

force transmitted LO the vehicle axle.  As forward vehicle motion 

Is simulated by moving the nunrotating active region relative to 

the riding surface profile, surface irregularities produce spring 

deflections in sequence from the leading oour.dary tc tiie trailing 

boundary of the active region (Figure 5). 

To implement this method of simulating tire deflection, it was 

necessary to first establish a segment spring constant (K) for each 

tire at each pressure under consideration.  An experimentally de- 

termined static force-deflection relationship for the tire was 

obtained.  Then a single point on the force deflection curve was 

chosen for the purpose of computing K.  It was found that in most 

cases a vertical deflection of approximately one inch was an optimum 

for this purpose.  From Figure h  static equilibrium requires that 

F = 2 VKA.COS*. 
"I   i 
i=l 

(16) 

Where: 

F = Vertical load at the chosen deflection, lb; 

K = Segment spring coefficient, lb/in; 

th 
A. = Effective radial deflection, i  segment, in; 

(p.   =  Force direction angle, i  segment, radians; 

n = Number of segments each side of tire center line. 
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Then K can be computed as 

K = 

2  y A.cosit). L    x i 
i=l 

Figure 6 shows an example of the actual measured force-deflection 

curve for a specific tire und the force-deflection curve resulting 

from a segmented tire representation using twelve segments spaced at 

ten-degree intervals.  Note that the modeled deflection curve is 

piece-wise linear with a point ol' discontinuity where, as deflection 

increases, additional segments are included in the resisting force. 

This concept was first modeled dynamically using an analog 

computer to simulate the motion of a single military vehicle tire. 

The validity of the results was verified by experimental test at 

the WES. 

In 1968 this mechanism for simulating the tire-riding surface 

interface was incorporated into the FMC vehicle dynamics digital 

computer program by J. F. Smith (l6) of the WES Automatic Data 

Processing Center.  Smith's digital irapleraentatior. of the segmented 

tire concept is essentially the tire mechanism employed herein. 

The writer has made modifications to the tire subprogram for the 

purpose of eliminating some oversights in the original code and to 

increase the speed of computation. 

Incorporation of the segmented tire concept into the general 

vehicle dynamics model necessitates modification of the differential 

equations describing axle bounce and roll.  In equation ik,  the term 

2i 

J=2i-1 
(18) 

2k 
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is replaced by- 

Pi 
IF 

J 

j=2i-l 

and in equation 15,   the term 

21 
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J=2i-1 

2i 

J=2i-1 

(19) 

is  replaced by 

(20) 

(21) 

where F is the vertical component of the spring force vector 
J 

X   1 

transmitted by the  j      wheel  to  its  axle.     !•'    is  computed by 
J 

summing the force vectors contributed by each segment's spring 

deflection.  The spring deflections are determined by computing 

the point of intersection of each segment spring with the riding 

surface contacting the tire. 

Note again that the force-deflection characteristics of the 

segmented tire model include many discontinuities in stiffness rates 

as the tire carcass flexes.  Effects of this will be discussed 

later. 

While no attempt has been made to incorporate damping properties 

into each tire segment as with spring stiffness, tire damping is 

included in the digital model as a single viscous damper responding 

to motion of the wheel hub (as shown in Figure 2 with the point- 

contact method). 
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Representation of the Riding Surface Profile 

The hard-surface profile which serves as a displacement 

function for the tire spring, thus in essence a forcing function to 

the system of masses, springs, and dampers representing the vehicle, 

is  represented by a series of coordinates connected by straight line 

segments.  Elevations along the surface are determined by simple 

linear interpolation between the points.  Examples of a typical 

obstacle test profile and a typical segment of cross-country terrain 

are shown in Figure 7- 

One might consider linear interpolation between profile points 

to be a crude method of describing a terrain profile for the purpose 

of simulating vehicle traversal. A  part of the FMC study was 

directed at determining practical methods for describing such 

profiles.  A Fourier series was used as one method of mapping a 

terrain profile, and the method was found to be accurate but very 

inefficient due to the increase in computer time required to 

generate and process the Fourier series.  It was found that use 

of linear interpolation between profile points produced sufficient 

accuracy to make this a valid approach provided that the profile 

point spacing was not excessive. The linear interpolation method 

represents the absolute minimum in computer time that would be 

required by any method. 
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CHAPTER III:  SOLUTION OF THE EQUATIONS OF MOTION 

Digital simulation of a dynamic system such as the nonlinear 

system described by the equations of motion for the generalized 

solid axle vehicle requires a discrete representation of the con- 

tinuous system, i.e., a discrete state model.  Given an initial 

system state, the next system state (after some time interval h) 

is to be determined.  This uakes the system simulation a problem 

in numerical integration. 

Numerical integration of systems of second-order differential 

equations of this type is commonly handled by first expressing the 

second-order equations as a system of first-order equations to 

which general numerical integration techniques are applicable. 

Letting y. represent a general displacement of a vehicle component, 

the equations of motion can be expressed in general terms as: 

yi ^  fi^t^i^i^2,12,'",yn,,'Yx?,i = 1"'n 
[22] 

where i denotes the i  differential equation and n is the number 

of degrees of freedom, i.e., the number of differential equations 

in the system.  Conversion to a system of first-order equations 

is accomrlished by substituting z. for y. .  Thus the equations of 

motion can be expressed as: 

y. = z. 
•'i   i 

Zi = fi(t'yi'zi'y2'Z2',°"yn,Zn)'i=1°'on 

(n3) 
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In practice this means that computed accelerations (z,) are 

used to solve for velocities (z, ) which are in turn integrated 

numerically to produce displacements (y.).  Given the initial 

values of displacement and velocity, this is a practicable means 

of integrating dynamics equations. 

Given the system of first-order equations, numerical 

integration is usually accomplished by one of two basic 

approaches.  One is a two-step predictor-corrector procedure 

requiring the use of the present system state plus several 

previous states.  The second approach is a one-step procedure 

which requires computation of several intermediate values, but 

requires use of the present state only, e.^;. J the Runge-Kutta 

methods. 

A cursory review of the literature might lead one to 

believe there is an abundance of good numerical integration 

techniques and that the choice of method might be somewhat 

arbitrary.  However, selection of the integration technique 

plays a large part in the overall system simulation.  Desired 

attributes of the selected method include speed, accuracy, 

stability, and convenience of use.  Maximum speed car. be obtained 

through selecting a fast method and using a large time step; 

acceptable accuracy may require slower, more sophisticated 

methods using a much smaller time step. 

Fourth-order Runge-Kutta methods are among the most 

popular and widely used methods of today.  These methods I 

', 
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generally have tho  following advantages: 

1. They a'6 self-starting,  i.e., only one known  system state is 
requi vd  to  initiate the procedure. 

2. They ck   not usually exhibit numerical  instability using 
properly chosen  step  sizes. 

3. Good accuracy  i.3 usually achieved using properly  chosen  step 
sizes. 

^t.     Relatively small  amounts of core memory are  required for 
procensing. 

5.     They are  convenient  to use,  being particularly amenable to 
general  purpose  subroutines. 

Disaivantages generally  include: 

1. No estimate of accuracy. 
2. No way of knowing  if the  step size  is  adequate without 

expensive  reruns  at  various  step sizes. 
3. Requirement   for   four derivative evaluations  per  integration 

step compared  with  only  two using the   fourth-order predictor- 
corrector methods. 

1   J 

The Hunge-Kutta-Merson Method 

The Hunge-Kutta-Merson (RKM) method attempts to negate seme of 

the disadvantages associated with Runge-Kutta methods in general by 

using a fifth derivative evaluation to provide an estimate of dis- 

cretization error to je used for automatic step-size adjustment. 

In general terms the Merson formulae are: 

where 

y. + ! = yf + i?u  + -Fin + PSi)/2 + o(h
5) 

pn = "VtJ'>ri4'-'-^n} ^ 

Pp. = hf {tJ + (h/3),yj + P^.yJ + P_,...,yJ 
•-11 x    ii  ■;    i.-_'      n 

(25) 

(26) 

+P, 1/3 
In 
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P3.  = hf.{tj + (h/3), yJ    +  i?11/2)+{?21/2)tyl 

(P12/2)   +  {r??_/2),....,yi
n    +  (Pln/2) + (P2n/2)}/3 

P^.   = hr.{tJ  +  (h/2),  yJ  +  (3P11/8)  +  (9P3L/8),  y^ 

+ (3P12/8) + (9P32/8),...,y^ f  (3Pln/8) +  (9P3n/8)}/3 

P5i = hf.{tJ+ h,yJ  ■f(3P11/2)-(9P31/2)+6P))1,y(J +(3Pi2/2) 

-  (9P,0/2)  + 6Pl|0,...,y^  +  (3P,   /2)-(9P,  /C) + 6P,    }/ 

(27) 

(28) 

(29) 

In 3n' 'm 

.5 0(h   )  indicates  that the   truncation error   is  of the 

order h'  as h ■* 0.     This  term is  not  a part of the  calculations, 

but merely  indicates  that  this  is  a  fourth order method.     An 

approximation of the error of integration   (truncation  error) 

is provided by 

e.   = {P,,   -   (9P../2)  + U  ?, .   -  (P../2)}/5 (30) 
i li 3i ^i 5i 

which is generally used as a basis for automatic step-size 

aujustmt.■.■|'.  In the ecjuations above, t is the independent 

variable, the subscript i refers to the i  differential 

equation, the superscript J refers to the previous system state 

just calculated, while j + 1 is the system state to be calculated, 

and n is the number of equations in the system. 
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As with all Runge-Kutta formulae, Merson's equations were 

derived by using Taylor series expansions and algebraic manipulations 

to match coefficients of terms. The process always results in more 

unknowns than equations, requiring an arbitrary selection of one or 

more constants. This arbitrary selection of constants has resulted 

in the many variations of the basic Runge-Kutta method.  Merson's 

unique contribution was in his determination of an approximation of 

the truncation error inherent in his formalae. 

The PKM process can be viewed in geometric terms as follows. 

For the curve associated with the i  differential equation, compute 

the slope {P,./(h/3)} at the point (y.,t ) and, using it, advance 

one-third step forward and compute the slope {Pp./(h/3)} there. 

Using the averape of the first and second slopes computed, start 

again at (y. ,t' ) and advance one-third step forward and again 

sample the slope {? /(h/3)}.  Then starting again at (y.,t ) and 

using a weighted average of the first and third slopes computed, 

advance one-half step forward and compute the slope {P../(h/3)} 

at the half interval point.  Finally using a weighted average of 

the first, third, and fourth slopes computed, advance forward a 

full time step from (y.,t ) and compute the slope {P /(h/3)} 

at the point (y.  , tJ  ).  Having computed all the interroediate 

derivatives, establish the point (y.  , t'  ) by advancing one full 

time step from (y.,tJ) using a weighted average of the slopes 

computed at the beginning, the midpoint, and the end of the time 

interval.  The error estimate e. (equation 30) can be viewed 

geometrically as an evaluation of the variation of the slopes at 

the intermediate point, i.e., the greater the variation in slopes 
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over a time interval, the greater the error introduced in that 

time step.  Hence, it seems reasonable from a geometric point of 

view to use some evaluation of intermediate slope differences 

such as equation 30 as an indicator of the need for automatic 

interval adjustment. 

Management of the Numerical Integration Step-Size 

The primary requirements for acceptable performance of Merson's 

or any other numerical integration technique are speed, accuracy, and 

stability.  All three factors are directly coupled to the choice of 

the timi increment employed.  Since most of the computing time involved 

in simulation of vehicle dynamics (or any other dynamic system) is used 

in evaluating the derivatives, the computing cost is directly propor- 

tional to the number of derivative evaluations required, hence inversely 

proportional to the size of the time-step chosen, e.g., halving the 

step-size doubles the computing cost.  In complex systems such as 

is being simulated here, the computing time required per time-step 

precludes choosing a "safe," i.e. very small, constant time-step to 

assure accuracy and stability.  Such a choice would make the computing 

costs so high as to render simulations of an effective time duration 

impracticable.  Choosing a large constant time-step to achieve 

reasonable computing costs can result in unpredictable performance 

or unreliable results.  Thus proper management of the time-step-size, 

automatically by the computer program, can mean the difference between 

an unreliable, unpredictable, or impracticable model and a workable 

model producing acceptable accuracy at an acceptable cost. 

3h 
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\Tha.t  constitutes "management" of the integration time-step? 

Ideally, the objective is to produce accurate results at a minimum 

cost.  This can only be achieved if at each discrete point in time, 

the simulation moves forward from the current system state to the 

next system state choosing the largest time increment that maintains 

stability and acceptable accuracy.  Time step management thus becomes 

the automatic determination or recognition by the computer program of 

1. The initial time-step 
?. System states requiring time-step reduction 
3. The minimum allowable time-step 
h. System states allowing time-step increase 
5. The maximum allowable time-step. 

The literature offers very little guidance in these mutters.  Many 

users of general purpose numerical integration packapes seem to choose 

the integration parameters rather arbitrarily on a "try some numbers and 

see what happens" basis.  Realistically, criteria for each decision must 

be based on the characteristics of the system being simulated.  The con- 

siderations involved in establishing time-step management criteria for 

the ride dynamics model will be discussed here, with the bulk of the 

results of ehe investißat.ion into this area being presented in Chapter V. 

Initial time-step 

Une might think that the choice of the initial time-step would 

be rather arbitrary if the integration procedure had automatic interval 

adjustment built in.  However, interval adjustment procedures do not 

automatically choose "the" correct time-step at a given point; they 

simply determine if a change in interval size is Justified based ^n 

system responses at each discrete system state. A given system state 

may not yield a time-step increase even though a larger interval 

• 
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chosen at the same point would be acceptable and not produce a 

time-step decrease. That is to say, that at a given discrete point, 

different time intervals might produce results that are wi-mn the 

bounds that yield no interval adjustment. Thus, the cime-step used at 

each ciscrete point in the simulation can be influenced by • ne initial 

interval onosen. To achieve maximum average time-step, the ir.itial 

tinK-st^p should be set to the maximum allowable value, allowing the 

adjustment criteria to force the step size smaller as required. 

Time-step reduction 

Time-step reduction is handled by monitoring system conditions 

at each point in time and, if conditions require it, causing the 

simulation to retreat tc the previous system state, halvinp the 

time-step before advancing further.  For this vehicle model, there 

are essentially three types of conditions that can indicate the 

requirement for time-step reduction. 

i.  The advance of the system from the previous discrete point 
produces one or more deflections or velocities that exceed 
the limits of the tables describing the characteristics of 
the vehicle components, e.g., the maximui:-possib" e deflection 
of a spring has been exceeded. 

2. The advance of the system produces an impossible or 
unrealistic geometric configuration, e.g., the center c*" a 
wheel is below tne riding surface or the angular displacement 
of the vehicle body is beyond stable limits. 

3. Integration errors reported by the Merson formula are beyond 
prescribed limits. 

Either of the first two conditions might be considered justifica- 

tion for termination of the simulation on the grounds that the con- 

ditions might be produced by invalid modeling techniques or incorrect 

vehicle parameters.  (The original FMC model terminated upon 

encountering the first condition and provided no checks 
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for  the  second.)    However,  these  system states can also be encountered 

simply because  the  integration step taken  is  too large,  i.e.,  the 

simulation has  taken a step forward too big  for the conditions  en- 

countered  in   that step  (possibly severe   terrain irregularities),   thus  not 

al lowing the model to  respond  to the external   stimuli  in   increment:;   small 

enough   to  simulate  actual   vehicle   response. 

In  using the  integration error  reported by the Merson  formula, 

normal  procedure  is to compare  the  reported error with some pre- 

select ed maximum.     If the  reported  error exceeds the maximum allowable, 

the   interval  is  reduced as  stated previously.     Since the reported 

error  is  ideally of the order h   ,   halving the  time-step theoretically 

reduces   the  truncation error by a  factor of 2    or  32. 

Applying Merson's error  formula tc  the vehicle model   is not  a 

straightforward  task.     Simulation  of a  two-axle vehicle   (seven  degrees 

of   freedom)   requires   the   integration   of   fourteen   first-order  equations, 

thus   the  possible requirement of monitoring  fourteen different  com- 

puted  error values  for each time-step.     Motions of the vehicle  com- 

ponents  are  of widely varying magnitudes,   frequencies,  and velocities. 

Also  the  presence of discontinuities   inherent   in the representation 

of the  vehicle suspension parameters,   the terrain profile,  and  the 

tire  produce  severe changes  in the  vehicle characteristics   (in 

essence,  changes  in the  system being modeled)  during one  time 

interval,  especially with  larger  intervals.     Hence,  there are  several 

questions  regarding the applicability of Merson's error  formula 

to this  model. 

"1 

37 

■ 
-,'.'." ...M-^ry.,!,,,,.,,,.    ^pf-gfr }llf£Mgm0*gBP*!*f*j*!^^ asyg^qg^^wwjwpgH 

iff* 
.;    -. -        ._;,._''■. — ■■-^...-■■^ ■■■■>• 2. ■Vl^ ' -1;.   ,.-     ^n i, [jjtai 



X 

  -  - -.ili..i-..i....WBiM»tMI'».u.ll,-l.ipiPliillli       III'-'  ■    ■      '   '     uuwwmnwmim»'»»"'.'-■"■.•■" Ji**mi*»..m,w-^~rv-'w-™m«.rHW.W'*m~ml">«! 

-JU 

Does error computed by the Merson formula accurately reflect 
degradation of the  vehicle responses due to excessive  time- 
step size? 

Which integration error  should be monitored? 
Should the error be evaluated on an absolute or a relative 

basis,   i.e.,   should the magnitude of the variable being 
computed be considered? 

What constitutes an error threshold,  i.e.,  that error value 
that requires a time-step reduction to maintain satisfactory 
model performance? 

These  questions will be discussed in Chapter V. 

Minimum allowable  time-step 

A minimum allowable time-step  is normally specified to prevent 

the  time-step  from beii.f.- reduced to the point where roundoff error 

begins  to dominate the  solution,   resulting in numerical   instability. 

Roundoff error in numerical   integration can be minimized if the time- 

step is chosen such that  the derivative multiplier (h/3 for Merson's 

formulae)  can be represented exactly by the  computer using a minimum 

number   :f binary digits,   preferably one.     Using Merson's method  this 

means  choosing h such  that h =   3(2   )  where n  is  an integer.     The 

n 
resulting multiplier is  2    which  in  computer real number storage 

requires  only one  significant  binary digit.     Always changing the  time- 

step by a  factor of two   (halving     r  doubling)  maintains  this   condition. 

Considering the computer us-;J   in   this  study   (Honeywell  GUUo) 

the  number of significant   ^gits   that  can be  represented is   such that 

for  the  relative magnitude of derivatives  and time  intervals   involved, 

roundcff  is of little consequence.     Thus,   the minimum time-step can be 

based on  considerations  other  than  roundoff.     Healistically,   it 
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car.  be based on minimum forward motion of the vehicle in one time- 

step.     It  can be assumed that once the time-step has been reduced to 

the point that  forward motion of the vehicle  is  less than some very 

small distance   (quantified in Chapter V),   further rpduction of the 

time-step will not improve the result.     If further reduction is  in- 

dicated for any of the reasons previously specified, the simulation 

should be  terminated and the cause  of the malfunction investigated. 

Time-step  increase 

Assuming that  the  simulation began using the maximum allowable 

time-step and  at  some point  the  interval was  reduced for one  of the 

three  reasons  specified,   then at  some  later point   (possibly after a 

severe  disturbance has been passed),   the  time  step could be  safely 

increased.     The  only  indication available  as  to  the  feasibility of 

increasing  the  interval  size  is the   integration  error computed by 

Mersoi.'s   formula.     Again,  essentially  the  same questions arise  as 

previously encountered with the time-step  increase 

1.     Do  very  small  errors  justify a time-step  increase? 
Which  integration error should be used as  a basis  for an 

increase? 
■'■.     E'hould  the  error be evaluated  on  an absolute or relative 

basis? 
h.     What   cc.nstitute;;  the lower error  threshold? 

It  could be argued  that,   ideally,   for a truncation error of the 

order  h   ,   establishment of the maximum error allowed,  E       ,  would  also ' max 

establish  the lower error threshold,   E   .    ,   at E  .     = E      /32.     However, rain mm        max 

this would  produce an oscillating  situation in which  the step size was 

constantly  being alternate?v increased and reduced.     A more effective 

value miahl  be E   .     = E      /50.     Realisticallv,  the computed error 0 mm        max ' r 
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tern is only a rough approximation of the error involved and it 

remains to be determined how it can be applied to the vehicle 

simulation. 

Maximum allovable time-step 

It would be unrealistic to allow the time-step to grow without 

establishing an upper bound.  If yllowed to grow without limit, it. 

is conceivable that during traversal of a relatively smooth riding 

surface on which very little vibratory motion is occurring, the time- 

step could grow to the point at which forward motion in one step is 

such that significant terrain irregularities or obstacles are 

completely "jumped over" without being "felt" at all by the model. 

It is also well to consider natural frequencies of vehicle components 

when establishing a maximum time-step.  One might argue that it is 

necessary to execute a minimum of eight or ten integrations per 

period of the highest frequency motion being modeled. Thus the 

maximum time-step might be established as a function of the 

forward velocity of the vehicle or of the period of vibration of 

some vehicle component. Criteria will oe established for this ir. 

Chapter V. 

Description of the Computer Program 

The computer program (Appendix) is written in FORTRAN IV for a 

Honeywell 0^0.  Conversion to any other digital computer with a FORTRAIJ 

capability should be relatively simple to accomplish. The only 

problem that might be encountered in such a conversion is the introduc- 

tion of significant roundoff error in some machines with less than ten 
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significant decimal digits in its rpr.^esentation of floating point 

numbers. 

The program begins by reading user-provided parameters describing 

the vehicle.  These include the weight of the body, the body moment of 

inertia in pitch and roll, the position of each axle relative to the 

body center of gravity, the weight and roll moment of inertia of euch 

axle assembly, the position of each suspension and each tire, and 

the spring and damper characteristics of each suspension and tire.  The 

springs and shock absorbers are described by force-deflection and 

force-rate tables.  The tires are described by specifying the number 

of segments to be used, the angle to each segment center line, and 

the spring constant for each segment. The tire damping characteristics 

are read as force-rate tables, respectively.  In preparing force- 

deflection tables for the suspension springs, the effect of limited 

relative displacement between the axle and body, i.e., the axle 

assembly hitting the bump stop, should be provided for by a very stiff 

force-deflection relationship beyond that point of maximum spring 

deflection. 

The program next reads the riding surface profile which is 

described simply as (x,y) coordinates relative to the initial position 

of the vehicle.  A different profile can be entered for each side of 

the vehicle so that terrain can be depicted as actually encountered, 

which may be considerably different for the right and left tires. 

If the static equilibrium configuration for the vehicle is known 

(the deflection of ei ch tire and suspension spring at. static 

equilibrium), this can be read in and the program can proceed di- 

rectly to the simulation of forward motion.  If the static equilibrium 

)|1 
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configuration for the vehicle is not known or if it is desired 

to simulate a vertical drop of the vehicle (with no forward notion), 

then an arbitrary initial configuration can be read in and the 

prograr. will provide simulation of vehicle oscillation until all 

motion is damped out and static equilibrium is reached.  This is a 

rather time-consuming procedure and should be avoided once the 

static equilibrium configuration has been recorded for a given set 

of vehicle parameters. 

Having been given the static equilibrium configuration, the 

program reads the initial forward velocity and the forward accel- 

eration desired.  (This latter must be constant and is usually 

zero.) Next, reading the stop distance or the stop time completer, 

the definition of the simulation required. 

Then, simulation of vehicle responses to forward motion over 

the specified riding surface begins and continues until stop distance 

or stop time is reached.  The procedure essentially consists of 

determining the forces on the vehicle masses produced by the current 

displacements and velocities (system state), relating forces and 

masses to determine accelerations, and integrating accelerations 

successively to determine velocities and displacementr at the 

next point in time.  This new system state produces new forces and 

the procedure begins anew. The time step is adjusted if required as 

described previously. All system responses at each point in time are 

recorded on permanent storage devices so that retrieval for generating 

graphical displays or for statistical analyses is possible. 
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A. 

CHAPTER IV:  VALIDATION FOR A REPRESENTATIVE h X h  VEHICLE 

To establish the validity of the model, it was decided to 

simulate a military vehicle for which measured vehicle responses 

were available from field tests previously conducted by the MRB of 

the WES, Vicksburg, Mississippi. The vehicle chosen was the 

M3T—a 3/^-ton, four-wheel drive truck used to transport personnel 

or light cargo.  In the field tests the truck was instrumented with 

acceleroraeters to record vertical acce1^rations at three points—on 

the front axle near the right wheel, at the body center of gravity, 

and on the truck body under the driver's seat.  It was also equipped 

with a gyro to record the pitch motion of the vehicle. 

Vehicle Parameters 

' I 

The vehicle parameters used in the simulation, with the exception 

of the tire data, were taken from information provided to WES by the 

FMC Corporation.  It is known that the force-deflection relation- 

ships for the springs and the force-rate relationships for the shock 

absorbers were measured from disassembled vehicle components and 

that the parameters describing the relative geometric position of 

the vehicle axles, suspensions, tires, etc., were measured.  It is 

thought that the moment of inertia values are computed values and 

are of questionable accuracy. The tire segment spring stiffness 

was computed as described in Chapter II using measurements made by 

the MRB. Tire damping was computed by the MRB based on drop tests 

conducted with a single wheel. The tire parameters are considered 

reliable. 
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Courses Traversed 

Four field tests were chosen for simulation—three involving 

single obstacle traversal only and one cross-country test.  The 

obstacle tests were for a single obstacle size and shape—a six- 

inch-high, thirty-decree ramp-type wooden obstacle.  The obstacle 

data used represented obstacle impact at three different speeds— 

5.65 ft./sec, 15.7 ft./sec, and 22.0 ft./sec  The cross-country 

run simulated consisted of traversal of 300 feet of hard, rocky 

terrain located at a WES test site in Nevada.  The test was run at 

approximately eight miles per hour. 

Predicted and Measured Responses 

Figures 8, 9, Q-nd 10 show the measured and predicted vehicle 

responses for the three obstacle tests.  In each case, the dashed 

lines represent the computed values and the solid lines represent 

the measured values.  Beginning at the bottom of each page, the 

first curve plotted represents simulated and measured vertical 

acceleration of a point on the front axle near the right wheel, 

where an accelerometer was located during the tests.  The next 

plot represents vertical acceleration at the center of gravity of 

the truck body, and the third depicts acceleration at a point on 

the truck body located beneath the driver's seat.  The fourth 

plot represents computed versus measured pitch of the truck body. 

It should be noted here that for TesJ No. 157 (Figure 8), the 

pitch-measuring instrumentation apparently malfunctioned during 

the test, resulting in no valid record of measured pitch for that 
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test. At the top of each figure, the position of the obstacle 

relative to the front axle of the vehicle is shown, i.e., the 

obstacle as shown represents the displacement function for the 

front tires plotted on the same time scale as the vehicle 

responses. 

In displaying measured versus predicted data for the cross- 

country run, the duration of the run, the uncertainty of the 

exact speed of the vehicle at any given point, and the possi- 

bility of yielding or inaccurately defined terrain at points make 

it impractical to display actual responses such as those for the 

obstacle tests.  Also the root mean square (RMS) of vertical ac- 

celerations felt by the driver throughout the duration of the test 

is considered to be of greater significance than isolated accelera- 

tion peaks. Thus, the cumulative RMS of predicted versus measured 

vertical acceleration under the driver's seat for 300 feet of the 

cross-country test is plotted as Figure 11. As with the previous 

figures, the dashed line represents the simulated response. 
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CHAPTER V:  DISCUSSION 

Comparison of Model Responses Against the Field Data 

In comparing the predicted and measured accelerations for the 

obstacle tests(Figures 8, 9,  and 10), it should first be noted that 

the high-frequency oscillations present in the measured data are 

due in part to high-frequency motions such as frame flexure and 

engine vibration which are not included in the mathematical model. 

Looking first at acceleration of the front axle, the positive 

acceleration produced by the intial impact with the obstacle and the 

negative acceleration from the rebound that follows, i.e. the first 

complete cycle of axle motion, compare favorably in shape and amplitude. 

This is especially true of the higher speed tests in which the ampli- 

tudes of the acceleration in the first cycle are greater.  Beyond the 

first cycle, the measured and predicted acceleration curves are dis- 

placed in phase, and there is much greater measured motion than simu- 

lated motion.  The axle motion produced by the model seems to have been 

damped out whereas the measured data continue to show oscillations. 

Generally, the predicted axle accelerations which represent the most 

sensitive vehicle response that can be monitored are better than 

expected. 

The center of gravity (CG) and under driver's seat (DS) accelera- 

tion curves are very similar in all cases—the driver's seat is located 

very close to the center of gravity—and will be discussed together. 

The general shape of the predicted curves is good, particularly during 

the first cycle, but there is obviously a problem with amplitude. The 
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predicted amplitude is generally too low throughout the tests, 

particularly for the positive accelerations on initial impact. The 

amplitudes of the negative accelerations on rebound from obstacle 

impact are much closer to the measured data, especially for Tests 

No. 157 and l62 (Figures 8 and 9, respectively).  As with the axle 

accelerations, there seems to be some phase difference beyond the 

first cycle.  Table 1 shows a comparison of the simulated versus 

measured driver's seat RMS accelerations at the end of the three tests. 

While there is not close agreement in the final RMS values, the differ- 

ences which average 29 percent for the three tests are not as drastic as 

the raw acceleration curves might imply. 

In evaluating the pitch curves (ignoring Figure 8), it is diffi- 

cult to defend the simulated pitch motion.  The overall trend of 

the pitch curve for Test No. 169 shows seme resemblance to the measured 

values while the curves for Test No. 162 bear little resemblance. 

However, there must be some question as to the validity of the measured 

pitch motion.  The measured pitch curves for Tests 162 and 169 should 

be very similar in shape and anplitude with a large initial negative 

pitch and a positive pitch toward the end of the tests as the rear 

wheels strike the obstacle. There are considerable differences in 

the two measured pitch curves, enough to cast doubt on one or both 

curves.  Still, it must be admitted that the model has apparently 

severely under-predicted the pitch motion. 

Figure 11 shows the measured versus simulated RMS acceleration 

under the driver's seat for the cross-country run. The test was run 

at approximately eight miles per hour over rough terrain. The degree 

of agreement between the measured and simulated curve is considered to 
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Table 1 

Measured and Simulated RMS Accelerations  for Obstacle Test: 

Test 
No. 

157 

162 

169 

Speed 
(ft./sec.) 

5.65 

15.7 

22.0 

RMS Acceleration   (G's) 
Measured Simulated 

0.35 0.25 

0.51 0.37 

0.6l 0.^42 
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be within acceptable limits. The average difference between the 

two curves is approximately 15 percent.  While this is encouraging, 

the model is predicting less than measured values and the model 

should ideally predict greater accelerations for this type of test. 

The simulation deals with a nonyielding terrain, whereas there was 

probably at least some terrain deformation which reduced the measured 

vehicle accelerations from those that would be encountered tra- 

versing a completely rigid riding surface.  Also the straight-line 

representation of the terrain used in the simulation produces 

abrupt changes in tire deformations that may be somewhat harsher 

than those produced by actual terrain. 

In trying to determine reasons for the lack of agreement between 

the measured and simulated vehicle responses, particularly the obstacle 

tests, there are basically two sources of error that could result in 

bad comparisons for an essentially valid model. 

First, the field test results are not repeatable. The forward 

velocity of the vehicle vas controlled by the driver using the accelera- 

tor pedal.  While he attempted to maintain constant speeds throughout 

the tests, the speed actually varied considerably as the truck ran over 

the obstacle.  The simulation maintains a constant speed absolutely. 

This somewhat explains the apparent phase difference between the 

measured and computed accelerations beyond the first cycle.  Also the 

steering is controlled by the driver; thus, the angle at which the 

vehicle strikes the obstacle is subject to human error. Duplicate 

field tests run over the same obstacle at the same speed produce 

measured acceleration maximums that are commonly different by 

fifteen to twenty percent. 
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Secondly, with the exception of the tire data, the vehicle 

parameters used in the simulation are questionable. The suspension 

parameters provided by FMC were measured from components disassembled 

from a specific vehicle, not the same vehicle used in the WES field 

tests.  MRB has learned that characteristics of springs and shock 

absorbers can vary significantly from unit to unit of the same type 

vehicle.  Also, the vehicle moments of inertia were apparently 

computed by FMC for a vehicle loaded with a conciderably different 

weight distribution than the vehicle used in the WES tests.  For 

the WES obstacle tests, the load was arranged to produce equal weight 

on all four wheels.  Judging from the pitch motion curves, the pitch 

moment of inertia used in the simulations was much higher than the 

actual moment of inertia for the vehicle as loaded for the obstacle 

tests. 

While the figures presented represent the extent of the valida- 

tion effort possible in the time frame available, it is felt that 

much closer comparisons between predicted and measured data could 

be obtained by altering the vehicle parameters, i.e. "tuning" the 

model to match the measured accelerations.  However, this would be a 

time-consuming process and would not necessarily be a valid approach 

to the problem.  Ideally, complete validation should be accomplished 

using vehicle parameters obtained through tests and measurements on 

the field test vehicle, assuring parameter reliability. 
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Investigation of Effects of Integration Step Size 

m 

: 

In  an attempt to establish criteria for control of the integration 

step  size  for the model,   simulation of obstacle traversal was executed 

using  several different  constant time intervals.     First,   using a forward 

velocity corresponding to the highest speed validation test  (No.  169), 

a "reference"   time-step was established by executing the  complete 

simulation at  a constant  time-step,   reducing the time-step by half and 

executing again.     This was repeated until  further reduction in the  time- 

step  produced no detectable change  in the  axle  acceleration curve,   axle 

acceleration representing the most  sensitive vehicle response.    Ex- 

ecution of the  simulation  at this  reference time-step represents  the 

"best"   simulation results  possible  from the model. 

Having established  the reference time-step   (0.00i9>  sec.   in  this 

case),  plots were made  to compare vehicle  responses  produced by the 

reference  simulation with  responses   produced by simulations executed 

at time-steps  of   (2   )   T,  where T is   the reference  time-step jmd n   is  a 

positive  integer.     Figures 12 through 15  show the results of this pro- 

cedure.     The responses  chosen  for comparison were front-axle  accelera- 

tion,   velocity,   and displacement,  and acceleration under  the driver's 

seat.     Axle  acceleration  represents   the response  in which  effects  of 

changes   in  time-step are most obvious;  axle velocity and displacement 

are,   in effect,   the  forcing functions  to the vehicle body;  and the 

driver's  seat  acceleration  is  actually the  vehicle response of primary 

concern.     In each plot, the solid lines reflect the reference time- 

step responses  and the dashed lines  the simulation at the larger time- 

step.     Also plotted with the axle velocity and displacement are the 
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Figure 12. Comparison of 22-fps Responses Using 2 Times Ref. Time-Step 
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error terms, computed by Merson's error formula, for these two 

integrations.  These are plotted as discrete points, the :;cales for 

these points being drawn on the right side of the figure. 

Beginning with Figure 12, the dashed lines represent simulation 

at double the reference time-step.  While the axle acceleration 

shows some departure from the reference, all the other curves are 

essentially the same.  Obviously, this time-step would be ucceptabie 

throughout the simulation.  Figure 13 reflects use of a time-step 

of four times the reference.  Here the axle acceleration shows a 

further departure from the reference, and the velocity and displace- 

ment eurves are beginning to show a slight deviation.  However, the 

driver's seat acceleration is still essentially unchanged.  Looking 

at Figure l'i, which represents a time-step of eight times the 

reference, the axle acceleration has departed significantly from the 

reference curve, the velocity and displacement show some error, 

but the driver's seat acceleration curve is still very close to 

the reference curve.  Doubling the time-step again (now sixteen 

times the reference) yields Figure J.5.  Here the axle acceleretion 

is severely degraded and the velocity, displacement, and driver's 

seat acceleration curves show a further departure from the reference 

than dia curves produced by smaller time-steps, but the critical 

driver's seat acceleration still shews very good shape and amplitude 

and is still, for all practical purposes, acceptable for computing 

RMS acceleration.  Attempting to increase the step-size to 32T 

produced a condition in which the maximum value of one of the 

suspension spring force-deflection tables was e.vi-oeded (a condition 

described in Chapter III as indicating need for time-step reduction). 
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thus making further  simulations at  larger constant  time   intervals 

inpracticable  for this vehicle speed. 

Hot  being able   to Judge as unacceptable the results   from any 

of the  time  steps used   for the  22 ft./sec.   simulation,   it  was 

decided to repeat  the procedure above,   simulating  obstacle  traversal 

at  twice the forward  velocity,   i.e.   '*'•   ft./sec.     The  reference 

time-step was established  as  0.0009Ü seconds  using   the  same procedure 

as previously described.     Figure l6  shows  the results  of  simulation 

at twice  the reference,  obviously revealinc no significant deviation 

in any of the  responses.     Figures 17,   l8,  and 19 reflect   the 

responses  computed  using time-steps  of ^T,  8T,  and  l6T,   respectiveiy. 

These  reveal essenti-illy the same pattern as would be expected based 

on the previous  series  of  figures,   i.e.,   some departure   from  the 

reference axle accelerations,  velocities,  and displacement,  but 

little significant  difference  in the driver's seat  acceleration 

curves.     However,  Figure 20,  which represents execution using an 

integration time-step of 32T,  deserves  further comment.     iiere  the 

axle  acceleration is  severely degraded bearing little resemblance  to 

the reference curve.     With  this  type  of axle acceleration  curve,  one 

would expect that the  vehicle responses  in general,   including 

driver's  seat  acceleration,  would show a  significant  departure 

from the reference  curves.     This  is  not   the case here.     Axle 

velocity and displacement and consequently the driver's  seat  accel- 

eration  still  show the  essential effects of traversal  of the 

obstacle.     For the driver's   seat  acceleration,   the  positive 

amplitude,  the time of the positive peak, the negative amplitude, 

and the time of the negative peak are all close to the reference 
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values.  Attempting to execute the simulation at a time-step of 

6h  T produced the condition described earlier in which a vehicle 

parameter table was exceeded. Again, it was not possible, within 

the realistic limits of suspension components, to execute simulation 

at a time-step large enough to severely degrade the vertical accel- 

eration at the significant point on the vehicle body, i.e. the 

driver's seat. 

To aid in extracting conclusions from the figures, Table 2 

represents a summary of the results.  Column 1 specifies the forward 

velocity in ft./sec. (22 or hh),     Column 2 is the time-step being 

compared with the reference.  Column 3, labeled "AS," indicates the 

forward motion (inches) of the vehicle per time-step.  Column U  is 

the maximum error (in./sec.) computed by the Merson formula in the 

integration yielding axle velocity.  Column 5 is the maximum error 

(inches) computed by the Merson formula in the integration yielding 

axle displacement.  Column 6, labeled "RMS Ace. Residual," is the abso- 

lute difference (G's) between the compared and the reference driver's 

seat RMS acceleration at the end of the simulation.  Column 7, 

labeled "Avg. Ace. Residual," represents the average absolute 

difference (G's) between the compared and the reference driver's 

seat accelerations for all discrete points in the simulation. 

How can these results be related to the basic questions con- 

cerning time-step management posed in Chapter III? First, consider 

determination of maximum time-step.  As stated previously, it is not 

uncommon to relate maximum time-step to the period of vibration of 

the highest frequency component being modeled.  In this case this 

means vertical motion of the axle, which for the vehicle simulated 
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vibrates  at  approximately ten cycles per  second.     This would 

indicate a maximum time-step, using ten integrations per period,  of 

about  0.01  second.     However,   in simulations  at both  22  ft./sec. 

and kk  ft./sec,   time-steps  in excess of 0.01   second produced ac- 

ceptable results.     In fact,  it was  seen  that  the  accuracy of the 

modeled axle  acceleration was not  critical to producing acceptable 

vehicle body accelerations.    To confirm the  apparent conclusion that 

the time-step need not be limited by 1/10 the  axle vibration period, 

the  cross-country run described previously was  simulated at a 

time-step of 0.03125  second which  is  approximately  three times   this 

limitation.     The  driver's  seat RMS acceleration history produced  is 

virtually  identical with that plotted on  Figure 11,  which was  produced 

using a time-step of 0.00781 second.     This   indicates  that  the period 

of axle vibration warrants  consideration when  choosing maximum 

time-step only  if the  axle acceleration  itself  is  of primary impor- 

tance,  which  is  not  the  case for the current  study.     Thus,  the 

maximum time-step can,   in general,  be limited by a maximum allowable 

forward displacement of the vehicle  in one  time-step.     To avoid 

missing       significant  terrain features  or creating unrealistic  tire 

deflections  by too great  a forward advance,  the time-step should 

be limited  such that  the  forward displacement  of the vehicle  in 

one t-L.-e-step does not  exceed the diameter  of the tire body.     Note 

that  the last   step size used  {hk  ft./sec.)   exceeds this  limitation 

and would not be used in the production computer program  (in which 

this maximum  interval criterion is now implemented.) 

As  stated  in  Chapter III,  the minimum allowable  time-step can 

be established to correspond to some minimum forward displacement. 
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i. e., that forward displacement corresponding to the "reference" 

time-step defined previously.  Both reference time-steps established 

(0.00195 at 22 ft./sec. and 0.00098 at Uk   ft./sec.) correspond to 

forward displacement of approximately 0.5 inch.  It seems reasonable 

then to assume that the minimum time-step can be established as a 

function of forward velocity, i.e., that time-step that corresponds 

to forward displacement of 0.5 inch.  Attempts to reduce the time- 

step below this value will produce termination of the simulation. 

Turning next to the questions regarding time-step reductions, 

if driver's seat acceleration is the only time history of interest, 

then the computed Merson error is not as significant a factor in 

time-step reduction as previously thought.  Operating at the maxi- 

mum time-step as specified above, reducing the time-step only when 

the requirement is indicated by excessive deflections or velocities 

or by geometric considerations would probably produce acceptable 

results in most cases.  However, it is wise to monitor the Merson 

error, as the other conditions mentioned are not completely reliable 

indicators of time-step problems, e.g., a forward step too large for 

current terrain conditions does not always produce a table-look-up 

error.  In determining which integration error to monitor, it was 

recognized that if axle acceleration is tne vehicle response most 

sensitive to changes in terrain conditions, it follows that inte- 

gration of axle accelerations to produce velocities should provide 

the mos*. responsive error indicator.  It was decided that velocity 

errors should be evaluated on em absolute rather than a relative 

basis since relative error evaluation produces the potential of 

over-rating the error significance at points where the magnitude 
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of the  integration variable  (velocity)  is  small,  e.g.,  near zero 

crossing.     From Table 2 it appears that the computed error does 

somewhat reflect degradation in vehicle responses.     However, the 

computed error is obviously not a function of h   ;  doubling the 

time-step has not produced error terms increased by a factor of 

32.     In one case,  doubling the time-step actually resulted in 

decreased maximum reported error.    Moreover,  the computed error does 

not correlate well with the RMS acceleration residual or the average 

acceleration residual.    Thus,  the determination of a maximum allow- 

able  integration error must be made on a rather  arbitrary basis. 

From Figures  12 through 20 and the corresponding maximum velocity 

errors,   it  seems   acceptable to establish a maximum allowable inte- 

gration error  at  10  in./sec.     This,   in  conjunction with the other 

conditions that produce  step size reduction,   should effectively reduce 

the time-step when required.     The role of time-step reduction assumes 

much less  significance when a realistic maximum time-step has been 

established  as previously defined. 

Finally,   considering possibilities  for  time-step  increase,  it  is 

apparent  from the  figures that curves that very closely approximate 

the reference are  accompanied by very small  integration errors.    Thus, 

increase  in time-step based on computed integration error is appar- 

ently a valid procedure for this model.    Again,   as with the maximum 

error,  the minimum error selection is an arbitrary decision since 

there  is no well-defined relationship between integration error and 

degradation of vehicle response.    However,  an arbitrary choice will 

accomplish the objective which is to increase the  step-size back 

to the maximum as  soon as possible after a severe disturbance 
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(such as the obstacle used here) has been passed.  Based on Figures 

12 through 20, an acceptable minimum error can be established at 

1 in./sec. A computed axle velocity error less than 1 in./sec. will 

result in the step size being doubled for the next integration step. 

It is interesting to note the small peaks present on the 

axle acceleration curves, produced using small time intervals, par- 

ticularly those produced by the reference curves.  These small 

abrupt changes in axle acceleration can be attributed to discontin- 

uities in tire stiffness inherent in the segmentation scheme 

described previously.  Each small peak can be related to a segment 

making or breaking contact with the obstacle as the tire moves 

forward. While undesirable effects of segmentation are apparent 

when viewing the axle acceleration curves, the integration process 

tends to have a smoothing effect (note the velocity and displacement 

curves), resulting in no adverse effeci s being "felt" by the vehicle 

body. 

Computing Cost 

Cost of using the model is directly proportional to the number 

of time-steps required for the simulation.  On the Honeywell 0^0 

the computing time required is approximately two seconds central 

processor (CP) time per time-step. This means, for simulation of 

typical cross-country traversal, about 300 to 500 seconds computing 

time per 100 feet of terrain. A typical charge for CP time for this 

class of computer is about $.03 per second. Thus cost for simulation 

of a 1000-foot cross-country would be approximately $90 to $150. 

n 
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A "number crunching" program such as this would normally be much 

more economical to run  on larger, faster computing systems. 
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CHAPTER VI:  CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The results of this study suggest the following conclusions: 

A. Vehicle vibrations can be predicted within acceptable error 

limits using a numerical model (digital simulation) that describes 

the vehicle as a rigid body connected to rigid axles by springs and 

viscous dampers, 

B. The presence of discontinuities in the representation of 

riding surface profiles, tire flexure, and suspension springs and 

dampers does not significantly degrade the performance of the model. 

C. The Runge-Kutta-Merson numerical integration method is an 

effective technique for integrating the differential equations 

describing the vibratory motions. 

D. The nume'ical integration interval can be dynamically con- 

trolled, based on simulation responses and computed integration 

errors, to provide improved model performance. 

1. The period of axle vibration should be considered when 
establishing a maximum time-step only if axle accel- 
eration itself is of primary importance. 

2. Determination of vehicZ ". iy accelerations requires 
that the maximum time-step be limited such that the 
forward displacement of the vehicle in one time-step 
does not exceed the tire cross-section height. 

3. The minimum time-step is that time-step that corresponds 
to forward displacement of 0.5 inch, 

it.  Simulation responses that yield displacements or veloc- 
ities in excess of physica^. limits of the system 
require a time-step reduction. 

5. Integration error computed by the Merson formula can 
be used for the purpone of time-step reduction. An 
error of 10 in.sec. in vertical velocity of any axle 
can be used as a maximum allowable integration error. 

6. Integration errors computed by the Merson formula ^an be 
used for the purpose of increasing the time-step. 

7^ 

7 ■»,.    ■; r^ZP'ffip?»*^^  Vi^^^^Si^w^^^T^;---^^ 

 . ^.: .....^i    -^ —..:.-'^j-j^A^MUia» 
, •.. I 

iiiirWniyiririiiiiiiriiiiiiiBiiiiiiniiiii -•■ ■- yyimi 



, — — —— '■■>.■ .1  .IHIUI   11«^ ■•■■.»." l,-.li.)IPWIll|.J.ll!.l   ■ I.1I.UIU.I.IIIWHIUIWJ1MIII ***!■.-.■«-K I»'•W~*W«"VWV!" —       WT 

_^. 

If velocity errors for all axles are less than 
1 in./sec, a time-step increase is justified. 

7. The initial time-step shr Id be the same as the maxi- 
mum time-step. 

Recommendations 

It is recommended that 

A. The validation of the model be completed by 

1 

2 

Precise determination of vehicle parameters for a test 
vehicle. 
Execution of field tests so that the variables of the 
tests, i.e. forward velocity, angle of approach, etc., 
are more precisely controlled, thus eliminating the driver 
response from the tests. 
Simulation of the field tests and comparison of the 
measured and simulated vehicle responses. 

B. A study be made to determine the minimum number of tire 

segments that represents tire flexure to the degree of accuracy 

necessary to yield acceptable vehicle body accelerations. 

C. The model be extended to include simulation of vehicles 

having other types of suspension systems, e.g., independent sus- 

pensions and "walking beam" suspensions. 
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ABSTRACT 

Windell Francis Ingram, Master of Science, 1972 

Major: Engineering Mechanics, College of Engineering 

Title of Thesis:  A Numerical Model of the Ride Dynamics of a 

Vehicle Using a Segmented Tire Concept 

Directed by: Dr. Charles W. Bobbitt 

Pages in Thesis:  99       Words in Abstract:  251 

ABSTRACT 

The purpose of this study was to develop and validate a 

digital computer simulation of the ride dynamics, including bounce, 

pitch, and roll, of a general single-hull, solid-axle vehicle with 

an arbitrary number of axles.  The study also included an effort 

to minimize th», execution time and thus the cost of the simulation 

by providing automatic determination of the optimum numerical inte- 

gration interval to be used at each point in the simulation. 

The vehicle was defined as a rigid body connected to rigid axles 

by springs and viscous dampers.  Tires were described as clusters 

of radially projecting springs being deflected by a nonyielding 

riding surface.  The suspension springs and dampers were described 

by force-deflection and force-rate tables, thus allowing nonlinear 

characteristics to be handled by a piece-wise linear representation 

with linear interpolation between the points. 

The numerical integration method used was the Runge-Kutta-Merson 

method, which is a fourth-order method. The method requires five 
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derivative evaluations per integration and provides an estimate of 

the truncation error that can be used for automatic interval 

adjustment. 

Field tests of a representative vehicle traversing a single 

obstacle at three different speecis and a cross-country terrain at 

one speed were simulated.  Graphs are presented comparing simulated 

vehicle responses with field test data provided by the V/aterways 

Experiment Station. 

The effects of integration step-size on simulated vehicle 

responses are illustrated with graphs comparing simulated vehicle 

responses using several different integration intervals.  A dis- 

cussion of criteria for automatic management of the integration 

interval is presented. 
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APPENDIX 

COMPUTER PROGRAM:     VEHICLE RIDE DYHAMICS 
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GENERALIZED VEHICLE DYNAMICS PROGRAM FOR SINGLE 
MULL»SOLID AXLE VEHICLES ; USES A SEGMENTED TIRE 
CONCEPT . THIS PROGRAM IS A MODIFICATION OF A 
PROGRAM DEVELOPED BY FMC FOR THE WATERWAYS EXPERIMENT 
STATION, 

e««o»«e DIFINITIONS OF VARIABLES •o««««»«»»»« 

NAX 
VEL 
ACCEL 
BETA 
ALPHA 
DELTIM 
TSTOP 
HMIN 
HSTOP 
ACGHT 
BCGHT 
LAX(I) 
LSUS(J> 
LASUSU) 
LTIR(J) 
WTB 
WTAX(I) 
IBP 
IBR 
lAXR 
KSAME(J) 
KSTN 
KSMN 
WRAD 
SREFDU) 
TREFD(J) 
T(K) 
NSEG 
DSEG(I) 
SEGK(I) 
DELTA(K/J) 
DELTD(K,J) 
DELD(K,J), 
WTOT 
FDRlV 
WLAGd ) 
HH 
D(l) 
D(2> 
0(3) 
0(4) 

FOR EQUILIBRIUM COMPUTATION 

NUMBER OF AXLES 
FORWARD VELOCITY 
FORWARD ACCELERATION 
TRAVEL PATH ANGLE 
TERRAIN SLOPE ANGLE 
INTEGRATION STEP SIZE 
STOP TIME 
MINIMUM STEP SIZE FOR INTEGRATION 
MAXIMUM TRAVEL DISTANCE FOR VEHICLE 
HEIGHT OF AXLE CO AT START OF EQUILIBRIUM COMPUTATIO 
HEIGHT OF BODY CG AT START OF EQUILIBRIUM COMPUTATIO 
DISTANCE FROM BODY CG TO AXLE 
DISTANCE FROM BODY CG TO SUSPENSION 
DISTANCE FROM AXLE CG TQ SUSPENSION 
DISTANCE FROM AXLE CG TO TIRE 
BODY WEIGHT 
AXLE WEIGHTS 
BODY PITCH MOMENT OF INERTIA 
BODY ROLL MOMENT OF INERTIA 
AXLE ROLL MOMENTS OF INERTIA 
SAMENESS TABLE FOR SUSPENSIONS AND TLRES 
SUSPENSION-TIRE NUMBER 
SAMENESS NUMBER 
WHEEL RADIUS 
SPRING REFERENCE DISTANCES 
TIRE REFERENCE DISTANCES 
TEMPORARY STORAGE FOR CARD DATA 
NUMBER OF TIRE SEGMENTS (MAXIMUM 24) 
SEGMENT CENTERLINE W.R.T, VERTICAL (DEGREES) 

SEGMENT SPRING CONSTANT 
IFS(K,J)  PROFILES OF SUSPENSION SPRING FORCE 
IFD(K,J)    PROFILES OF SUSPENSION DAMPING FORCE 
FFD(K,J)    PROFILES OF TIRE DAMPING FORCE 

TOTAL WEIGHT OF TRUCK 
HORIZONTAL PROPULSION FORCE 
LAG DISTANCES OF EACH WHEEL 
INTEGRATION STEP SIZE 

XDDB     ACCELERATION OF BODY 
XDB      VELOCITY OF BODY CG 
THDDB    BODY PITCH ANGLE ACCELERATION 
THDB     BODY PITCH ANGLE VELOCITY 

CENTER BEHIND LEAD W 

CG 
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D(5) 
D(6) 
D(7)D( 
D(l7)- 
D(^7)- 
D(37)- 
D{47) 
0(46) 
D(49) 
D(50) 
0(51) 

V(l) 
V<^) 
V(3) 
V(4) 
V(5) 
V(6) 
V(7>-V 
Vll7) 
V(27) 
V(37) 
V ( 4 7 ) 
«{40) 
V(49) 
V(50) 
V{51) 
NSUS 
DLSJJ) 
DLSD(J 
DLTD(J 
SPS(J) 
DMS(J) 
DMT(J) 
►'(J) 

FfiJ) 
SUMB 
SUMOM 

FHORlZ 
HORMOM 
rrvd) 
XWCN 
XRET 
XFtT 
CC( I) 
TMAG 
AA( I ) 
ST 
SM 
XI,Yl 
X2,V2 
X3,Y3 
RXY( I 
CX( 1, J 

GODB BODY ROLL ANGLE ACCELERATION 
GDB BODY ROLL ANGLE VELOCITY 

16)    XDDA(I) ACCELERATION OF AXLE CG 
D(26)  XDA(I) VELOCITY OF AXLE CG 
D(36)  PHDDA(I) AXLE ROLL ANGLE ACCELERATION 
D{46)  PHDA(I) AXLE ROLL ANGLE VELOCITY 

HDD HORIZONTAL ACCELERATION OF TRUCK 
HD HORIZONTAL VELOCITY OF TRUCK 
WORKD TIME DERIVATIVE OF WORK 
XLDD COMPUTED HORIZONTAL VELOCITY AT CG 
TDOT TIME DERIVATIVE OF TIME 

CG 
CG 
VELOCITY 

XDB      VELOCITY OF BODY 
XB       POSITION OF BODY 
THDB     BODY PITCH ANGLE 
THB       BODY PITCH ANGLE 
GDB      BODY ROLL ANGLE VELOCITY 
QB       BODY ROLL ANGLE 

(16)   XDA(I)    VELOCITY OF AXLE CG 
V{26)  XA(I)     POSITION OF AXLE CG 
V(36)  PHDA(I)   AXLE ROLL ANGLE VELOCITY 
V(46)  PHA(I)    AXLE ROLL ANGLE 

HD       HORIZONTAL VELOCITY OF 
HP       HORIZONTAL POSITION OF 
WORK     WORK (INCH-POUNDS) 
SB       NOT USED 
TIME     CURRENT TIME (SECONDS) 

NUMBER OF SUSPENSIONS 
DEFLECTIONS OF SUSPENSIONS 

)   DEFLECTION VELOCITIES OF SUSPENSIONS 
)   DEFLECTION VELOCITIES OF TIRES 

SPRING FORCES OF SUSPENSIONS 
DAMPING FORCES OF SUSPENSIONS 
DAMPING FORCES OF TIRES 
TOTAL SUSPENSION FORCES 
TOTAL TIRE FORCES 
SUM OF FORCES (TEMPORARY) 
SUM OF MOMENTS (TEMPORARY) 
SUM OF HORIZONTAL FORCES 
SUM OF HORIZONTAL MOMENTS 
TIRE FORCE VECTOR SUM 
HORIZONTAL POSITION OF WHEEL CENTER 
REAR EXTREME OF TIRE (HORIZONTAL) 
FRONT EXTREME OF TIRE (HORIZONTAL) 
POSITION VECTOR OF WHEEL CENTER 
MAGNITUDE OF RXY VECTORS 
TEMPORARY STORAGE 
SLOPE OF TERRAIN 
SLOPE OF WHEEu SEGMENT 
COORDINATES OF HUB 
COORDINATES OF NEAR TERRAIN STATION 
COORDINATES OF FAR TERRAIN STATION 

J)  POINTS ON WHEEL CIRCUMFERENCE 
)   COMPONENT OF SEGMENT CENTERLINE 

TRUCK 
LEAD WHEEL CENTE 
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• CY(1,J) COMPONENT OF SEGMENT CENTERLINE 
• VVV(I) UNIT VECTOR IN DIRECTION OF TIRE FORCE 
• VELV(I) WHEEL CENTER VELOCITY VECTOR 
• SOLD TIRE DEFLECTION VELOCITY 
• TSFOR TIRE SPRING FQRCE 
» FORVEC(I) TIRE FORCE VECTOR 
» FVFRCJ) VERTICAL COMPONENT OF TQTAL SUSPENSION FORCE 
• FLAT(J) LATERAL COMPONENT OF TOTAL SUSPENSION FORCE 

REAL NAX, NPPNT, LSUS. LTIR, LAX, IBP, IBR, IAXR, LASUS 

... DIMENSIONS FOR THE FOLLOWING VARIABLES ALLOW. 
A 1U AXLE VEHICLE . THESE DIMENSIONS MUST NOT BE 
CHANGED UNLESS THE RELATED EQUIVALENCE STATEMENTS 
AND THE RELATED SUQSCRIPTING IN THE DERJVITIVE 
ROUTINE ARE CHANGED ALSC, 

COMMON D(51), V(51). VL(5l)i Pi(5l). P2(51), 
P3(5l); P4(51), P5(5l) 

,..DIMENSIONS FOR THE FOLLOWING VARIABLES ALLOW 
A 3 AXLE VEHICLE. THEY WERE REDUCED TQ CONSERVE 
CORt SPACE, THESE DIMENSIONS MAY BE CIIANGED(FOR 
IIP   TC   10   AXLES5WITHOUT   MAKING   ANY   OTHER   CHANGES, 

COMMON  LAX(3),   LSUS(6),   LTIR(6).   HTAX<3), 

!AäR(3).    CELTA{?5,6),   FS(25,<J),    DELTD(25,6), 

FD(?5,6),    DSEG(25,6).   SEGK(25,6)..    DELD(25,6), 
FFÜ(25/6),   KSAME(6),    DLSCö),   DLSD(6),    DLT(6>, 
0LTD(6),    SPS(6>,   DMS(6),   SpTCö),   DHT(6), 
F(6),    FF(6),   FvER(6),   FLAT(6),    SREFD(6), 
TRtfD(ö).   NSEG(6),   L*SUS(6),   WLAG(6),   CX(25,6>,   CY(25I6) 

• a a«« « a a e•e « « e a e•« e » 

. .-LllMC-NSlONS   ON   REMAINING   VARIABLES   ARE   NOT 
A   FUNCTION   OF   THE   MAXIMUM   NyMBER   OF   ALLOWABLE 

AXLES. 

COMMON   AA(2),   CC(2)i    VELV(2),   VVV(2),    F0RVEC(2), 
FFV(2ij    RXY(2i25),    T«AGt25) 

COMMON    |COMNT(24),   FHORIZ,   XwCN.    XRIT.    KFET, 

SOLD,    TSfOR.    TDFOR,    SUMFQR,   NINVAR.    MOTION, 
NAX,    IBR,    'BP,    HH.    ITERR,    1TERL.   FDRIV, 

ACCEL.    WTOT,    WTB.   VEL-   GG,   LUERR,   HMJN, 
HMAX,    NNN,    JS.     ITR.    WRAD,    !WHL,    JSJ,    JAJ, 

iNDXi   FLTOUT.   JAX.   NSUS 

COMMON  STA(50)I   HGT(50) 
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DIMENSION   T(8>.   NMFL(2) 

DIMENSION XDDA(IO). XDA(IO)» XAdO)» PHDDA(10)i 
PHÜA(lO), PHA(IO) 

EQUIVALENCE (XDDB. od)), (TKDDB, D(3)). 
(GUDB, 0(5)). (XDDA(l). 0(7)). (PHDDAd), 
D(27)>. (HDD. D(47)), (SDDB. 0(^9)). (TDOT» D(51>) 

EQUIVALENCE (XDB, v(i)). «XB, v(2))» (THDB, 
V(3)), (THB. V(4)). (GDBi V(5)>. (GB, V(6)). 
(XDA(l). V(7)). (XA(1). V(17>). (PHDA(l), 
V(i7)). (PHA(l). V(37)), (HD. V(47)), (HP. 
V(48)). (SDB, VM9)), (SB. V(50)>i (TIME, V(5l)) 

EQUIVALENCE (PLTOUT, NMFL) 

'lOO FQRMAT (QEIO.O) 
110 FORMAT (1615) 
120 FORMAT ("0", 4X, "EQUILIBRIUM CONDITIONS" // (5X, 9Fl2,7)) 

;     ...COMMENTS WILL BE WRITTEN TO THE OUTPUT FILE 

PRINT, "COMMENTS" 
READ i30; ICOMNT 

130 FQRM^T (24A3) 

.•, INPUT FILE NAME IS RARAMS 

CALL OPENFU, -PARAMS") 

. . .ESTABLISH OUTPUT FILE 

PRINT. "OUTPUT FILE NAME". ♦ • 
READ 140. PLTOUT 

140 FORMAT (A6) 
WRITE (3) DUMMY 
CAUL CLOSEF(3. PLTOUT) 
CALL 0PENF(3. PLTOUT) 

PRINT, "SPEED OF TRAVERSAL IN IN/SEC. » • 
READ» VEL 
GO = 366.064 
DTR " 3.141592653 / 180.0 
• ••• READ INPUT DATA »•••<>•«• 

MOTION = o 
... READ CONSTANTS (DUMMY IS INSERTED FOR VARIABLE 
FIELDS NO LONGER USED.) 

READ (1; 100) DUMMY, ACCEL. BETA, ALPHA 
READ (1; 100) DELTIM 
READ (1; 100) NAx. ACGHT, BCQHT 

l> 86 
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READ 
JAX : 
NSUS 

. • i 

READ 
READ 
READ 
READ 

READ 
READ 

15Ü 

160 

17U 

18U 

19Ü 

20Ü 

Ü1U 
22U 

Ü3U 

240 

Z5Ü 
260 

27Ü 

(1; 1ÜÜ) WTQ, IBP, IBR 
NAX 

= 2.0 • NAX 
READ AXLE DISTANCESi 
(l; 100) (LAX(I), I 

(LSUS(I). I 
(LASUS(I ). 
(LTIR(I). 1 
WEIGHTS AND 
(WTAX(I), I 

(l; 100) 
(l; 100) 
(1; 100) 
READ AXLE 
(l; 100) 
(IS 100) 

SUSPENSION AND TIRE DISTANCES 
= 1, JAX) 
= 1. NSUS) 

I = 1» NSUS) 
= 1. NSUS) 
MOMENTS 
1. JAX) 

(1AXR( 1 )i I =1. JAX) 
... READ REFERENCE DISTANCES 

READ (l; 100) (SREFD(l). 1 = li NSUS) 
READ (1, 100) (TREFD(I)i I '   1, NSUS) 
WRAD = TREFD(l) 
...HEAD NUMBER OF SEGMENTS PER TIRE 

READ (l; 110) (NSEG(I), I s 1, NSUS) 
... INPUT FORCE PROFILE DATA ,.. 

READ 

IF (K 

KSAMfc 
* * * 

IF (K 
CONTI 

i • • 

IT = 
READ 
IF (T 
Do 20 
DELTA 
FS<IT 
IT = 
CONTI 
GO TO 

IT = 
READ 
IF    (T 
DC   2« 
UELTlJ 
FndT 
IT = 
CONTI 
Go TO 

• • • 
IT = 
READ 
IF (T 
Do 2b 
DsEG( 

EAD 
(l; 
TEST 
STN) 
SET 
(KST 
TEST 
SMN) 
NUE 
READ 
1 
ci; 
(1) 
c I 
(IT. 
.KST 
IT ♦ 
NUE 
180 

READ 
1 
(i; 
(1) 
o I 
( ITi 
.KST 
IT ♦ 
NUE 
220 

READ 
1 
(l; 
(1) 
0 I 
IT.K 

PARAMETER CARD 
110) KSTN, KSMN 
FOR FLAG 
330. 330. 160 

SAMENESS NUMBER 
N) = KSMN 
FOR PROFILE DATA 
150. 170. 150 

SUSPENSION   SPRING   FORCE   PROFILE 

100)   T 
+   T(3))   190,   210.   190 
=   1,   7.   2 
KSTN)    =   T(I) 
N )   =   T ( I ♦ 1 ) 

1 

SUSPENSION   DAMPING   FORCE   PROFILE 

100)   T 
+   T(3))   230,   250,   230 
=   1,    7,   2 
KSTN)   =   T( I ) 
N)   =   T(!+l) 

1 

TIRE SEGMENTS AND SPRING CONSTANTS 

100) T 
♦ T{3)) 270, 290, 270 
= 1, 7, 2 
STN) = T( I ) 
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Si 
5 

11 

28U 

Ü9Ü 
JQU 

32U 

J3U 

iAU 

J5U 
J6U 

J7U 

J8U 

J9U 

40U 
41U 

120 

43U 

DO 

SEGK(IT,K 

IT s IT ♦ 
CONTINUE 
Go TÜ 260 
... READ 

IT = 1 
READ (l; 
IF (Td) 
Do 3Ü0 I 
DELDI IT.K 
FFD(IT,KS 
IT = IT ♦ 
CONTINUE 
GO TÜ 30Ü 
CONTINUE 

.LONVE 
360 JS 
.TEST 

IF (KSAME 
JS =  JSJ 
NNN = NSE 
DO 3!JC I 
DsEGl1,JS 
Cx(I»JS) 
CYd. JS) 
CONTINUE 
CONTINUE 

. ., READ 
NTERK = 1 
IT = 1 
READ (1; 
IF (T(l) 
Do 3V0 I 
STA(IT) = 
HGT(IT) = 
IT * IT ♦ 
CONTINUE 
GO TÜ 370 
GO TÜ 
NTERH 

ITERL 
GO TO 
UERK 
ALPHAO = 
ALPHAX = 
SlNA = SI 
CQSA = CO 
... RO'A 

DO 440 1 
IF (STA(I 
CONTINUE 
XX = STAl 
YY = STA« 
STA(I) s 

STN) a T(I*1) 
1 

TIRE DAMPING FORCE PROFILE 

lt'0) T 
♦ T(3)) 310, 150» 310 
= 1. 7, 2 
STN) = T( I ) 
TN) = T(1*1) 
1 

RT   FROM   DEGREES   TO   RADIANS 
J   =   1.   NSUS 
FOR SAMENESS 
(JSJ)) 360i 340i 360 

G(JSJ) 
= 1, NNN 
) = DSbG(I.JS) • DTR 
= SlN(DSEG(I.JS)) • TREFDCJSJ) 
=  - COS(DSEG« I.JS) ) • TREF"D<JSJ) 

TERRAIN PROflLE TABLE 

1Ü0) T 
♦ T(3)) 380. 400. 380 
= 1. 7. 2 
TCI) 
T(I*1) 
1 

(41 
= 2 
= I 
370 
s I 

0. 420). NTERR 

T - 1 

T - 1 
ALPHA 
ALPHA • DTR 
N(ALPHAX) 
S(ALPHAX) 
TE TERRAIN THROUGH SLOPE ANGLE ALPMA 
= 1. ITERR 
) ) 410, 440, 430 

I ) • COSA - HGT(I ) • SlNA 
1) • SlNA ♦ HGT(I) • COSA 
XX 

88 



M f 

Tv \r- ■ 
^w 

HGT(I) = YV 
^40 CONTINUE 

BETAÜP = BETA 
ÜETAX t BETA • DTR 
SlNB r SlN(BETAX) 

I     ... CONVERT TERRAIN PROFILE TO TRAVEL PATH ANGLE BETA 
Do 4t)0 1 = 1, 1TERR 
STA(l) = SU( I ) / SlNB 

45Ü CONTINUE 
:     ... COMPUTE LAG DISTANCES OF WHEEL CENTERS 

TTTD =  - LTIRd ) ♦ LTIR(2) 
IF (LOS(BETAX)) 490. 160, 480 

46Ü Do 470 I = 1, NSUS 
470 WLAG(I) s 0.0 

GO TO 5?0 
48U WLAGH) = 0.0 

HL*G(2) = TTTD / (SIN(BETAX) / COS(BETAX)) 
Go TO 500 

49U HLAG(2) = 0.0 
HLAfi(l) = TTTD / ( - SIN(BETAX) / COS(BETAX)) 

500 K = NSUS - 1 
ÜO 510 I = 3, K, 2 
J = (I ♦ 1) / 2 
HLAG(I) = (LAX(l) - LAX(J)) ♦ HLAGH) 
WLAG(I*1) = (LAX(l) - LAX(J)) ♦ WLAG(2) 

"310   CONTINUE 
52Ü CONTINUE 

EQUILIBRIUM COMPUTATION 

,., TEST FOR EQUILIBRIUM COMPUTATION 
IF (bCGHT) 550, 530. 550 

:     ... READ INITIAL VALUES AT EQUILIBRIUM 
530 READ (1; 1U0) (V(I), I = 1, MNVAR) 

DO 540 1 s 1, NlNVAR 
VL(I) = V( I ) 
D(I) = 0, 

54U CONTINUE 
Go TÜ 590 

:     ... SET UP INITIAL VALUES FQR EQUILIBRIUM COMPUTATION 
550 Do 560 1 = i,    MNVAR 

V(l) = VL(1) = Ü. 
56U D(I ) = Ü. 

D(NINVAR) = 1.0 
XB = BCGHT 
DO 5/0 1 = 1, JAx 

570 XA(I) = ACGHT 
ANALYSIS 
... COMPUTE INITIAL \ALUES OF ACCELERATION 

CALL DERlV 

...THE INITIAL TIME STEP FOR EQUILlBKIUM COMPUTAIONS 

1 

1 
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:     IS AN INPUT VALUE, THE MAXIMUM ALLOWED IS 
:     6 TIMES THE INITIAL. THE MINIMUM IS 1/8 THE INITIAL. 
■ 

HH   s   DELTIM 
HMAX   s   81   •   HH 
HMIN   =   .125   •   HH 

: ...    INTEGRATE 
>8t)   CONTINUE 

CALL NTGRAT 
: ... TEST FOR FINISH (EQUILIBRIUM IS ASSUMED TO BE 
:     REACHED AfTER SOME ARBIRARY TIME.THE TIME CHOSEN MAY BE 
:     CHANGED AS APPROPRIATE FOR THE VEHICLE. 

IF (TIME - 3.) 580i 590. 590 
:   ... PRINT EQUILIBRIUM CONDITIONS 
590 CONTINUE 

PRINT 120, cvd). 1 = l. NINVAR) 
;     ... TEST FOR CONTINUATION 

PRINT, "STOP TIME,STOP DISTANCE", » • 
READ» TSTOP, HSTOP 
IF (TSTOP.EQ.O. ) CALL EXIT 
MOTION s 1 

DYNAMIC RESPONSE COMPUTATION 

INITIAL 
0.0 
1.0 

VALUES 

600 
610 

C 
C 
C 
C 
62Ü 

... SET UP 
V(NINVAR) = 
D(NINVAR) = 
HP 1 0.0 
HD = VEL 
VL(47) s HD 
... COMPUTE THE INITIAL.MAXIMUM, AND MINIMUM TIME 
STEPS FOR DYNAMIC RESPONSE AS A FUNCTION OF THE 
FORhARD VELOCITY OF THE VEHICLE. THE MAXIMUM 
ALLOWABLE FORWARD DISPLACEMENT PER TIME STEP WAS 
CHOSEN TO BE 8 INCHES.THE MINIMUM 1/2 INCH, 

Do 600 I a 1. 10 
HH « 3. • 2. •• ( - I) 
IF (HH - 6, / VEL) 610. 600. 600 
CONTINUE 
HMAX = HH 
HMlN s HMAX / 16. 

WRITE (3) ICOMNT, VEL. NSEG(L). HMAX. HMIN 
CALL OUTPUT 

...NOW READY TO SIMULATE FORWARD MOTION OF 
THE VEHICLE OVER A TERRAIN OH OBSTACLE COURSE, 

CAUL NTGRAT 
CALL OUTPUT 

. . , TEST FOR FINISH 

I 
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63U 
64U 

10U 

no" 

120 

13U 

14U 

150 

16U 

17U 

ieu 

1<5U 

IF   (TIME   -   TSTOP)   630.    640.   640 
IF   (HP   -   MSTOP)   620I    640.   64o 
CONTINUE 
PRINT, "RUN COMPLETED" 
CALL EXIT 
bND 

ooum.Loo»«a«•oo«•«0«      SUBROUTINE NTGRAT 

...THIS SUBROUTINE USES RUNGE-KUUTA-MERSONS 
INTKGRATLON F0RULAE.  THE STEP SIZE  IS AUTOMATICALLY 

ADJUSTED BETWEEN THE COMPUTED LIMITS BASED ON THE 
COMPUTED INTEGRATION ERROR FOR THE VERTICAL 
MOTION Of THE AXLES. THE STEP SIZE IS ALSO REDUCED 
IF THE DFHlVlTlvE ROUTINE RETURNS AN INDICATION 
THAT DISPLACEMENTS OR VELOCITIES EXCEED THE MAXIMUM 
VALUES PROVIDED AS VEHICLE PARAMETERS, 

SuBRUuTINE NTGRAT 
LuERK s 1 
HH03 = HH / 3. 
Do HO 1 = 1, NlNVAR 
Pl(I) : hH03 a D(I) 
V{I) = VL( I ) ♦ Pl(I ) 
CALL DERIV 
... LUERR IS RETURNED AS 2 IF A TABLE LOOK-UP ERROR OCCURS 

Go TU (12?. 280), LUERR 
CONTINUE 
DO 1^0 1 = 1, NIMVAR 
P2(1) s HH03 • D(I) 
V(I ) = VL( 1 ) ♦ (Pl( 1 ) ♦ P2(I) ) 
CALL DERIV 
Go TO (lla, 280), LUERR 
CONT1NUE 
DO 130 I = 1. NlNVAR 
P3(I ) = HH&3 o D(I ) 
V(1) = VL(1) ♦ Pl(I) • -375 
CALL DERIV 
Go TU (160, 280), LUERR 
CoNTINUE 

NlNVAR 
' D( 1 ) 
• Pl(I ) • 1.5 • 

.5 

Pit I ) • \,U5 

Do l7u I s 1 
P4(I) • HH03 
V(1) = VL(I) 
CALL DERIV 
Go TU (ifcü, 
CoNTINUE 
Do iVn i z  i, 
P5( I) = HH03 
Du = (PK I ) ♦ 
V(I ) = VL( 1 ) 
iDOUbL = 1 
Do 2i:0 I = 1, 
K = 1 ♦ 6 
ERR = AOS( (PKK) 

P3(I ) • <.5 ♦ P4(I) 6.0 

281'), LUERR 

, NlNVAR 
»Dm 
P-) ( I ) o 4 . 
DU 

JAX 

♦ P5( I >) • .5 

P3(K) • 4.5 ♦ P4(K) • 

\ 
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J 

•, 

L ,_ 

i 
c 
c 
c 
c 
c 
c 

20U 
210 

Ü3Ü 

250 

260 

270 

280 
290 

JOO 

C 
C 
C 
C 
C 

1.Ü - P5(K) • .5) • .2) 

...bRROR OF 10 IN/SEC IS THE LIMIT BEYOND WHICH A STEP 
SlZfc REDUCTION OCCURS. 
...bRROR OF 1 IN/SEC IS THE LIMIT BELOW WHICH A STEP 
SlZb INCREASE OCCURS. 

ir (ERR - 10.> 200. 200. 280 
IF (ERR - 1.) 220. 210. 210 
iDOUbL = 0 
CONTINUE 
IF (IDOUBL) 250. 250, 230 
IF (MH - HMAX) 240. 250, 250 
Hw = HH • 2, 
NxTIME = 5 
CALL DERIV 
GO TO (26u. 280). LUERR 
CONTINUE 
Uo 2^0 I s 1. NINVAR 
VLd) = V(l) 
CONTINUE 
RETUKN 
IF (MH - HHIN) JOC 300« 290 
HW = HH • .5 
Go TO 100 
PRINT, -STEP SIZE LESS THAN MINIMUM.RUN TERMINATED" 

CALL EXIT 
END 

o.«        SUBROUTINE  DERIV 

...    THIS   SUBROUTINE    IS   USED   BY   NTQRAT   TO  COMPUTE   DERlVlTlVES 

SUBROUTINE DERIV 

IF  (MOTION) 100.  100,  450 

... MOTION IS 0 FOR EQUILIBRIUM COMPUTATION , 1 FOR 

DYNAMIC COMPUTATION. 

DERIVATIVE   ROUTINE   FOR   EQUILIBRIUM  COMPUTATION 

IF   (MOTION)   100.   100,    450 

:10U   C0V.    CALCULATE   DEFLECTIONS   OF   TIRES   AND   SPRINGS 
DO   1«>Ü   JSJ   =   1.   NSUS 
JAJ   »   (JSJ   ♦   1)   /   2 

: DLÜjsJf = DTRELFESuSJ)   -   (XA(JAJ)   -   LTIR(jSj)   .   S I N (PHA ( JAJ ) ) ) 
IF   (ULT(JSJ))   110.    120.    120 

HO   DLT(JSJ)   =   0.0 
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-   XDA(JAJ)   ♦   LTIRUSJ)   •   COS;P 
HHDA(JAJ) 

120 CONTINUE 
:     ... SPRING DEFLECTIONS 

ULS(JSJ) = SREFD(JSJ) - (XB - LAX(JAJ) • 
J      SIN(THB) - LSUS(JSJ) «> SIN(GB) - XA(JAJ) 
S      LASUS(JSJ) <» Sli«;(PHA( JAJ)) ) 
:     ... CALCULATE DEFLECTION VELOCITIES 

IF (ULT(JSJ)) 130, 130. HO 
13U ULfDUSj) = CO 

Go TO 150 
14U CONTINUE 

üLTD<JSJ) 
s   HA(JAJ)) 

15U CONTINUE 
DLSDUSJ)   =      -   XDB   ♦   LAX(JAJ)   •   COS(THB)   • 

4 THUS   +   LSUS(JSJ)   •   COS(GB)   »   GOB   ♦   XDA(J*J)   - 
4 LASUS(JSJ)    •   COS(PHA(JAJ))    •   PHDA(JAJ) 

16U CONTINUE 
Do 400 JSJ = 1. NSUS 
JAJ s (JSJ ♦ 1) / 2 

C     . . .TEST FCR SAMENESS 
IF (KSAMb(JSJ)) 170. 180. l/Q 

17U JS = KSAME(JSJ) 
Go TO 190 

18U JS = JSJ 
i9u CONTINUE 

NNN = NSEGUSJ) 
C     ... LOOK UP SUSPENSION SPRING FQRCE 

ÜO 200 I    z   i,   ?.A 
IF (UELTAd.jS) - DLS(JSJ)) 200- 200, 220 

200 CONTINUE 
PRINT 210, JSJ 

210 FORMAT ( / 5x. "TLU ERROR - SUSPENSION SPR1NG*I3) 

LubRN = 2 

220 SPS(JNSJ, - FS.l-l.JS, *   iV'^'/.SlLÜu'lis) ,JS)) - (FS(I.JS) - FS(I-l.JS)) / (DELTA(I.JS) 

i    I°!
L
LOOK'UP

J
SUSPENSION DAMPING FORCE 

Tf   ^ELIDII^S)4- DLSD(JSJ)) 230. 230. 250 
23U CONTINUE 

PRINT 240, JSJ 
24U hO«MAT ( / 5X. "TLU ERROR 

SUSPENSION DAMP"I3) 

FD(I-l.JS) * ^DLSDCJSJ) - DELTD(I-1 
FD(I-l.JS)) / (DELTDd.JS) - 

LUERH = 2 
RETURN 

250 DHS(JSJ) 
.JS)) ■> (FD(I.JS) 
DELTD( I-l.JS) ) ,. „ r. 

... COMPUTE TIRE SPRING FQRCE 
SpT(JSJ) - 0. 
IF (bLT(JSJ)) 360. 360. 260 

260 CONTINUE 
CC^!    I   iMj!;f-,LT1R(jSJ)   .   SIN<PHA(JAjn 
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3w. 

Pi 
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■Hü 

Ü8U 

J4Ü 

DO 
SH 
IF 
XX 
GO 
XX 
YY 
X2 
X3 

J5U 
i6U 

J7U 

.560 

39U 

10U 

(3 

(3 

(3 

Xl = CC( 
Yl = CC( 

, . .LOCA 
Do 27U I 
RXY(I.I) 
RXY(Ü.I) 
CONTINUE 
..,C0MP 

34(1 I 
= CY( 
(SM) 

= l.E 
TO 30 

= 0, 
= 0, 
= 2. 

KKERH = 
GO TO 
KKERT 
GO TO 
KKERU 

Go TO 
RxYd.I ) 
RXY(^,I) 
CONTINUE 
Do 3^0 i 
*A(1) = 
AA(2) = 
TMAGII) 

RXY(Ü,I) 
TMAG( I ) 
SpT(JSJ) 
CONTINUE 
CONTINUE 
... LOO 

DO 3/0 I 
IF (HELD 
CONTINUE 
PRINT 38 
FORMAT ( 
LUERH = 
RETUKN 
DMT(JSJ) 

,JS) ) • 
DELDd 

... COM 
F(JSJ) = 
FF(JSj) 
FLATUSJ 
CONTINUE 
,., COM 

SyMB = 0 
Do 110 J 

1) 
2) 
TE ALL POINTS ALONG TIRE CIRCUMFERENCE 
= 1, NNN 
= XI ♦ CX(I,JS) 
= Yl ♦ CY(1,JS) 

UTE DEFLECTIONS 
= 1. NNN 

I,JS) / CX(I.JS) 
290, 280, 290 
lb 
0 
Yl ♦ SM • XI) / SM 

• TREFD(JSJ) 
KBTWN(X2,XX,X3) 
10» S-JO), KKERR 
KBTHN(X1,XX.RXY(1,I)) 
20. 340), KKERT 
KBTHN(Y1,YY,RXY(2,I)) 
30, 340), KKERU 

= XX 
= YY 

= 1, NNN 
CC(1) - RXY<1, I ) 
CC(2) - RXY(2, I ) 
* SOHT(AA(l) • AA(1) ♦ AA(2) • AA(2)) 
= AA(2) / TMAG(I) 

= (TREFD(JSJ) - TMAG(I)) • SEGKd.JS) 
= SPT(JSJ) ♦ TMAG(l) • RXY(2.I) 

K UP TIRE DAMPING FORCE 
= 1, 24 

(I.JS) - DLTD(JSJ>) 370« 370, 390 

0, JSJ 
/ 5x, "TLU ERROR - TIRE DAMP"I3) 

2 

= FFD(1-1,JS) ♦ (DtTD(JSJ) - DELD(I-1 
(l-FD(I,JS) - FFDd-l,JS)) / (DELDd,JS) 

-l.JS)) 
PUTE TOTAL FORCES 
SPS(JSJ) ♦ DMS(JSJ) 

= SPT(JSJ) ♦ DMT(JSJ) 
) = F(JSJ) • SIN(GB) 

PUTE SUM OF SUSPENSION FORCES 
.0 
Sj   =   1,   NSUS 

9U 

i 

' 

!   V 
*-»—• ri      I   P'- mnm 0,     pr ;■ 

I 
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Se,: 

4lU SuMB = 

420 

43Ü 

440 

C 

c 
450 

460 

47U 
480 

D(l) 
D(2) 

• • • 
SuMOM 
Do 4«; 
JAJ '■• 
SUMOM 

D(«5> 
D{4> 

t * * 

SuMOM 
Do 4>J 
SuMQM 

D(t>) 
D(6) 

Do 44 
JAJ s 
DOH 

D( JAJ 
F(J 

D( JAJ 
• • • 

D( JAJ 
HA(J 
A( JA 
F(J 

D( JAJ 
CONTI 
D(47) 
0(48) 
RETUK 

• • 
<o«« 

CONTI 
LUERK 
KHORI 
HORMü 

DO 6Ü 
JSJ = 
...T 

IF <K 
JS = 
Go TU 
JS = 
CoNTl 

JAJ = 

CO 

CO 

0 
( 

CO 

CO 

Ü 

CO 

SUMB 
MPUTE 
(SUMö 
v(i) 
HPUTE 

o.o 
JSJ = 
jSj ♦ 
SUMO 

HPUTE 
SUMOM 
V(3) 
HPUTE 
0.0 

JSj = 
SUMO 

MPUTE 
SUMOM 
V(5) 
MPUTE 
JSj = 
JSj ♦ 

♦ F(JSJ) 
BODY ACCELERATION AND VELOCITY 
- WTB) o GG / WTB 

SUM OF BODY PITCH MOMENTS 

1. NSUS 
1) / 2 

M - LAX(JAJ) • F(JSJ) • C0S<THB) 
HODY PITCH ANGULAR ACCELERATION AND VELOCITY 
/ IBP 

SUM OF BODY ROLL MOMENTS 

1. NSUS 
M - LSUS(JSJ) » COS(GB) • F(jSj) 
BODY ROLL ANGULAR ACCELERATION AND VELOCITY 
/ IBR 

AXLE ACCELERATION AND VELOCITY 
1. NSUS. 2 
1) / 2 

+ 6) = 
SJ*1) 
♦ 16) = 
COMPuT 
♦26) = 
AJ) ) - 
J) ) ♦ 
SJ*1) 
♦ 36) = 
NUE 
= 0.Ü 
= 0.0 

N 
O « ft 0 o o 

DERIV 
O 0 0 ü Ö *» 

NUE 
= 1 

Z = 0. 
M = 0 . 
COMPUT 
0 JJJ 
NSUS 

EST FO 
SAMfc{J 
KSAME( 
480 

JSJ 
NUE 

(JSj 

(FF(JSJ) ♦ FF(JSJ+1) - F(JSJ) - 
- WTAX(JAJ)) « GG / WTAX(JAJ) 
V(JAJ^6) 

E AXLE ROLL ANGLE ACCELERATION AND VELOCITY 
( - FF(JSJ) • LTIR(JSJ) • COSCP 
FF(JSJ+1)   •   LTIR(JSJ+1)   o   C0S(PH 

F(JSJ)   •   LASUS(JSj)    o   COS(PHA(JAJ))   ♦ 
•   LASUS(JSJn)   •   C0S(PHA(JAJ) ) )    /   IAXR(JAJ) 
V(J4J+26) 

osaoooueiiiiasaoaffoiiftoauoavftooosecssaoiiaoftoxxxsoaa 

ATIVE ROUTINE FOR DYNAMIC RESPONSE COMPUTATION 
a o a « a ai>as<»Dso««o«e«aoB«s«<>»***<>eaao*oss*«*oOft*i>e 

SJ) ) 
JSJ) 

DEFLECTIONS OF TIRES AND TIRE FORCES 
1. NSUS 
JJJ ♦ 1 
SAMENESS 

460. 470. 460 

1) / 2 
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'I t 

J 

_^ rf 

REAR OF TIRE AND EXTREME FRONT OF TIRE 

490 

DID 

5 

S3U 

Ö4U 

!35U 
!>6U 

57U 
&8U 

&9U 
6nu 
61U 

FFV(l) = Ü.0 
FFV(2) = ü.0 
NNN 5 NSfcGUSJ) 
WVd) = 0. 
VVV(2) = 0. 
WRAD = TREFD(JSJ) 
... FIND EXTREME 

XwCN = HP - WLAG(JSJ) 
XRET = XWCN - WRAD 
XTET = XWCN + WRAD 
... LOOK UP TERRAIN COORDINATES 

KLR = JSJ / JAJ 
Go TÜ H9o. 500), KLR 
KTR1 = 1 
KTR2 = 1TERL 
GO TO 510 
KTRl = ITERL ♦ 1 
KTR2 = ITEHR 
CONTINUE 
Do 520 JTR = KTRl, KTR2 
IF (XRET - STA(ITR)) 530. 520. 520 
CONTINUE 
PRINT, -VEHICLE IS BEYOND LIMITS OF THE" 

, " TERRAIN,R(UN TERMINATED" 
CALL EXIT 
CONTINUE 
CALL SEG^HL 
IF (LUERH.E0.2) RETURN 
... COMPUTE WHEEL CENTER VELOCITY VECTOR 

VFLV(l) = HD 
VELV(2) = XDA(JAJ) - LTIR(JSj) • COS(PHA(JAJ ) ) • PHDA(JAJ) 
... COMPUTE TIRE DEFLECTION VELOCITY 

SOLD =  - (VELV(I) • VVV(l) ♦ VELV(2) • VVV(2)) 
... TEST FOR SAMENESS 

IF (KSAMfc(JSJ)) 540, 550. 540 
JS = KSAME(JSJ) 
Go TO 560 
JS = JSJ 
CONTINUE 
... LOOK UP TIRE DAMPING FORCE 

Do 5/0 I = 1, 24 
IF (DELD(I'JS) " SOLD) 570, 570. 600 
CONTINUE 
CONTINUE 
PRINT 590, 
LuERh = 2 
RETURN 
FQRMAT ( / 
IF (l - 1) 

JSJ. SDLD 

5X. "TLU-ERROR - TIRE CAMP"l3, 2X. "SDLD.l,FlO , 3) 
.r >.   ., 580. 5fl0. 610 
TDFOK = FFD(I-1.J5) ♦ (SDLD - DELD(1-1,J! 

(FfD(IiJS) - FFD(I-l.JS)) / (DELDd'JS 
... COMPUTE FORCE VECTOR AND ACCUMULATE 

SULFUR = TSFOR ♦ TDFOR 
FoRVfcC(l) = SUMFoR • VVV(l) 

- DELD(1-1,JS)) • 
(DELDd-JS) - DELDd-l.JS)) 
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62U 

63Ü 

64U 
65U 

66Ü 
67Ü 

68U 
690 
700 

71Ü 
/2Ü 

/30 
/4U 
/5Ü 

FORVfcC(2) = SUMFOR • VVV(2) 
FFVd) = FORVEC(I) + FFV(l) 
^FV(Ü) = F0RvHC(2) * FFV(2) 
... SET VERTICAL FORCE COMPONENT 

FF(JSJ) s FFV(2) 
... ACCUMULATE HORIZONTAL FQRCE COMPONENT 

FH0R1Z = FHORIZ ♦ FFV(l) 
... ACCUMULATE HORIZONTAL MQMENTS 

HORMÜM = HORMOM ♦ FFV(I) • (XB - (XA(JAJ) - 
SIN(PHA(JAJ) ) » LTIR(JSJ))) 

CONTINUE 
... COMPUTE DEFLFCTIONS OF SPRINGS AND SPRING FORCES 

DO 760 jSj -   1, NSUS 
JAJ s (JSj * 1) / 2 
IF (KSAMfc(JSJ)) 630. 640. 630 
JS = KSAME(JSJ) 
GO TU 65U 
JS = JSJ 
CONTINUE 
... CALCULATE SPRING DEFLECTIONS 

DLS(JSJ) = SSEFD(JSJ) - (XB - LAX(JAJ) • 
SIN{THB) - LSUS(JSJ) » SIN(GB) - XA(JAJ) ♦ 
UASUS(JSJ) » S1NJ(PHA( JAJ) ) ) 

... CALCULATE THE DEFLECTION NELOClTIES 
DLSD(JSJ) =  - XDH ♦ LAX(JAJ) • COS(THB) • 

THUB ♦ LSUS(JSJ) • C0S(G8) • GDB ♦ XDA(JAJ) - 
UASUS(JSJ; » COS(PHA(JAJ)) o PHDA(JAJ) 

... LOOK UP SUSPENSION SPRING FORCE 
UO 6O0 I = 1, 24 
IF (UELTACI.JS) - DLSCJSJ)) 660. 660, 690 

CONTINUE 
CONTINUE 
PRINT 6ao, 
LyfcRK = 2 
RETUKN 
FORMAT ( / 
IF (1 - 1) 
SpS(JSJ) = 

JSJ 

5X. 
670 

"TLU 
670. 

ERROR - SUSPENSION SPRING"I3) 
700 

FS(I-l.JS) ♦ (DLS(JSJ) - DELTAd-l 
FS(1-1.JS)> / (DELTACI,JS) - .JS) ) « (FS(I•JS) - 

UELTA( 1-1,JS) ) 
... LOOK UP SUSPENSION 

DO 710 1 - 1, 24 
DAMPING FORCE 

IF (DELTDd 
CONTINUE 
CONTINUE 
PRINT 730, 
LUERH •   2 
«ETUKN 
FORMAT ( / 
IF (I - 1) 
DMS(JSJ) = 

. JS) ) » (f D(1 
DELTD(I-I,JS) ) 

, . . COMPUTE TOTAL 

JS) - DLSD(JSJ)) 710, 710. 740 

JSJ 

5X, "TLU ERROR - SUSPENSION DAMP'MS) 
720, 720, 750 
FD(l-l.JS) ♦ (DLSD(JSJ) - DELTDd-l 

JS) - FD(I-l.JS) ) / (DELTDUiJS) 

FORCES 
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/6U 

77U 

F(JSJ) = SPS(JSJ) ♦ DMS(JSJ) 
FVERUSJ) = F(JSJ) • COS(GB) 
FLAT(JSJ) = F(JSJ) • SIN(GB) 
CONTINUE 
... COMPUTE SUM OF SUSPENSION FORCES 

SuMB = OiU 
Do 770 JSJ = 1, NSUS 
SuMB = SUHB + FVERUSJ) 
... COMPl TE BODY ACCELERATION AND VELüCITY 

D{1) 
D(2) 

WT8) • GG / WTB 

1. 
1) 

78 U 

NSUS 
/ 2 
LAX(JAJ) • F(JSJ) • COS<THB) 

/9U 

= (SUMD 
= XDB 

... COMPUTE SUM OF BODY PITCH MOMENTS 
SuMOM a 0.0 
Do 7Ö0 JSJ 
JAJ = (JSJ 
SuMOM = SUMOM 
PALO 

SuMOM a SUMOM - HORMOM 
... COMPUTE BODY PITCH ANGULAR ACCELERATION AND VELOCITY 

0(i)   = SUMOM / IBP 
DO) = THDB 
... COMPUTE SUM OF BODY ROLL MOMENTS 

SuMOM s 0.0 
Do 7V0 jSj = 1. NSUS 
SuMOM s SUMOM - LSUStJSJ) • F(JSJ> • COS(GB) 
... COMPUTE BODY ROLL ANGULAR ACCELERATION AND VELOCITY 

D(>) = SUMOM / 1BR 
D(6) r GDB 
,.. COMPUTE 

Do 800 JSj = 
JAJ = (JSj ♦ 
D(JAJ+6) = 

F(JSJ*1) 

AXLE ACCELERATION AND VELOCITY 
= 1. NSUS, 2 
♦ 1) / 2 
(FF(JSJ) ♦ FF(JSJ*1) - F(JSJ) - 
- WTAX(JAJ)) • GG / WTAX(JAJ) 

Ö00 

D(JAJ+16) = XDA(JAJ) 
... COMPUTE AXLE ROLL ANGLE ACCELERATION AND VELOCITY 

D(JAJ*26) = ( - FF(JSJ) • LTIR<JSJ> • C0S(P 
HA(JAJ)) - FF(JSJ+1) • LTIR(JSJ*1) • COS<PH 
A(JAJ)) ♦ F(JSJ) • LASUS(JSj) » COS(PHA(JAJ) > ♦ 
F(JSJ*1) • LASUS(JSJ*1) • C0S<PHA(JAJ))) / IAXR(JAJ) 

D(JAJ*36) = PHDA(JAJ) 
CONTINUE 
... COMPUTE HORIZONTAL ACCELERATION OF TRUCK 

D(47) : ACCEL 
0(48) s Hü 
,.. EXIT 

RETUHN 
END 

c 
c 
c 
C 
C 
C 
c 

SUBROUTINE OUTPUT 

... THIS SUBROUTINE WRITES ACCELERATIONS.VELOCITIESi 
AND DISPLACEMENTS TO AN OUTPUT FILE AT EACH INTEGRATION 
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5 

1 
  a~ ■*--. 

10U 

iiu 

12U 

lou 

'iiu 

12U 

13U 

STEp.lT IS CALLED AFJER EACH SUCESSTUL INTEGRATIQN STEP. 
IT CAN BE CHANGED TO OUTPUT THESE VARIABLES IN ANY 
DESIRAöLE FORM, ANY OTHER VARIABLES OF INTEREST MAY 

BE UUTPUT HERE SINCE ALL SIGNIFICANT VARIABLES ARE 
IN COMMON. 

SuBRUU 
iNDX = 
... I 

IF ( IN 
. . .YE 

CALL C 
NMFL(2 
FORM«T 
PRINT 
FORMAT 
WRITE 
CALL C 
CALL O 
,.. u 

WRlTb 
INDX = 
WRlTb 
RpTUHN 
fcNÜ 

TINE OUTPUT 
INDX ♦ 1 

S THE FILE 
DX,LT.126) 
S,CREATE A 
LOSEF(3) 
) = NMFL(2) 

( A6) 
110, PLTOUT. 
(IX. A6, IX 

(3) DUMMY 
LOSEFCS. PLTOUT) 
PfcNF(3, PLTOUT) 
RITE THE HEADING 
(3) 1COMNT, SPD. 
1 

(3) D. V 

FULL 
00 TO 120 
NEW FILE 

V(51) 
"BEGINS AT". iX» F9.5) 

INFO AT THE BEGINNING 
NSEG(i), MMAX, HMIN 

OF EACH PILE, 

«aooooooaoeossaoeoao    FUNCTION KbTWN 

... THIS FUNCTION IS USED HY SUBROUTINE SEGHHL TO 
DETERMINE IF A POINT IS 8ETWEEN TWO OTHER POINTS, 

FuNCTION KBTWNCA, P, fi) 
IF (A - P) 110. 120, 100 
IF (b - P) 120. 120. 130 
IS P BETWEEN A AND B 

IF (b - P) 130. 120, 120 
VALID RETURN 

KRTwN = 1 
RETUHN 
INVALID RETURN 

KRTWN = 2 
RETURN 
END 

• <)o«e»«<>««»««aea»no«   SUBROUTINE SEGWHL 

...THIS SUBROUTINE IS USED BY THE DYNAMIC RESPONSE 
PORTION OF SUBROUTINE DERIV TO COMPUTE TIRE DEFLECTION 
FORCE VECTORS USING THE SEGMENTED TIRE CONCEPT. 

SUBROUTINE SEGWHL 
CCd) = XwCN - STA( ITR-1) 

J 

;/ 
99 

- tT?8 
 ■ -•>■■.-■■- ■-- -—  .:.-...,- .•....■ __. .■^..-„ ._ - ■J.— .^-^^t-J 



■- "    ""■ " ■'■    ''       M  ,,,, uwipwi.,,»,   j     iiuMiipiiiinmiiu 

AX_.. 

I 

JU- 

10U 

liu 

12U 

13U 
14U 

15U 

16U 

17U 

18U 
19U 

Ü0U 

2lU 

iJ2U 

Ü711 

Ü41J 

•<f5U 

260 

CC(2) = XA(JAJ) - LTIR<JSJ) • SIN(PHA(JAJ ) ) 
XI = CC(1) 
Yi = CC(2) 
...LOCATE ALL POINTS ALONG TIRE CIRCUMFERENCE 

DO 1U0 I = 1. 
Rxm. I) = XI 
RxY(2.1 ) = Yl 
CONTINUE 
...INTERSECT SEGMENT CENTERS wiTh TERRAIN 

MOLE = i 
DO 220 I = 1. 
DMlN = I.ElO 
SM = CY(1 , JS) 
KTR s ITR 
X2 = 0, 
Y2 = HGT(KTR-l) 
CONTINUE 
X3 
Y3 
ST 
IF 
XX 
GO 
XX 
YY 

NNN 
♦ CX(1,JS> 
+ CY(I,JS) 

NNN 

/ CX(I.JS) 

STA(ITR-l) 

X3) 
130 

ST 

STA(KTH) - 
= HGT(KTR) 
= (Y2 •• Y3) / (X'3 - 
(SM - ST) 130, 120. 
= 1.E35 
TU 140 
= (Y2 - Yl ♦ SM • XI 
= ST • (XX - X2) ♦ Y2 

KEHR = KBTkiN(X2.XX.X3) 
Go TÜ (150. 180), KERR 
KERS = KbTkN(Y2.YY.Y3> 
Go TÜ (16(1, 180), KERS 
KERT = KBTWNCXl.XX.RXYd. I )) 
Go TO {l7ü, 180), KERT 
KERU = KBrwN(Yl.YY.RXY(2, ! ) ) 
Go TO (200. 180), KERU 
IF (XFET - STA(KTR)) 220. 220. 
KTR = KTR ♦ 1 
X2 = X3 
Y2 = Y3 
GO TO 110 
DMINI = SQRT((XX-X1) • (XX - XI) 
IF (UMIM - DMIM) 210. 210. 180 
DHIN = DM1N1 

X2) / <SM - ST) 

190 

<YY - YD (YY - Yl)) 

XX 
YY 

■^90. 290. 230 

RXY(1,I) = 
RXY(2. I ) = 
MOLE = Ü 
GO TU 180 
CONTINUE 
IF (MOLE) 
CONTINUE 
KTR = ITR 
IF (STA(KTK) 
KTR » KTH ♦ 1 
GO TÜ 240 
TEMPI = HGTUTR-D 
TtMP2   =   STA(KTR-l) 

XWCN)   250.   260.   260 
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a7U 
28Ü 

<i9ü 

PpHUb   =   TEMPI   ♦ 
KTR)   -   TEMP?) ) 

IT   (VI   -   PBHuB) 
PRINT 200, JSJ. 
FORMAT ( // IX. 

((HGT(KTR) - TEMPI) / (STA( 
• (XwCN - TEMP2) 
270, 270, 290 
XWCN 
"CENTER OF WHEEL NUMBER", 

13, IX, "IS BELOW THE TERRAIN SURFACE AT XWCN =", F12.21 
LUERft = 2 
HfTUKN 
CONTINUE 

JOU 

J3U 

J6U 

ÜO 300 I =1, NNN 
RXY(1,I) = CC(1) - RXY(1, I ) 
RxY(2,I ) = CC(?) - RXY(2, I ) 
CONTINUE 
...NORMALIZE RXV AND LET TMAO BE MAGNITUDE 

ÜO 31C I = 1, NNN 
AA(1) = KXY(1,I) 
A*(2) = HXY(2.I) 
TMAG(I) = SQRT(AA(1) • AA(1) ♦ AA(2) • AA(2)) 
RXY(1, I )  : AA(1 )   /  TMAG(I ) 
RXYU, I )  =  A« (2)  /  TMAG( I ) 
CONTINUE 

...COMPOTE FORCE FUR EACH SEGMENT 
ÜO iÜC 1 =1. NNN 
TMAG(I) = (WRAD - TMAG(I)) • SECKII.JS» 
CONTINUE 
...COMPUTE COMPOSITE FORCE VECTo« 

UO 3J0 I =1. NNN 
VVV(1) = VVV(l) • TMAG(I) • RXYd.I) 
WVCO s VVV(^) ♦ TMAG(I) <• RXY(2.I) 
CONTINUE 
...COMPUTE FORCE HAGNITUDE, TSFQR 

TSFOK = SQhT(VVV(l) » VVV(l) ♦ VVV(2) • VVV(2)) 
IF (TsfQR) 350. 350, 340 
CONTINUE 
VVV(1) = VVV(l) / TSFOR 
VvV<«:) :   VVV(2) / TSFOR 
GO TO 360 
VvV(l) ; U. 
VVVU) : 1. 
CONTINUE 
«ETUhN 
bNÜ 
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I)     ABSTRACT 

The  purpose of this  study was   to  develop and validate a digital  computer  simulation of 
the  ride dynamics,   including bounce,   pitch,  and roll,  of a general  single-hull,   solid- 
axle vehicle with an arbitrary  number of axles.     The  study also   included  an effort  to 
minimize  the execution time  and  thus  the cost of the  sLmulation by providing automatic 
determination of the optimum numerical  integration  interval  to be used  at  each point 
in  the  simulation.    The vehicle  was defined ac  a rigid body  connected  to  rigid  axles by 
springs  and viscous dampers.     Tires were described as clusters  of radially projecting 
springs  being deflected by a nonyieldlng riding  surface.    The  suspension  springs  and 
dampers were described by   force-deflection and  force-rate tables,   thus  allowing non- 
linear characteristics  to  be handled by a piece-wise linear  representation with linear 
interpolation between  the  points.     The  numerical   Integration method used was the Runge- 
Kutta-Merson metiiod,  which  is  a  fourth-order method.     The method  requires  five deriva- 
tive evaluations  per  integration  and provides an estimate of  the  truncation error that 
jan be used  for automatic   interval   adjustment.     Field  tests of a  representative vehicle 
traversing a single obstacle  at  three different  speeds and a  cross-country  terrain at 
one speed were  simulated.     Graphs are presented comparing simulated vehicle responses 
with field test data provided by  the Waterways  Experiment Station.     The  effects of 
integration step-size on  simulated  vehicle responses are  Illustrated with graphs  com- 
paring simulated vehicle  responses using  several  different  integration  intervals.     A 
discussion of criteria for automatic management of the  integration  interval   is 
presented. 
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