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1 .0 INTRODUCTION 

The research  i n v e s t i g a t i o n  r e p o r t e d  h e r e i n  i s  p a r t  o f  an on- 

g o i n g  s t u d y  o f  motor  t r u c k  b r a k i n g  and h a n d l i n g  b e i n g  conducted by 

The U n i v e r s i t y  o f  M i c h i g a n ' s  Highway S a f e t y  Research I n s t i t u t e  f o r  

t h e  Motor  V e h i c l e  Manu fac tu re rs  A s s o c i a t i o n  o f  America [I], I n  t h i s  

ongo ing s tudy ,  l a r g e - s c a l e  computer-based models f o r  s i m u l a t i n g  t h e  

b r a k i n g  and d i r e c t i o n a l  response o f  commercial v e h i c l e s  have been 

developed [2,3,4]. T h i s  r e p o r t  addresses t h e  capabi  1  i t y  o f  a  d e t a i  l e d  

d i g i t a l  s i m u l a t i o n  (wh ich  i s  an e x t e n s i o n  o f  t h e  model d e s c r i b e d  i n  

Reference [4]) f o r  p r e d i c t i n g  t h e  response t o  s t e e r i n g  o f  t r a c t o r -  

semi t r a i l e r  v e h i c l e s  i n  o b s t a c l e - a v o i  dance ( lane-change) , s t e p - s t e e r ,  

and s t e a d y - t u r n i n g  maneuvers. 

P rev ious  " v a l i d a t i o n "  s t u d i e s  have been d i r e c t e d  a t  ( 1 )  u s i n g  

t h e  computer models t o  s t u d y  t h e  b r a k i n g  performance o f  commercial 

v e h i c l e s  equipped w i t h  a n t i  l o c k  b r a k i n g  systems [5,6] and ( 2 )  assess ing  

t h e  a b i  1 i t y  of  t h e  computer programs t o  p r e d i c t  t h e  d i r e c t i o n a l  r e -  

sponse o f  s t r a i g h t  t r u c k s  [7 ] .  The i n v e s t i g a t i o n  p resen ted  i n  t h i s  

r e p o r t  extends t h e  work on s t r a i g h t  t r u c k s  by c o n s i d e r i n g  t h e  i n -  

f l u e n c e s  o f  t h e  a r t i c u l a t i o n  j o i n t  a t  t h e  f i f t h  wheel of a  t r a c t o r -  

semi t r a i l e r  v e h i c l e .  

A f t e r  s t u d y i n g  t h e  s i m u l a t i o n  of b r a k i n g  and s t e e r i n g  maneuvers 

s e p a r a t e l y ,  f u t u r e  v a l  i d a t i o n  e f f o r t s  i n  t h e  ongoing research  program 

w i l l  be concerned w i t h  v e h i c l e  maneuvers i n v o l v i n g  combined s t e e r i n g  

and b r a k i n g  a c t i v i t y .  A c c o r d i n g l y ,  t h e  research  d e s c r i b e d  h e r e i n  i s  

a  s i n g l e  s t e p  i n  a  process o f  improv ing  and p e r f e c t i n g  t h e  v e h i c l e  

mode 1 s  . 
The b a s i c  o b j e c t i v e  of t h i s  r e p o r t  i s  t o  compare s i m u l a t e d  

d i r e c t i o n a l  response w i t h  t e s t  r e s u l t s  i n  o r d e r  t o  demonstrate t h e  

s t r e n g t h s  and weaknesses o f  t h e  computer model a t  t h i s  s tage o f  i t s  

development . 



The main body of th i s  report contains ( 1 )  concise sections 
describing the vehicles tested and the simulation employed, ( 2 )  a 
comparison of simulated and measured resu l t s ,  and ( 3 )  concluding 
remarks indicating the types of vehicle maneuvers that can be pre- 
dicted well and recommending further research into the modeling of 
( a )  steering systems, ( b )  the rol l  motions of tractors and semitrailers , 
and ( c )  factors infl  uencing steady-state response. 

Technical matters pertinent t o  the simulation of the directional 
response to  steering of tractor-semitrailer vehicles are presented in 
several appendices. 



2.0 DESCRIPTIONS OF THE VEHICLES USED IN THE VALIDATION STUDY 

The t rac to r -  t r a i  l e r  combinations which were studied a re  speci - 
f i ed  below: 

Tractor Trai l e r  

1  ) International Harvester Fruehauf Van 
Model COF 4000D Model FG8-F2-45 ' 

2 )  Same as (1 ) Trailmobile F la t  Bed 
Model P31 TOSAH 

The more important parameters affecting the d i  rect ional  and ro l l  
responses of the t r a c to r ,  the van t r a i l e r ,  and the f lat-bed t r a i l e r  
a re  given in Tables 1 ,  2 ,  and 3 ,  respectively.  A de ta i led  l i s t i n g  
of the parameters of the tractor-van t r a i l e r  combination i s  given in 
Appendix A.  

The following t i r e s  were mounted on the indicated un i t s :  

Tractor - 10.00 x  22F Firestone R i b  

Van Trai l e r  - 10.00 x 20F Freuhauf Rib 
Flat-Bed T ra i l e r  - 10.00 x  20F Firestone Rib 

Lateral force and a1 igning moment charac te r i s t i c s  f o r  these t i r e s  were 

measured on the HSRI f lat-bed t i r e  t e s t e r .  These data are  presented 
in Appendix B .  

The proper load d i s t r ibu t ions  f o r  the t r a i l e r s ,  in t h e i r  fu l ly -  
loaded configuration,  were obtained by r ig id ly  attaching cas t  s t ee l  
weights t o  the f l oo r  of the van or t ha t  of the f lat-bed t r a i l e r ;  the 
height of the center  of gravity of the payload was 13 112" above 
f  1  oor 1 eve1 . 

In i t s  base1 ine configuration, the t r a c to r  has a  very tors ional ly  
compliant frame and a f r on t  suspension ro l l  s t i f f ne s s  which i s  low 
compared t o  the ro l l  s t i f f ne s s  of the rear  tandem axle (see Table 1 ) .  

This rear-biased ro l l  moment d i s t r ibu t ion  causes a  re la t ive ly  large 
side-to-side load t rans fe r  t o  take place a t  the rear  axle of the 
t r a c to r .  



Table 1 .  Vehicle Description - I . H . C .  Tractor. 

Wheelbase ' a '  ( i n )  
Height of c.g. above ground ' b '  ( i n )  
Weight of t ractor  ( l b )  
Yaw M.I.  of tractor (1b.in.sec2) 
Roll M.I .  of tractor ( lb , in .sec2)  
Roll s t i f fness  of front suspension 

(in-1 b/deg) 

Roll s t i f fness  of front tandem (in-1 b/deg) 
Roll s t i f fness  of rear tandem (in-1 b/deg) 
Frame st i f fness  (in-1 b/deg) 

All Tires - 10 x 22F Firestone Transport 1 



Table 2 .  Vehicle Description - Fruehauf Van Trai ler .  

Distance ' a '  ( i n )  410 

Height of empty van sprung mass c.g. ' b '  ( i n )  57.3 

Weight of empty van ( l b )  17,321 

Weight o f  payload used during experiments (Ib) 40,600 

Yaw M.I. of empty van ( lb . in .sec2)  10.5 x 105 

Yaw M.I. of payload (1b.in.sec2) 17.3 x lo5 

Height of payload mass center above 
ground level ( i n )  64.5 

Roll s t i f fness  of each tandem suspension 
(in-1 bldeg) 120,814 

St i f fness  of van s t ructure  in ro l l  (in-lb/deg) 750,000 

All Tires on Tandem Axles - 10 x 20F Fruehauf 



Table 3. Vehicle Descr ip t ion  - Trai  lmobi l e  Flat-Bed T r a i l e r .  

Dis tance ' a '  ( i n )  408 

Height of empty f l a t - b e d  sprung mass 
c.g. ' b '  ( i n )  44.5 

Weight of empty f l a t - b e d  t r a i l e r  ( l b )  13,491 

Weight of payload used dur ing experiments ( I b )  42,180 

Yaw M.I. of  empty f l a t - b e d  ( 1 b . i n . s e c 2 )  623,119 

Yaw M.I. of payload ( l b . i n . s e c 2 )  14.25 x l o 5  

Height of payload mass c e n t e r  above 
ground l e v e l  ( i n )  67.5 

Roll s t i f f n e s s  of each tandem suspension 
( in -1  b/deg ) 56,000 

S t i f f n e s s  of f l a t - b e d  structure i n  r o l l  
( in -1  b/deg) 12,000 

All T i r e s  on Tandem Axles 10 x 20F F i r e s t o n e  Transpor t  1 



The validity of the model in simulating the directional response 

of a t rac tor - t ra i le r  combination was also studied for the case in 
which the tractor has a roll moment distribution (between front and 
rear axles) which i s  significantly different from that of the baseline 
tractor.  This change was achieved by increasing the s t i f fness  of the 
tractor frame and the roll s t i f fness  of the front suspension by extern- 
a l ly  attaching a s t i f fener  t o  the frame and a front suspension roll 
stabi 1 izer bar, respectively. The roll  s tab i l izer  bar and frame 
st i f fener  used in these experiments are pictured in Figure 1 .  

The values of the roll  s t i f fness  of the front suspension and 
the torsional s t i f fness  of the frame, as measured for  the baseline and 
modified configurations , are as fol lows: 

Tractor front suspension roll  s t i f fness  (in-1 b/deg) 
base1 ine 13,385 
with roll bar 113,385 

Torsional s t i f fness  of tractor frame (in-lb/deg) 
base1 i ne : 20,000 
with frame st i f fener  120,000 

Test results showing the influence of various combinations of 
t r a i l e r ,  t r a i l e r  loading, t ractor  frame stiffening, and additional 
front roll  s t i f fness  are presented in Section 4 .0 .  
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3.0 FEATURES OF THE PHASE I1 DIRECTIONAL RESPONSE SIMULATION 

The Phase I 1  simulation consists of a comprehensive mathema- 
t ica l  model capable of predicting the response of a comercial vehicle 
t o  steering and/or braking inputs. The degrees of freedom used in 
modeling a tractor-semi t r a i l e r  vehicle include: (1) r o l l ,  pitch, 
and yaw rotation and longitudinal , l a t e ra l ,  and bounce translation of 
the t rac tor ' s  sprung mass, ( 2 )  s ix  analogous degrees of freedom for  
the semitrai ler ' s  sprung mass, (3)  a rol l  and a bounce degree of free- 
dom for each single-axle suspension, ( 4 )  bounce, pitch, and rol l  
motions of each s e t  of tandem axles, and ( 5 )  a rotational degree of 
freedom for each single or dual wheel. However, i t  should be noted 
that ,  a1 though the model used to  simulate a five-axle tractor- 
semitrailer vehicle has 32 degrees of freedom (as required to  simulate 
combined braking and turning maneuvers), only 11 degrees of freedom 
( l a t e r a l ,  yaw, and rol l  motions of the t ractor  and semitrailer sprung 
masses and rol l  motions of the f ive axles) are important in this  
study of directional response without braking. 

For the study of the directional response to  steering, the main 
assumptions made in developing the Phase I 1  model are as follows: 

1 )  The f i f t h  wheel can be treated as a " s t i f f "  spring- 
damper system which keeps the t ractor  and t r a i l e r  
closely t ied together. 

2 )  The f i f t h  wheel transmits a rol l  moment between the 
t ractor  and the semitrailer.  The magnitude of the 
moment a t  the f i f t h  wheel depends upon t ractor  and 
semi t r a i l e r  rol l  angles and rol l  rates.  

3 )  Each suspension has a "roll  center" a t  which the 
forces of constraint between the sprung and unsprung 
masses act .  

4 )  Estimates of the la teral  acceleration of unsprung 
masses can be used in computing the "forces of con- 
s t r a in t "  between the sprung and unsprung masses. 
(See Appendix C . )  



5 )  S tee r i ng  sys tem dynamics a re  neglected. Nonetheless, 

a  number o f  op t ions  f o r  t r e a t i n g  r o l l  s t ee r ,  s t e e r i n g  

compliance, and s ide-  t o - s i de  d i f f e r e n c e s  i n  f r o n t -  

wheel s t e e r  angles e x i s t  i n  t he  s imu la t i on .  

The s i m u l a t i o n  f ea tu res  ( 1 )  a  d e t a i l e d  t i r e  model, ( 2 )  a  means 

f o r  r ep resen t i ng  l a r g e  amounts o f  coulomb f r i c t i o n  i n  the  suspensions, 

( 3 )  op t ions  f o r  t r e a t i n g  t h e  dynamics o f  d i f f e r e n t  types o f  tandem 

suspensions, and (4 )  p rov i s i ons  f o r  i n c l u d i n g  t he  i n f l uences  of t o r -  

s i o n a l  compliances i n  the  t r a c t o r  and s e m i t r a i l e r  frame s t r u c t u r e s .  

A comprehensive d iscuss ion  o f  t h e  Phase I1  model i s  g iven i n  Reference 

[4]. P e r t i n e n t  d e t a i l s  o f  t he  bas i c  form o f  t he  equat ions programmed 

i n t o  the  s i m u l a t i o n  a re  presented i n  Appendices C and D. The semi- 

emp i r i ca l  t i r e  model, which can be used t o  accu ra te l y  f i t  measured 

t i r e  data, i s  tho rough ly  discussed i n  Reference [8]. 



4.0 COMPARISONS OF SIMULATED AND MEASURED DIRECTIONAL RESPONSE 

4.1 Lane-Change-Type Transient Maneuvers 

This section presents time histories indicating that the simula- 
tion does an excellent j o b  of predicting directional response t o  
steering in aggressive obs tacl e-avoi dance maneuvers. 

To obtain valid predictions of directional response, i t  i s  
clearly necessary t o  have accurate representations of the s teer  angles 
of the front wheels. Accordingly, the angular positions of the steer- 
ing wheel and the l e f t -  and right-front wheels were recorded during 
lane-change maneuvers. A cut-away view of the front-wheel angle 
measuring device used in this  validation study i s  shown in Figure 2 .  

This device directly measures the orientation of both l e f t  and right 
wheels with respect t o  the t ractor  body and hence eliminates the need 
for applying a rol l -s teer  correction in the calculation. (Note: 
this correction would be needed i f  the front-wheel angles were measured 
with respect t o  the front axle.) Samples of typical time histories 
of steering-wheel , left-wheel , and right-wheel angles during a lane- 
change maneuver are shown in Figure 3. 

I t  should be noted that the front-wheel angles are functions of 
n o t  only steering-wheel angle, b u t  they are also influenced by re- 
sponse variables such as roll  angle, aligning torque a t  the front 
wheels, etc. Ideally, the steering i n p u t  t o  the simulation should be 
steering-wheel angle, with a1 1 other factors influencing the orienta- 
tion of the front wheels being properly accounted for in the model of 
the steering system. Nevertheless, time histories of the front-wheel 
angles were used as inputs in this validation study, thereby allowing 
the examination of directional response without the confounding d i f f i  - 
cul t i e s  of including detailed steering system properties in the calcu- 
lations.  ( A n  ongoing project i s  addressing the properties of truck 
steering sys tems . ) 

A typical example showing excel lent agreement between simulated 
and measured results i s  presented in Figure 4 .  Figure 4 shows the 
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STEEL CABLES 
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TAKING UP SLACK PRODUCED BY LATERAL 
MOVEMENT OF T H E  AXLE ASSEMELY 
WITH RESPECT TO THE TRACTOR BODY. 

F i g u r e  2. Cutaway v iew o f  t h e  d e v i c e  used f o r  measur ing  l e f t  and 
r i g h t  f r o n t - w h e e l  ang les .  
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left-wheel angles during a 1 ane-change maneuver. 
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response of the tractor/l  oaded van t ra i  le r  combination to a 2.5-second 
lane-change maneuver resulting in a peak lateral  acceleration of 0 . 2  g .  

The simulated response (predicted from measured front-wheel angles) 
coincides almost perfectly with measured time histories of articulation 
angle, tractor yaw rate and lateral  acceleration, t ra i  1 e r  yaw rate 
and 1 ateral acceleration, and tractor roll angle. 

I n  contrast t o  the loaded situation, i f  the t r a i l e r  i s  empty, 
the t i r e s  on the tractor rear axles and the t r a i l e r  axles operate a t  
much smaller vertical loads; moreover, the side-to-side vertical load 
transfers that take place during rapid maneuvering of the vehicle are 
of much smaller magnitude. The influences of the changes i n  t i r e  
and vehicle characteristics brought about by going from a loaded to an 
empty condition are adequately represented in the model as evidenced 
by the very favorable correspondence between t e s t  data and simulated 
results shown in Figure 5. 

Further evidence of the general validity of the simulation i s  
presented in Figure 6 ,  which contains results for a tractor/loaded 
flat-bed t r a i l e r  combination. The f lat-bed t r a i l e r  used in this  
experiment has a very torsionally compliant frame and a suspension 
which i s  only half as s t i f f  as the van t r a i l e r ' s  suspension (see 
Tables 2 and 3 ) .  Again, the simulated results compare well with the 
t e s t  data. 

I n  summary, the mathematical representation of the tractor- 
semitrailer vehicle (described in [4,8] and Appendices C and D )  i s  
sophisticated enough t o  make accurate predictions of the transient 
response of the vehicle in 1 ane-change or obs tacle-avoi dance maneuvers. 

4.2 Constant Steer Turns Near the Rollover Limit 

Comparisons of t e s t  data w i t h  simulated performance for step- 
s teer  maneuvers a t  or near the "wheel l i f t -o f f "  condition reveal the 
model's ab i l i ty  t o  predict limit behavior (such as yaw divergence 
and/or rol lover) of the vehicle. 
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In this  maneuver, s tar t ing with the vehicle traveling in a 
straight-ahead direction, a steering input, similar to  that shown 
below, i s  generated by the driver and the ensuing motion i s  recorded. 

By experimenting with the t e s t  vehicle a t  a selected velocity, 
i t  i s  possible to  find a level of steering input which produces a 
vehicle response on the verge of ( 1 )  wheel l i f t -of f  or ( 2 )  touch- 
down of the outriggers. (Note: outriggers were f i t t ed  t o  the t r a i l e r  
to prevent roll  over. ) 

During the se t  of limit-maneuver experiments, the presence of 
the roll  s tab i l izer  bar on the front axle of the tractor (see Figure 
1 ) prevented the mounting of the front-wheel angle measuring device, 
thereby necessitating the extrapolation of front-wheel angle data 
obtained during other constant s teer  maneuvers conducted in the same 
speed range b u t  a t  lower la teral  acceleration levels. 

The magnitude of the steady-state values of l e f t -  and right- 
wheel angles measured during a series of step-steer experiments ( a t  
45 mph)  are plotted on the ordinates of Figures 7 and 8, respectively, 
with the corresponding magnitudes of steering-wheel angle being plotted 

on the abscissas of these figures. "Straight-line f i t s "  to these data 
indicate "apparent" ratios of steering-wheel angle t o  the l e f t -  and 
right-front wheel angles of 70 and 76, respectively. (These apparent 
ratios are approximately twice as much as the geometric rat io  of 37 

that was measured for this  steering system with no externally applied 
steering torque. ) 

Estimates of front-wheel angles based on the apparent steering 
ratios have been used in this  study for simulating vehicle performance 
near the rol lover 1 imi t. 



. omsteady state left wheel 
angle - Right turn 

&.Steady state left wheel 
angle - Lef t  turn / 

/ Geometric ratio =37 

2 .. 

Apparent ratio =70 

0 20 40 60 80 100 120 140 

STEERING WHEEL ANGLE DURING A STEP STEER MANEUVER 

(degrees 

Figure 7. Relationship between the l e f t  front-wheel angle and the 
steering-wheel angle during steady turns,  



OeSteady state right wheel 
angle - Right turn 

A-Steady state right wheel 
angle - Lef t  turn 

STEERING WHEEL ANGLE DURING A STEP STEER MANEUVER 
(degrees ) 

W 

g20.. 

F igure  8. R e l a t i o n s h i p  between t h e  r i g h t  f ron t -whee l  ang le  and t h e  
s teer ing-wheel  ang le  d u r i n g  s teady t u r n s .  

-Geometric r a t i o e 3 7  

a 
J 
W 

/ 
W 

5 
k 
z 
0 a 
IA Apparent steering ratio 

0 20 40 60 80 100 120 140 



Figure 9 i 1 lustrates several interesting points concerning 
vehicle performance and the prediction of vehicle performance a t  or 
near the rollover 1 imi t .  Firs t ,  in a severe step-steer maneuver 

(exceeding 0.5 g, as shown i n  Figure 9 )  the vehicle responds quickly 
in the beginning of the maneuver, reaching relatively high levels of 
lateral  acceleration in approximately 2 seconds for  the t ractor  and 
2 . 5  seconds for the t r a i l e r .  After the in i t i a l  period of rapid re- 
sponse, the motion variables ( i  .e. , yaw rates and lateral  accelerations) 
gradually increase unti 1 the condition for  wheel 1 i f t -off  and possibly 
rollover occur. The instant a t  which wheels l i f t  off depends upon 
( 1 )  the forward velocity a t  which the maneuver i s  performed and ( 2 )  

the level of steering input used. For example, as i l lustrated by the 
simulated resul ts ,  wheel 1 i f t -off  might have occurred anytime between 
3 and 6 seconds a f t e r  the ini t ia t ion of the steering input. 

If precisely appropriate levels of forward velocity and steering 
input are used in the simulation, an excellent agreement between 
simulated and measured results can be attained. However, as i 1 lustrated 
in Figure 9 ,  a 5% change i n  steering angle or a 2-mph change in 
velocity can have a large influence on the time of wheel l i f t -of f  and 
the ini t ia t ion of a divergent roll  response. 

With regard t o  the rollover of vehicles in actual service, the 
results shown in Figure 9 indicate that there i s  a threshold value of 

lateral  acceleration (and roll  angle) above which a vehicle will rol l  
over. By carefully modulating the forward velocity and the s teer  angle, 
a sk i l l fu l  driver may be able t o  maintain a vehicle on the verge of 
rollover for several seconds, b u t  a small error in speed or steering 
can cause roll over t o  proceed rapidly . 

I t  should be noted that the simulation i s  not designed to be an 
accurate model of vehicle motion once rol lover has started. Whether 
the simulated results are representative of the end of a rollover cannot 
be determined from the t e s t  results because the vehicles were equipped 
w i t h  outriggers. Nevertheless, the results indicate that the model i s  
capable of predicting wheel l i f t -o f f  and the onset of rollover. 
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I n  addition to  studying baseline vehicle performance, i t  i s  of 

interest  t o  examine the model's u t i l i t y  in predicting changes in roll  
or directional response caused by changes in the distribution of side- 
to-side load transfer. Even though the frame st i f fener  and roll  
stabi 1 izer bar employed t o  achieve changes in roll  moment distribution 
would never be used in practice (see Figure I ) ,  they do provide changes 
in vehicle characteristics suitable for studying the influence of 
altering the roll moment distribution and for evaluating the ab i l i ty  
of the simulation t o  predict these influences. The results emphasized 

here pertain to  demonstrating the simulation's capabi 1 i t i e s .  ( A n  
NHTSA study [lo] i s  addressing the influence of frame compliance and 
roll  s t i f fness  distribution on yaw divergence and roll over.) 

A comparison of the time histories presented in Figures 9 and 
10 indicates that response of the vehicle when the rol l  s tab i l izer  and 
frame s t i f fener  are employed i s  significantly different from the 
response of the baseline vehicle. In the case of the vehicle with 
a front roll  s tab i l izer  bar and a frame s t i f fener ,  the tractor achieves 
nearly 0.5 g of la teral  acceleration in approximately 2 seconds af te r  
the in i t ia t ion  of steering; however, in contrast t o  the baseline 
vehicle, the la teral  acceleration of the modified vehicle does not 
continue t o  increase a f t e r  the in i t i a l  rapid response t o  the steering 
i n p u t .  The simulated response, superimposed upon the t e s t  data plotted 
in Figure 10, i s  in reasonable agreement with the measured resul ts ,  
thereby i l lus t ra t ing  the adequacy of the model for investigating the 
influence of changes in rol l  moment distribution. 

In addition to a change in the character of the transient re- 
sponse, the vehicle with the t ractor  frame and front suspension 
stiffened was found to require a 54% higher steering input to  at ta in 
approximately the same yaw rate and lateral  acceleration levels as 
the base1 i ne vehicle in severe turning maneuvers. The computed results 
indicate a similar decrease in yaw rate gain. 

Possibly better agreement between simulated and measured results 
could be obtained i f  the front-wheel angles were measured and used in 

23 
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the calculations. Better than that ,  the comprehensiveness of the 
simulation could be improved by including steering-system properties 
in the calculations. 

I t  should be noted, though, that ,  as in the baseline situation, 
vehicle performance near the rollover limit i s  very sensitive t o  forward 
velocity, steering level, and cr i t ica l  vehicle parameters. Excellent 
agreement between simulation and t e s t  can only be achieved i f  great 
care i s  exercised in determining velocity, front-wheel angles, t i r e  
properties, and  rol l  moment distribution. The agreement achieved in 
the cases presented herein i s  believed t o  be reasonable, given the 
sensi t ivi ty  of the results t o  input and vehicle parameters. 

As discussed in Appendix D, compliance in the tractor frame i s  
accounted for  in the Phase I1  model by considering the tractor sprung 
mass as a rigid body connected to the f i f th  wheel by a torsional 
spring (the torsional compliance of the ent i re  frame being accounted 
for in this spring). The roll  angle of the tractor sprung mass as 
computed in the simulation is  therefore, in effect ,  the roll angle 
a t  the front end of the frame. 

For a situation in which the frame i s  relatively compliant and 
the front suspension i s  relatively s t i f f  in ro l l ,  the approximation 
of treating the tractor sprung mass as a rigid body can lead t o  an 
apparent discrepancy between measured and simulated roll  angle, as 
i 1 lustrated in Figure 1 1 .  I n  the experiment, the transducer measuring 
tractor roll angle was located in the vicinity of the tractor c.g. 
Since the torsional s t i f fness  between the c.g. and the f i f th  wheel was 
relatively large for  this  vehicle, the measured roll  angle was, in 
effect ,  the roll angle a t  the f i f th  wheel. I n  the situation i l lustrated 
in Figure 11 a relatively compliant frame section (between the c.g. 
and the front suspension) i s  in "series" with a s t i f f  front suspension, 
which condition results in a small roll angle a t  the front end of the 
tractor as compared to the roll  angle a t  the f i f t h  wheel. Hence, the 
computed roll angle i s  found t o  be considerably less than the measured 
roll  angle in Figure 1 1 .  
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The resu l t s  presented in Figure 11 are  simply a straightforward 

example showing t ha t  using the Phase I 1  program to  study the influence 
of frame compliance on ro l l  motion can be "tr icky" and the user of 
the program can eas i ly  be misled i f  the resu l t s  are not interpreted 
c r i t i c a l  1y with considerable caution." 

4.3 Steady-Turn Articulation Angle 

In addition t o  t ine  hi s tory comparisons of t rans ient  r esu l t s  , 
examination of a r t i cu la t ion  angle data from s teady-turning maneuvers 
was investigated because a r t i cu la t ion  angle i s  the main response 
variable distinguishing the directional  performance of a t r ac to r -  
semit ra i ler  vehicle from tha t  of a s t r a i gh t  truck. (Also, the predic- 
tion of the directional  performance of a s t ra igh t  truck was studied 
previously [ I  11. ) Accordingly , a special s teady-state analysis was 
performed t o  aid in understanding and interpret ing a r t i cu la t ion  angle 
resu l t s  from e i t he r  vehicle t e s t s  or simulations of steady-turning 
s i tuat ions .  

The resu l t s  of the analysis ,  which i s  presented i n  Appendix E ,  

indicate t ha t  a r t i cu la t ion  angle may be predicted by a simple function 
of velocity,  yaw r a t e ,  axle location, load d i s t r ibu t ion ,  and t i r e  
propert ies,  viz.  : 

where 
r = the a r t i cu la t ion  angle 

r = the yaw ra te  of the t r a c to r  

V = the forward velocity 

*Clearly, t h i s  i s  appropriate advice concerning the in ter-  
pretat ion of resu l t s  from any model. 



and a 2  and K2 are vehicle descriptors which will be defined next. 
The quantity a 2  represents the "effective wheel base" between the tractor 
rear axles and the t r a i l e r  rear axles. ( I t  i s  called the effective 

wheelbase because for tandem suspensions i t  i s  approximately, b u t  n o t  
exactly, equal t o  the longitudinal distance between the lateral  center- 
1 ines of the tractor rear suspension and the t r a i l e r  suspension.) The 
quantity K2 i s  defined as the " t r a i l e r  understeer/oversteer coefficient" 
and i t  i s  related t o  ( 1 )  the loads on the tractor rear t i r e s  and the 
t r a i l e r  t i res  and ( 2 )  the cornering stiffnesses of the instal led t i r e s .  
To a f i r s t  approximation, the quantity K2 i s  given by the following 
equation: 

where 

Fz2 
i s  the total  vertical load carried by a l l  the t i r e s  
on the tractor rear suspension 

F i s  the total  vertical load carried by a l l  the t i r e  
z3 on the t r a i l e r  suspension 

C i s  the total  cornering s t i f fness  for a l l  the t i res  
a2 on the tractor rear suspension 

C i s  the total  cornering s t i f fness  for a l l  the 
a 9 

3 t r a i l e r  t i r e s  

Measured data from steady-turning tes t s  of the three-axle 

tractor and the van-semitrailer are given in Table 4. Using a n  
equation of  the form 

r r rV 
(degrees) = "(v) K2 57.39 

t o  match the data given in Table 4 yields "best f i t  values" ( tha t  i s ,  
values which minimize the sum of the squared errors a t  each data point) 
of i2 = 34.5 feet  and K2 = 2 . 6  deg/g, with an rms difference between 



Table 4. Steady-Turn Articulation Angles. 

Target Velocity 
( m p h )  
40 

Left 34 

Turns 28 

2 2 

16 

3 4 
R i g h t  
Turns 28 

2 2 

16 

Measured Val ues 

V ,  Velocity r ,  Yaw Rate 
( f t / s ec )  ( deg/sec) 

r ,  Articulation 
Angle (deg) 

5 . 7  

5 . 7  
6 . 1  

5 . 7  

6.1 

measured and f i t t e d  a r t i cu la t ion  angle of 0.1 degree. Similar values 

of 9 and K2 determined from runs of the ful l -scale  simulation are as 

follows: a 2  = 34.3 f t ,  and K2 = -1.3 deg/g. Figure 1 2  provides a 
graphical i l l u s t r a t i on  of these resu l t s .  

For t h i s  vehicle, the distance between the center of the t r ac to r  

rear  suspension and the center of the t r a i l e r  suspension i s  410 i n . ,  

or 34.2 f t . ,  indicating that  the values of ef fect ive  wheelbase, a 2 ,  
determined from e i t he r  simulation or t e s t  are  reasonable. 

Based on the t i r e  data and  the vehicle loading information given 

in Appendix A ,  the loading and cornering s t i f fness  values needed fo r  

predicting K2 using Equation ( 2 )  a re  as follows: F = 31,400 lbs . ,  
z9 

F = 33,600 lbs . ,  C = 5,450 Ibs/deg, and  C = 4,900 Ibs/deg. The 
z 2 a 9 

predicted value of K2 obtained from Equation ( 2 )  i s  -1 .1  deg/g. The 

value of K2 predicted by the  simplified model of Appendix E i s  approxi- 

mately equal t o  the value of K2 determined from the simulated t e s t s .  
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To study possible causes for the difference between simulated 
and measured performance in steady-turning maneuvers, three parametric 
changes were simulated and the calculated results are superimposed on 
Figure 12.  The three parametric changes were ( 1 )  sett ing the roll 
s teer  of the tractor rear axles t o  zero (RSC2=O), ( 2 )  sett ing the roll 
s teer  of the t r a i l e r  axles t o  zero (RSC3=O), and (3 )  interchanging the 
t i res  on the t r a i l e r  with those on the rear axle of the tractor.  As 
seen by inspecting the results shown in Figure 12, the influence of the 
roll steer changes are nearly equal in magnitude b u t  of opposite 
polarity. As anticipated, reversing the t i r e s  between the tractor and 
the t r a i l e r  changed the results a t  40 mph t o  be consistent with a n  
understeer situation with K p  A t l . 1  deg/g (as would be predicted by 
the simplified model i f  the tractor and t r a i l e r  t i r e s  were reversed). 

Examination of the t i r e  data given in Appendix B shows t h a t  the 
t i res  on the tractor rear axles and the t r a i l e r  t i r e s  are very much 
a1 i ke. Hence, i t  may be concluded that a small change in t i r e  charac- 
t e r i s t i c s  can make a large change in K 2 .  For example, i t  may be that 
the longitudinal s l i p  needed t o  generate the drive thrust for main- 
taining constant forward velocity in the experiments was large enough 
t o  reduce the effective cornering stiffnesses of the tractor rear t i r e s ,  
thereby making the t r a i l e r  understeer. B u t  i s  seems more appropriate 
t o  note that K2 i s  very sensitive t o  small errors in articulation 
angle or, by reversing the considerations, t o  s ta te  that articulation 
angle i s  primarily dependent upon  the effective wheelbase, e2, and 
the radius of the turn, R .  Specifically, for vehicles which are 
operated with ( 1 )  nearly equal loads on the t r a i l e r  suspension and the 
tractor rear suspension a n d  ( 2 )  t i r e s  with similar shear force pro- 
perties,  K2 will be approximately zero and the articulation angle will 
be primarily a function of effective wheelbase and turn radius. 
Accordingly, i t  appears that a quick check of either simulation or tes t  
results can be obtained by comparing r in radians with e2/R (where r 
i s  the articulation angle, a 2  i s  the distance from the center of the 
tractor rear suspension to  the center of the t r a i l e r  suspension, and 
R i s  the radius of a selected steady turn with 400 f t  < R < 800 f t ) .  



5.0 CONCLUDING REMARKS 

An exceptional ly good agreement between simulation and t e s t  has 
been achieved fo r  obstacle-avoidance maneuvers. For severe turni ng 
maneuvers approaching wheel 1 i f t - o f f  and rollover of the vehicle, the 
simulation does a reasonable job of predicting the velocity and yaw 
ra te  levels a t  which rollover wil l  occur. However, vehicle perfor- 
mance i s  very sensi t ive  t o  s teering level ,  forward velocity,  and vehicle 
parameters in severe turni  ng maneuvers and, accordingly , very accurate 
i n p u t  and parametric data are  needed. With regard t o  steady turning 
a t  moderate levels  of l a te ra l  accelerat ion,  the value of t r a i l e r  under- 
s teer /overs teer  fac to r  based on simulation resu l t s  does not agree well 
with the measured value of t h i s  fac tor .  

Based on the experience gained in t h i s  investigation,  i t  i s  
recommended t h a t  s tudies be made t o  develop the capabil i ty f o r  includ- 
i n g  the influence of the steering-system properties in the simulation. 
Also, the influence of the drive thrus t  required t o  maintain forward 
velocity should be examined. Further work i s  needed fo r  improving the 
simulation's  abi 1 i  ty  t o  characterize the steady turning performance of 
both the t r a c to r  and the t r a i l e r  as a function of steering-wheel angle, 
drive th rus t ,  forward velocity,  and yaw r a t e  ( o r  l a te ra l  accelera t ion) .  

The simplified analysis  presented in Appendix E provides a 
foundation fo r  a research program on the steady turning behavior of 
a r t i cu la ted  vehicles. The various modes of s t a t i c  i n s t ab i l i t y  described 
in Appendix E * s h o u l d  be investigated. The analysis of Appendix E 

should be extended t o  include the influences of the steering system, 
tandem axles ,  ro l l - s t ee r  e f f ec t s ,  and drive thrus t .  A program of 
simp1 i f i ed  analys is ,  parameter measurement, vehicle t e s t ing ,  and simu- 
la t ion i s  recommended fo r  obtaining a detai led understanding of the 
directional  response properties of a r t i cu la ted  vehicles in normal 
driving. 

Many commercial vehicles a re  limited in t he i r  directional re- 
sponse capabi l i ty  due t o  rol lover ra ther  than saturat ion of t i r e  shear 
force charac te r i s t i c s .  Accordingly, f o r  a comprehensive simulation of 

*See pages 78, 79,  and 80 f o r  graphical i l l u s t r a t i ons  of the 
inf 1 uence of vehicle parameters on steady t u r n i n g  response. 

3 2 



directional response to be just i f ied,  the simulation should do  an 
accurate job of predicting the roll  performance of the vehicle. Al- 
though the current model appears t o  d o  reasonably well a t  predicting 
roll  performance, the assumptions and approximations in the model should 
be reexamined with the idea of improving the prediction of roll motion. 
I n  addition, the model should be extended to permit simulation of 
curved, superelevated sections of roadway, thereby a1 1 owing real i s t i  c 
conditions for studying accident situations on existing roads. 
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APPENDIX A 

TRACTOR-VAN T R A I L E R  PARAMETERS 

Brief definitions of each parameter are given here, Addi- 

tional discussions of the meaning of these parameters are given in 
Reference [4]. 



H S R I  T R A C T O R - P R A I  L E R  H$.N3LING S  I Y U L A T I O N  
P A G E  NO i 

I H C - T R A C T C R  VAN T R L Z R  L O A D E C , i O X 2 2 ,  1 0 x 2 0  FIRETCNE&FREUHAilF-TIRES- ' i3N4200 
I N P U T  P A R A M E T Z R  T A B L E  
SYMBOL D E S C R I P T I O N  I N I T I A L  V A L U E  
KEY (1) T R A C T O R  A X L E  KEY:  0 F O R  S I N G L E  A X L E  

KEY ( 2 )  
P.Ai 

A A 2  

A h 4  

A A S  

AA 6 

AA 7 

A A 8  

AA 9  

A A i  0  

AA i 2 

A A i  3 

A A i  4 

A A i  6 

A i 

A 2  

A 3 

A 4  

A L P H A i  

A L F H A 2  

P.LPHP.3 

1 F O R  W A L K I N G  BEAM 
2 F O R  4 E L L I P T I C  L E A F  2  

T R A I L E R  A X L E  KEY 2  
H O R I Z O N T A L  D I S T A N C E  FORM T R A C T O R  F R O N T  
L E A F - F R A M E  C O N T A C T  T O  A X L E  C E N T E R  ( I N )  2 4 . 0 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A C T O R  REAi? 
L E A F - F R A K E  C O N T A C T  T O  A X L E  C E N T E R  ( I N )  2 4 . 0 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A C T O R  F R O N T  
L E A F - F R A M E  C O N T A C T  T O  LOAD L E V E L E R  P I N  ( I N  1 . 6 0  
!!ORIZONTAL D I S T A N C E  FROM T R A C T O R  R E A R  
LEAF-FRAME C O N T A C T  T O  LOAD L E V E L E R  P I N  ( I N  i . 0 0  
V E R T I C A L  D I S T A N C E  FROM A X L E  DOWN T O  
T R A C T O R  T O R Q U E  ROD ( I N )  0 . 0  
A N G L E  B E T W E E N  T R A C T O R  T O R Q U E  ROD AND 
H O R I Z O N T A L  ( D E G )  0 . 0  
H O R I Z O N T A L  D I S T A N C E  F R O X  A X L E  C E N T E R  
FORWARD T O  T R A C T O R  T O R Q U E  ROD ( I N )  0 . 0  
H C R I Z O N T A L  D I S T A N C E  FROM T R A I L E R  F R O N T  
L E A F - F R A M E  C O N T A C T  T O  A X L E  C E N T E R  ( I N )  i 8 . 5 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A I L E R  R E A R  
L E A F - F R A M E  C O N T A C T  T O  A X L E  C E N T E R  ( I N )  i 8 . 5 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A I L E R  F R O N T  
L E A F - F R A M E  C O N T A C T  T O  LOAD L E V E L E R  P I N  ( I N  6 . 2 5  
H O R I Z O N T A L  C I S T A N C E  FROM T R A I L E R  R E A R  
LEAF-FRAME C O N T A C T  T O  LOAD L E V E L E R  P I N  ( I N  6 . 2 5  
V E R T I C A L  D I S T A N C E  FROM A X L E  DOWN T O  
T R A I L E R  T O R Q U E  R O D  ( I N )  7 0 0  
A N G L E  BETWEEN T R A I L E R  T O R Q U E  ROD AND 
H O R I Z O N T A L  ( C E G )  i 5 . 0 i  
H O R I Z O N T A L  D I S T A N C E  FROM A X L E  C E N T E R  
FORWARD T O  T R A I L E R  T O R Q U E  R O D  ( I N )  5 . 5 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A C T O R  CG T O  
C E N T E R  O F  T R A C T O R  F R O N T  S U S P E N S I O N  ( I N )  3 5 . 9 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A C T O R  CG T O  
C E N T E R  O F  T R A C T O R  R E A R  S U S P E N S I O N  ( I N )  i O 6 . i O  
H O R Z Z O N T A L  D I S T A N C E  FROM T R A I L E R  CG T O  
5 T H  K H E E L  ( I N )  2 3 0 . 5 0  
H O R I Z O N T A L  D I S T A N C E  FROM T R A I L E R  CG T O  
C E N T E R  O F  T R A I L E R  S U S P E N S I O N  ( I N )  1 7 9 . 5 0  
S T A T I C  D I S T A N C E ,  T R A C T O R  F R O N T  A X L E  T O  
GROUND ( I N )  2 0 . 3 0  
S T A T I C  D I S T A N C E ,  T R A C T O R  R E A R  A X L E ( S )  T O  
GROUND ( I N )  2 0 . 3 0  
S T A T I C  D I S T A N C E ,  T R A I L E R  A X L E ( S )  T O  
GROUND ( I N )  1 9 . 5 0  
T I R E  P R E S S U R E  D I S T .  F U N C T I O N  F O R  T R A C T O R  
F R O N T  T I R E S  C . 2 5 0  
T I R E  P R E S S U R E  D I S T .  F U N C T I O N  F O R  T R A C T O R  
F R O N T  TANDEM T I R E S  0 . 2 5 0  
T I R E  P R E S S U R E  D I S T .  F U N C T I O N  F O R  T R A C T O R  
R E A R  TANDEM T I R E S  0 . 2 5 0  
T I R E  P R E S S U R E  D I S T .  F U N C T I O N  F O R  T R A I L O R  
F R O N T  TANDEM T I R E S  0 . 2 5 0  
T I R E  P R E S S U R E  D I S T .  F U N C T I O N  F O R  T R A I L O R  
R E A R  TANDEM T I R E S  0 . 2 5 C  
H O R I Z O N T A L  D I S T A N C Z  FROM 5 T H  W H E E L  T O  M I D P O I N T  
O F  T R A C T O R  R E A R  S U S P E N S I O N  ( I N )  C .  0  
V I S C O U S  D A M P I N G :  J O U N C E  ON T R A C T O R  F R O N T  
S U S P E N S I O N  ( L E - S E C / I N )  i 0 . 0 0  
V I S C O U S  D A M P I N G :  R E B O U N D  ON T R A C T O R  F R O N T  
S U S P E N S I O N  ( L E - S E C / I N )  2 0 . 0 0  
V I S C O U S  D A M P I N G :  J O U N C E  ON T R A C T O R  R E A R  
S U S P E N S I O N  ( L B - S E C / I N )  i O . 0 0  
V I S C O U S  D A M P I N G :  REBOUND ON T R A C T O R  R E A R  
S U S P E N S I O N  ( L B - S E C / I N )  2 0 . 0 0  
V I S C O U S  D A M P I N G :  J O U N C E  ON T R A I L E R  
S U S P E b l S I O N  ( L a - S E C / I N )  0 . 0  
V I S C O U S  D A M P I N G :  R E B O U N D  ON T R A I L E R  
S U S P E N S I O N  ( L B - S E C / I N )  0 . 0  



C F i  

CF2 

CF3 

C S i  

CSS 

CS3 

CSS 

CS5 

D 

DELTA1 

DELTA3 

DT2 

DT 3  

FAi 

FA2 

FA 3  

FA4 

FA5 

IXX 

IYY 

IZZ 

ITXX 

ITYY 
ITZZ 

ITXZ 

J A i  . 

LATERAL STIFFNESS,  TRACTOR FRCNT TIRES 
(LBS/DEG ) - i . O C  
FAXIMUM COULOME FRICTION, TRACTOR FRONT 
SUSPENSION (LE)  500.0C 
N A X I Y U M  COULOMS FKICTION, TRACTOR REAR 
SUSPENSIOh' (LB)  500 .0C  
MAXIMUM COULOMS FRICTIOK, TRAILER 
SUSPENSIOV (LB)  3 0 0 0 . 0 0  
LONGITUDINAL STIFFNESS,  TRACTOR FRONT 
TIRES (LES)  -1 .00  
LONGITUDINAL STIFFNESS,  TRACTOR FRONT 
TANDEM TIRES (LBS)  - i . O O  
LONGITUDINAL STIFFNESS,  TRACTOR REAR 
TANDEM TIRES (LBS)  - i . O 0  
LONGITUDINAL STIFFNESS,  TRAILER FRONT 
TANDEM TIRES (LBS) - i . O O  
LONGITUDINAL STIFFNESS,  TRAILER REAR 
TANDEM TIRES (LES)  -i. 0 0  
VERTICAL DISTANCE FROM 5TH WHEEL 
CONNECTION TO TRACTOR CG ( I N )  8 . 8 0  
STATIC VERTICAL DISTANCE, TRACTOR CG TO 
TRACTOR F2ONT AXLE (IN) 19 .4C  
STATIC VERTICAL DISTANC2, TRAILER CG TO 
TRAILER AXLE ( I N )  3 7 . 8 0  
DISTANCE BEWEEN DUAL TIRES,  TRACTOR REAR 
SUSPENSION ( I N )  i 3 . 0 0  
CISTANCE BETWEEN DUAL TIRES,  TRAILER 
SUSPENSION ( I N )  1 3 . 0 0  
FRICTION REDUCTiON PARAMETEK FOR TRACTOR 
FRONT TiRES 0 . 0  
FRICTION REDUCTION PARANETER FOR TRACTOR 
FRONT TANDEM TIRES 0 .0  
FRICTION REDUCTION PARAMETER FOR TRACTOR 
REAR TANDEM TIRES 0 . 0  
FRICTION REDUCTION PARAMETER FOR TRAILER 
FRONT TANDEM TIRES 0 .0  
FRICTION RE3UCTION PARAMETER FOR TRAILER 
REAR TANDEW TIRES 0 . 0  
TRACTOR SPRUNG MASS ROLL MOMENT OF INERTIA 
(INFLE-SEC**2) i 8 i 6 6 . 0 0  

TRACTOR SPRUNG MASS PITCH MOMENT OF INERTIA 
(IN-LB-SEC**2) 6 9 9 5 5 . 0 0  

TRACTOR YAW MOMENT OF INERTIA 
(IN-LE-SEC**2) 6 9 9 5 5 . 0 0  

TRACTOR PITCH PLANE CROSS MOMENT 
(IN-LE-SEC**2) 0 . 0  
TRAILER SPRUNG MASS ROLL MOMENT OF INERTIA 
(IN-LE-SEC**2) 73COO. 0 0  
(IN-LE-SEC**2) MASS PITCH MOMENT OF INER 7 8 9 6 6 9 . 0 0  
TRAILER YAW MOMENT OF INERTIA 
(IN-LE-SEC**2) 7 8 9 8 6 9 . 0 0  
TRAILER PiTCH PLANE CROSS POMENT 
(IN-LB-SEC**2) 0 . 0  
ROLL MOMENT OF TRACTOR FRONT AXLE 
(IN-LB-SEC**2) 3 7 1 9 . 0 0  
ROLL MOMENT OF TRACTOR FRONT TANCEM AXLE 
(IN-LB-SEC**2) 4 4 5 8 . 0 0  
ROLL MOMENT OF TRAILER FRONT TANDEK AXLE 
(IN-LE-SEC**2) 4 i 0 0 . 0 0  
POLAR MOMENT OF TRACTOR FRONT WHEELS 
(IN-LB-SEC**2) 1 0 3 . 0 0  
POLAR MOMENT OF TRACTOR FRONT TANDEM WHEELS 
(IN-LB-SEC* * 2 )  2 3 1 . 0 0  
POLAR MOMENT OF TRACTOR REAR TANDEM WHEELS 
(IN-LE-SEC* * 2 )  2 3 1 . 0 0  

PCLAR MOMENT CF TRAILER FRONT TANDEC WHEELS 
(IN-LE-SEC**2) 2 3 1 . 0 0  
POLAR MOMENT CF TRAILER REAR TANDEM WHEELS 
(IS-LE-SEC* * 2 )  2 3 i . 0 0  
SPRING M T E ,  TRP.CTOR FRONT SUSPENSION 
( L S / I N )  1 0 i 2 . 5 0  
SPRING FiA?E, TRACTOR REAR SUSPENSION 
(LB/ IN)  3000.OC 
SPRING RATE, TRAILER SUSPENSION ( L 9 / I N )  1 9 1 7 5 . 0 0  



KRSi FRONT AUXILIARY ROLL STIFFNESS(1N-LE/DEG 400C.00  
KRS2 REAR AUXILIARY ROLL STIFFNESS(1N-LB/DEG C .  G 
KRS3 TRAILER AUXILIARY ROLL STIFFNESS(1N-LS/DEG 0 . 0  
AKRS TRACTCR TR TANDEM AUX ROLL STIFFNESS(1N-L3/3EG) 7 P 0 0 0 . 0 0  
K T  i SPRING RATE, TRACTOR FRONT TIRES ( L P / I N )  5 7 0 0 . 0 0  
KT2 SPRING RATE, TF.?.CTOR FRONT TANDEM TIRES 

(LB/ IN)  5700 .0C  
KT3 SPRING RATE, TRACTOR REAR TANDEY TIRES 

(LB/ IN)  5 7 0 0 . 0 0  
KT4 SPRING RATE, TRAILER FRONT TANDEM TIRES 

(LB/ IN)  5 3 0 0 . 0 0  
KT 5 SPRING RATE, TRAILER REAR TANCEM TIRES 

( i B / I N )  5 3 0 0 . 0 0  

- 
FIFTH WHEEL SPRING RATE 

ROTATION WHSDFL (DEG) SPRING RATE MCS (IN-LBS/DEG) 
0 . 0  0 . 2 0 0 0 0 E + 0 8  

TRACTOR FRAKE ROLL SPRING RATE 

TRSTF 
Plrl 
P J i  

RCH3 
RSi  
RSCi 

TIMF 
TRAi 
TRAZ 
TR.43 
VE L 
w i  
w2 
WS i 
WS 2 

ROTATION TTCFL(DEG) SPRING RATE TTC (IN-LBS/CEG) 
0 . 0  0.200OOE+05 

TRAILER FRAME ROLL STIFFNESS(1N-LB/DEG) i 5 0 0 0 0 0 . 0 0  
WEIGHT OF PAYLOAD (LBS)  4 0 6 0 0 . 0 0  
PCLL MOMENT OF INERTIA OF PAYLOAD 
(IN-La-SEC**2) 3 7 5 0 0 . 0 0  
PITCH MOMENT OF INERTIA OF PAYLOAD 
(IN-LB-SEC**2) i 7 2 7 0 0 0 . 0 0  

YAW MOMENT OF INERTiA OF PAYLOAD 
( IS-L@-SEC* * 2 )  1 7 2 7 0 0 0 . 0 0  
HORIZONTAL DISTANCE FROM MIDPOINT OF REAR 
SUSPENSION TO PAYLOAD MASS CENTEfi ( I N )  1 8 2 . 0 0  
VERTICAL DISTANCE FROM GROUND TO PAYLOAD 
MASS CENTER ( I N )  
ROLL CENTER HEIGHT, TRACTOR FRONT 
SUSPENSION ( I N )  
ROLL CENTER HEIGHT, TRACTOR REAR 
SUSPENSION (IN) 
ROLL CENTER HEIGHT, TRAILER SUSPENSION ( I N  
COMPLIANCE STEER (CEG/IN) 
ROLL STEER COEFFICIENT, TRACTOR FRONT 
SUSPENSION 
ROLL STEER COEFFICIENT, TRACTOR REAR 
SUSPENSION 
ROLL STEER COEFFICIENT, TRAILER SUSPENSION 
HORIZONTAL DISTANCE FROM TRACTOR BODY 
X-AXIS TO TRACTOR FRONT SUSPENSION ( I N )  
HORIZONTAL DISTANCE FROM TRACTOR BODY 
X-AXIS TO TRACTCR REAR SUSPENSION ( I N )  
HORIZONTAL DISTANCEFROM TRAILER BODY 
X-AXIS TO TRAILER SUSPENSION (IN) 
MAXIMUM REAL TIME FOR SIMULATION (SEC) 
HALF TRACK. TRACTOR FRONT AXLE [ I N )  
HALF T R A C K ;  TRACTOR R E A R  A X L E ( S  j ( I N )  
HALF TRACK, TRAILER AXLE(S) ( I N )  
INITIAL VELOCITY (FT/SEC) 
SPRUNG WEIGHT OF TRACTOR (LES)  
SPRUNG WEIGHT OF TRAILER (LBS)  
WEIGHT OF TRACTOR FRONT SUSPENSION (LES)  
WEIGHT OF TRACTOR FRONT TANCSM 
SUSPSNSION (LBS)  
WEIGHT OF TRACTOR REAR TANDEM SUSPENSION 
(LBS) 

WEIGHT OF TRAILER FRONT TANDEM 
SUSPSNSION (LBS) 
'+'EIGHT CF T X I L E ' n  REAR TANDEM SUSFENSIOR 
(LBS)  



E R A K E  P A R A P E T E i l S :  TQ(i,i,ij = 0.050 TQ(i,i,2) = 0.270 
T S  (i,2,;) = 0.050 TQ(1,2,2) 6 0.i70 
TG(2,i,l) = 0.075 TQ(2,i12) = 0.245 

T A B L E  1: T I M E  V S  P R E S S U R E  ( P S I )  
NO. O F  P O I N T S :  2 

0.0 0.0 
0.0500 0.0 

I N P U T  P A Z A M E T E R  T A B L E  F O R  E R A K E  F O R C E  C A L C U L A T I O N  S U B 2 O U T I N E  
SYMBOL E E S C R I P T I O N  I Y I T I A L  V A L U E  

A X L E  i f  L E F T  S:DE 
I B R T  BRAKE T Y P E  NONE 

A X L E  2, L E F T  S I D E  
IS RT S R A K E  TYPE: NONE 

A X L E  3, L E F T  S I D E  
I B R T  BRAKC T Y P E  NONE 

A X L E  4, L E F T  S I D E  
I B R T  B R A K E  T Y P E  

A X L E  5, L E F T  S I D E  
I B R T  E R A K E  TYPE 

A L I G N I N G  T O R Q U E  LOOK-UP,  T R A C T O R  F R O N T  T I R E S  
V E R T I C A L  LOAD:  2000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
1.000 44.000 
3.000 77.000 
7.000 79.000 
i0.000 59.000 

V E R T I C A L  LOAD: 4000.000 L B S  
S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
C.0 0.0 
i.000 i03.000 
3.000 205.000 
7.000 245.000 
iO.OOO i89.000 

V E R T I C A L  LOAD: 5000.000 L B S  
S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L E S )  
0.0 0.0 
1.000 153.000 
3.000 341.000 
7.000 435.000 
i0.000 333.000 

V E R T I C A L  LOAD: 8000.000 L B S  
S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
i.OOO 205.000 

10.000 470.000 
V E R T I C A L  LOAD:  9000.000 L B S  

S I D E S L I P  ANGLE ( D E G )  V S - A L I G N I N G  T O R Q U E  ( I N - L E S )  
0.0 0.0 
i.CO0 227.000 
3.300 537.000 
7.000 673.000 
1C.000 550.000 

NONE 

NONE 



. A L I G N I N S  T O R Q U E  LOOK-LIP, T R A C T O R  L E A D I N G  TANDEM T I R E S  
V E R T I C A L  LOAD:  2000 .000  L E S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G K I N G  T O R Q U E  ( I N - L B S )  
0 .0  0 .0  
i . 0 0 0  44 .300  
3.000 7 7 . 0 0 0  
7.000 79 .000  

10 .000  59.000 
V E R T I C A L  LOAD:  4000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L R S )  
0 .0  0 . 0  
i . 0 0 0  103 .000  
3.000 205 .000  
7 .000  245.000 

10 .000  189 .000  
V E R T I C A L  LOAD:  6000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0 .0  0 .0  
i. 000 i 5 3 . 0 0 0  
3 .000  3 4 i . 0 0 0  
7 .000  435.000 

iO.000 333 .000  
V E R T I C A L  LOAD:  8000 .000  L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L E S )  
0 .0  0 . 0  
i .  000 205.000 
3.000 472 .000  
7 . 0 0 0  60C.000 

i 0 . 0 0 0  470.000 
V E R T I C A L  LOAD:  9000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0 .0  0.0 
i. 000 227 .000  
3 .000  537 .000  
7 .000  673 .000  

i 0 . 0 0 0  550 .000  

A L I G N I N G  T O R Q U E  LOOK-UP,  T R A C T O R  T R A I L I N G  TANDEM T I R E S  
V E R T I C A L  LOAD:  2000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0 .0  0 . 0  
i . 0 0 0  44.000 
3. O O C  77.000 
7 .000  79.000 

iO.000 59 .000  
V Z R T I C A L  LOAD:  4000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0 .0  0 .0  
i. 000 1 0 3 . 0 0 0  
3 .000  205 .000  
7 .000  245.000 

10 .000  i 8 9 . 0 0 0  
V E R T I C A L  LOAD:  6000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R C U E  ( I N - L E S )  
0 .0  0.0 
i. 000 153 .000  
3 .000  3 4 i . 0 0 0  
7 .000  435.000 

i O . 0 0 0  333.000 
V E R T I C A L  LOAD:  8000 .000  L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L E S )  
0 .0  C .  0  
i. 000 205.000 
3.000 472.000 
7 .000  600 .000  

iO.000 470.000 
V Z R T I C A L  LOAD:  9 0 0 0 . 0 0 0  L B S  

S I D S S L I P  A K G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
i . 3 0 0  227.000 
3 .000  537 .000  
7.0CC 673 .000  

iO.OCI0 550.000 



A L I G N I X G  TORQUE LOOK-UP,  T R A I L E R  L E A D I N G  TAMEEX T I R E S  
V E R T I C A L  LOAD: 2000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L E S )  

iO.000 49.000 
V E R T I C A L  LOAD: 5000.000 L B S  

S I E E S L i P  ANGLE ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  

iO.000 192.000 
V E R T I C A L  LOAD:  6000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
1.000 i47.000 
3.000 343.000 
7.000 457.000 

10.000 383.000 
V E R T I C A L  L O A P :  8000.000 L B S  

S I D E S L I P  ANGLE ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I S - L 2 S )  
0.0 0.0 
i.000 i94.000 
3.000 48i.000 
7.000 650.000 
iO.000 535.000 

V E R T I C A L  LOAD: 9000.000 L B S  
S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  

A L I G N I N G  T O R Q U E  LOOK-UP, T R A I L E R  T R A I L I N G  TANDEM T i R S S  
V E R T I C A L  LOAD: 2000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
i.000 39.000 
3.000 75.000 
7.000 77.000 

io.000 49.000 
V E R T I C A L  L O A P :  4000.000 L B S  

S I D E S L I P  ANGLE ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
i.000 96.000 
3.000 204.000 
7.000 250.000 

10.000 i92.000 
V E R T I C A L  LOAD: 6000.000 L B S  

S I D E S L I P  A N G L E  ( D E G )  V S  A L I G N I N G  T O R Q U E  ( I N - L E S )  
0.0 0.0 
i.000 147.000 
3.000 343.000 
7.000 457.000 

iO.OOO 333.000 
V E R T I C A L  L O A C :  5000.000 L B S  

S I D E S L I P  A N G L E  ( P E G )  V S  A L I G N I K G  TCKQUE ( i N - L B S )  
0.0 0.0 
1.000 194.000 
3.00C 48i.000 
7.000 650. OCO 

1C.000 535.000 
VERT1C.A.L LOAD:  9300.000 L B S  

S i D E S L I P  ANGLE (DZG) V S  A L I G N I N G  T O R Q U E  ( I N - L B S )  
0.0 0.0 
i. 000 2i7.000 
3.000 555.000 
7.000 766.000 

10.000 67i.000 



T A a L E  2: T I M E  V S  S T E E R  A N G L E  ( C E G )  
L E F T  S I D E  
NO. O F  P O I N T S :  4 

0.0 0.0 
0.6000 -2.6500 
4.000C -2.6500 
5.0000 -2.6500 

T A E L E  3: T I M E  V S  S T E E R  A N G L E  ( D E G )  
R I G H T  S I D E  
N O .  O F  P O I N T S :  4 

T A Z L E  4 :  V E R T I C A L  L C A P  V S  L A T E R A L  S T I F F N E S S  ( L B S / D E G )  
T R A C T O R  F R O N T  T I R E S  
NO. O F  P O I N T S  6 

0.0 0.0 1. COO0 10.0000 
2000.0000 465.0000 ~.0000 i0.0000 
400C. 0000 69C.0000 i.0000 i0.0000 

T A B L E  5: V E R T I C A L  LOAD V S  L A T E R A L  S T I F F N E S S  ( L B S / D E G )  
T R A C T O R  L E A D I N G  TANDEM T I R E S  
NO.  O F  P O I N T S  6 

0.0 0.0 i.0000 iO.0000 
2000.0000 465.0000 i. 0000 iO.0000 
4000.0000 690.0000 1.0000 i0.0000 
6000.0000 820.0000 i. 0000 10.0000 
8000.0000 880.0000 i. 0000 iO.0000 
9000.00CO 880.0000 i. 0000 i0.0000 

T A B L E  6 :  V E R T I C A L  LOAD V S  L A T E R A L  S T I F F N E S S  ( L B S / D E G )  
T R A C T O R  T R A I L I N G  T A N D E P  T I R E S  
N O .  O F  P O I N T S  6 

0.0 0.0 i.0000 i0.0000 
2000.0000 465.0000 i.0000 10.0000 
4000.0000 690.0000 1.0000 iO.0000 
60OO.OOCO 820.0000 i.0000 iO.0000 
8000.0000 e80.0000 i. 0000 10.0000 
9000.0000 880.0000 i.000~ i0.0000 ---- -. -- 

T A B L E  7: V E R T I C A L  LOAD V S  L A T E R A L  S T I F F N E S S  ( L B S / D E G )  
T R A I L E R  L E A D I N G  TANDEM T I R E S  
NO.  O F  P O I N T S  6 

0.0 0.0 0.5000 10.0000 
2000.0000 400.0000 0.5000 i0.0000 
4P00.0000 600.0000 0.5000 iC.0000 
6000.0000 720.0000 0.500C iO.0000 
8000.0000 770.0000 0.5000 iO.0000 
9000.0000 770.0000 0.5000 iO.0000 

T A B L E  8: V E R T I C A L  LOAD V S  L A T E R A L  S T I F F N E S S  ( L B S / D E G )  
T R A I L E R  T R A I L I N G  TANDEM T I R E S  
NO.  O F  P O I N T S  6 

0.0 0.0 0.5000 iO.0000 
2000.0000 400.0000 0.5000 iO.OOOO 
4000.0COO 600 .0000 0.5000 iC. 0000 
6000.0000 720.0000 0.5000 iC.OOOO 
800G.OCOC 770.0000 0.5000 iO.0000 
9000.0000 770.0000 0.5000 iO.0000 

T A E L E  9: ' J E R T I C A L  LOAD V S  L O N G I T U C I N A L  S T I F F N E S S  ( L B S )  
T R A C T O R  F R O N T  T I R E S  
NS. O F  P O I N T S :  1 

r. n 7 ~ n n n  nnnn 



T A B L E  iC: V Z R T I C A L  L O A C  V S  L O N G I T U D I N A L  S T I F F N E S S  ( L S S )  
T R A C T O R  L E A C I N G  TANDEM T I R E S  
K O .  O F  P O I N T S :  i 

0.0 2P000.0000 

T A E L E  i i :  V E R T I C A L  LOAD V S  L O N G I T U C I N A L  S T I F F N E S S  ( L E S )  
T R A C T O R  T R A I L I N G  TANDEM T I R E S  
NO. O F  P O I N T S :  1 

0.0 28000.0COO 

T A a L E  i 2 :  V E R T I C A L  LOAD V S  L O N G I T U D I N A L  S T I F F N E S S  ( L B S )  
T R A I L E R  L E A D I N G  TAXDEM T I R E S  
NO. O F  P O I N T S :  1 

0.0 28000.0000 

T A B L E  i 3 :  V E R T I C A L  LOAD V S  L O N G I T U D I N A L  S T I F F N E S S  ( L B S )  
T R A I L E R  T R A I L I N G  TANDEM T I R E S  
N O .  O F  P O I N T S :  i 

0.0 28000.0000 

T A 2 L E  i4: V E R T I C A L  LOAD V S  MUZERO 
T R A C T O R  F R O N T  T I R E S  
NO. O F  P O I N T S :  6 

0.0 1.0700 
2000.0000 1.0700 
4000.0000 0.9800 
6000.0000 0.8800 
8000.0000 0.8300 
9000.0000 . 0.8300 

T A B L E  i 5 :  V E R T I C A L  LOAD V S  MUZERO 
T R A C T O R  L E A D I N G  TANDEK T I R E S  
NO.  O F  P O I N T S :  6 

0.G 1.0700 
2COO. 0000 1.0700 
4000.0000 0.9800 
6000.0000 0.8800 
8000.C000 0.8300 
aoco.cooo 0.8300 

T A a L E  i 6 :  V E R T I C A L  LOAD V S  MUZERO 
T R A C T O R  T R A I L I N G  TANDEM T I R E S  
NO. O F  P O I N T S :  6 

T A B L E  i 7 :  V E R T I C A L  LOAD V S  F U Z E R O  
T R A I L E R  L E A 3 I N G  T A N D E F  T I R E S  
N O .  OF  P O I N T S :  6 

0.0 1.0400 
200C.OCOO i .  0400 
4000.0000 0.9800 
6000.0000 0.9200 
8000.0000 0.P8CC 
9noo.0000 0 . ? ~ 3 0  



T A E L E  i8: V E R T I C A L  LOAD VS K U Z E R O  
T S A I L E R  T R A I L I N G  'TAIIDEM T I i i E S  
NO.  O F  P O I N T S :  6 

0.0 i.0400 
2000.0000 1.0400 
4000.0000 0.9800 
6000.000C 0.9200 
8C00.0000 0.880C 
9000.000@ 0.8800 

F;,RAMETERS FOR I N C L I N E  S U R F A C E :  
ti G R A V I T Y  X COMPONENT 
G 2 G R A V I T Y  Y COMPONENT 
C 3 G R A V I T Y  Z COMPONENT 

I S E R E  W I L L  SE NO W I N D  T H I S  RUN 

T E E  P .GTILOCK S Y S T E K  W I L L  NOT 9 E  USE?  T H I S  RUN 

* * *  I N P U T  * * *  
E K P T Y  LOADED 

D I S T A ? : C E  FRO!! T R A I L E R  S P R U N G  KASS CEh 'TER T O  T R A I L E R  REAR A X L E  C E N T E R L I N E  ( I N )  i79.50C i8i.349 
. D I S T k i C E  F 2 O K  T 2 A I L E R  S P R U K S  K A S Z  C E K T E R  T O  GROUKD ( I N )  57.300 65.626 
, R O L L  ?OMEN? O F  T R A I L E R  S P R U N G  K A S S  ( I N - L B a S E C * * 2 )  72999.938 ii19i8.563 
, P I T C H  N O F E N T  O F  T R h i i E R  S P R U N G  MASS ( I F - L B - S E C * * 2 )  789868.50C 25i8456.000 
YAW ElONENT O F  T R A I L E R  S P R U N G  MASS ( I N - L E - S E C * * 2 )  789868.500 25i7038.COO 

T H E  S T A T I C  LOADS ON T H E  T I R E S  A R E  
A X L E  h 'UM9ES LOAD 

i 8897.938 
2 i57Ei. 398 
3 i561i.399 
4 i612!.i33 

5 - 16823.133 

T O T A L  

,?HE T E A C T O R  T O T A L  S P S U N G  H A S S  CEh'TER I S  62.814 I N C H E S  B E H I N D  T H E  F R O N T  A X L E ,  
" H E  T O T A L  YAW MOMENT O F  I N E R T I A  I S  i929iZ.SOC IN L B  S E C i * 2 .  

, T H E  T R A I L E R  MASS C E N T E R  I S  238.i69 I N C H E S  E E H I N D  T H E  F I F T H  WHEEL,  
, T E E  T O T A L  YAW I$Ob'.ENT O F  I N E R T I A  I S  2775432.000 I N  LB S E C * * 2  

, T I M E  I N C R E M E K T  T O  B E  P R I N T E D  O U T  I S  0.10 

* * *  E E G I N  O U T P U T  * * *  



APPENDIX B 

T I R E  DATA 



FI R ESTONE 10.00 x 22 F 

F,, (LATERAL FORCE) 

Mz (ALIGNING TORQUE) 

10" 

2044 
3 

3442 

4422 

5086 

5319 

F* (Ib 

2000 

4000 

6000 

8000 

9000 

I 

Fz ( I b )  

2000 

4000 

6000 

8000 

1 O 

436 

635 

764 

83 1 

830 

I 9000 1 227 1 537 1 637 1 716 1 673 1 550 1 

I O 

44 

103 

153 

205 

- 
3" 

1065 

165 7 

2021 

2225 

2284 

3" 

77 

20 5 

34 1 

472 

4" 

131 l 

2072 

2539 

2827 

2909 

4" 

84 

236 

396 

558 

5" 

1506 

2430 

3019 

3384 

3487 

5" 

85 

252 

43 1 

622 

7" 

1794 

2957 

3704 

4190 

4341 

7" 

79 

245 

435 

600 

, 

to0 

59 
1 

189 

333 

470 



FIRESTONE 10.00 x 22 F 



F,, (LATERAL  FORCE) 

MZ (ALIGNING TORQUE) 



FIRESTONE 10.00~ 20 RIB 



FREUHAUF l0 .00~ 20 

M7 (ALIGNING TORQUE) 

E, (LATERAL FORCE) 

Fz ( I b) 

2000 

4000 

6000 

8000 

9000 

4O 

1171 

1910 

2363 

2596 

2646 

I O 

365 

556 

686 

739 

742 

5" 

137 1 

2283 

2821 

3135 

3213 

3O 

936 

1503 

1858 

2025 

2058 



FREUHAUF 10.00 x20 RIB 



APPENDIX C 

The purpose of this  appendix i s  to provide a condensed descrip- 
tion of the simulation model used in this  study. Although the model 

i s  intended for studying both braking and turning, this  discussion 
emphasizes features of the model which are pertinent to investigating 
the directional response to steering. 

C.  1 A x i s  Systems 

For each unit of the vehicle ( t rac tor  or semitrai ler) ,  three axis 
systems are employed. These systems are ( 1 )  a s e t  of iner t ia l  refer- 
ence axes, ( 2 )  a se t  of body axes for  the sprung mass, and ( 3 )  an 
auxiliary se t  of axes lying in the road plane below the center of mass 
of the sprung mass. The simulation i s  arranged so that the iner t ia l  
system has i t s  origin a t  the sprung mass center of gravity a t  time 
zero. 

For descriptive purposes, i t  i s  convenient to use sets of unit 
vectors to represent the three "right-handed" orthogonal axis systems 
used in the model, viz. : 

z ] represent the iner t ia l  system [" in A n  

[ib jb ib] represent the body axis system 

[Il El  i1 ] represent the road axis system 

These axis sys tems are i 11 us trated i n Figure C.  1 , 

The relationships allowed between these axis systems are con- 
strained in the computer model. The "road" i s  assumed to be a f l a t  
surface extending indefinitely in space. The i1 and y, unit vectors 
l i e  in the road plane. (The road can be inclined with respect t o  
gravi ty . ) The plane defined by the in and in uni t vectors i s  para1 le l  

h A 

t o  the road plane. The zn and zl  unit vectors are colinear and the 
* A , .  

xlylzl system can rotate in heading angle, $, with respect t o  the 



'I- 

LL 



A A A  A A A  

'nYnzn system. The cen te r  o f  t h e  xlylzl a x i s  system i s  taken t o  be 

" d i r e c t l y  below" ( t h a t  i s ,  i n  t he  d i r e c t i o n  o f  the  in and il u n i t  

vec to rs )  the  cen te r  o f  t he  body a x i s  system. The o r i e n t a t i o n  o f  the  
A  A  A  A A A  

XbYbZb u n i t  vec to rs  w i t h  respec t  t o  t he  xlylz, u n i t  vec to rs  i s  descr ibed 

by two r o t a t i o n s  i n  t he  f o l l o w i n g  o rder .  F i r s t ,  a  p i t c h ,  e ,  about the  
A  A  

y1 ax i s  and then a  r o l l ,  4, about t he  xb ax i s .  

The angles 4, e, and $ a re  a  s e t  o f  Eu le r  angles" d e f i n i n g  t he  

o r i e n t a t i o n  of the  sprung-mass body axes w i t h  respec t  t o  the  i n e r t i a l  

axes. Standard se ts  of d i f f e r e n t i a l  equat ions f o r  the t ime r a t e s  of 

change of the  Eu le r  angles a re  so lved  i n  t he  computer model t o  o b t a i n  

instantaneous values o f  4, e, and 4 .  Knowing $, e, and $, vec to rs  

expressed i n  one a x i s  system can be transformed i n t o  e i t h e r  o f  t he  o the r  

two a x i s  systems .* 

C.2 Sprung Mass Mot ion 

The mot ion o f  the  sprung mass i s  s imu la ted  us ing  s tandard equat ions 

desc r i b i ng  the  mot ion o f  a  r i g i d  body i n  a  r o t a t i n g  coodinate system 

[9], v i z . ,  

and 

where m i s  t he  sprung mass 
- 
V i s  t h e  a c c e l e r a t i o n  o f  the  cen te r  of g r a v i t y  

o f  t he  sprung mass 

F i s  t h e  t o t a l  f o r c e  app l i ed  t o  t he  sprung mass . - 
H i s  the  t ime r a t e  o f  change o f  the  moment o f  momentum 
- 

and T i s  t he  t o t a l  torque a p p l i e d  t o  the  sprung mass 

Discuss ion o f  the  components o f  -f and T w i l l  be presented i n  a l a t e r  

s e c t i o n  o f  t h i s  appendix. 

* I n  o rde r  t o  condense t he  p resen ta t ion ,  a  work ing knowledge o f  
Eu le r  angles, vec to r -ma t r i x  equat ions,  moving coord ina te  systems, and 
r i g i d  body dynamics i s  assumed. 



A A A 

Defining the velocity 7 as u xb f v yb f w zb  and the spin 
A A A - 

velocity, U, as p x b  + q yb f r zb, and carrying o u t  the necessary 
differentiations yields:  

Also, i t  can be shown that 

where ( for  the sprung mass) 

i x x  i s  the rol l  moment of iner t ia  

I i s  the pitch moment of iner t ia  
YY 

IZz i s  the yaw moment of iner t ia  

- - 
I xz xz dm 

mass 

(Lateral symmetry i s  assumed so that I = Iyz = 0 . )  
XY 

Based on Equations ( C . 1 ) ,  ( C . 2 ) ,  (C.3), and (C.4) ,  the computer simula- 

tion numerically integrates 6; ;, i ,  b, 4 ,  and to  obtain u ,  v ,  w,  p ,  

q ,  and  r ,  respectively. The components of the spin of t h e  sprung mass 

( i . e . ,  p, q ,  and r )  are used t o  solve for 4 ,  e ,  and $. The Euler 
angles ( 4 ,  e ,  and $ )  and u ,  v ,  and w are used to  solve for the inertia1 
components ( x ,  y ,  and z )  of the location of the center of gravity of 
the sprung mass. 

The following block diagram i s  intended t o  give a picture of 
the form of the computations described so f a r .  The quantities calcu- 
lated in Figure C.2 are used in determining forces and moments acting 
on  the sprung and unsprung masses. 



Figure C.2. Bas ic  sprung mass mot ion c a l c u l a t i o n s .  

I n t e g r a t e  
UY VY w x,  YY z * 
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- 7 I n t e g r a t e  I n t e g r a t e  Set Up . . P Y  9 9  r B 3  Component - ; i ;  P y  q, i. Trans fo r -  
mat i  on 
Mat r i ces*  

-[Ai I 

I n t e g r a t e  
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To calculate the suspension forces, the motions of points other 
than the center of mass are needed. Basic rigid body relations are 
used to compute the velocity of points of interest  in the sprung mass 
from ( 1 )  the velocity of the mass center, ( 2 )  the spin of the body, 
a n d  (3 )  the location of the point of interest  with respect to the mass 
center . 

Since the suspension forces are assumed in the model t o  act  in 
a direction perpendicular t o  the road surface, the coordinate transfor- 
mation matrix [ B .  . ]  (see Figure C.2) i s  employed as needed t o  express 

1J 
motions of points in the sprung mass with respect to the road axes. 

C.3 Unsprung Mass Motions 

The motions of the unsprung masses and the forces acting between 
the sprung and unsprung masses are treated by unique and unconventional 
methods in the model. I t  i s  n o t  the purpose of  this discussion to 
defend or c r i t i c i ze  these techniques other than t o  note that they repre- 
sent approximations which can be and have been confusing. The following 
discussion i s  intended t o  aid in understanding the approximations 
involved in the model. 

I n  order t o  compute t i r e  a n d  suspension forces, the locations 
and velocities of the axles with respect t o  the sprung mass are cal- 
culated using the road axis system. (The road axis system may also be 
called the unsprung mass axis system.) Even though the center of the 
road axis system i s  taken t o  be below the center of mass of the sprung 

A A 

mass, the x l  and yl components of any vector from the center of the 
road axis system to a particular point in the unsprung mass are assumed 
t o  be of fixed value. I n  addition, the spin of the road axis system 

A 

i s  simply zl (by definition of the road axis system). Consequently, 
the computation of the velocity or acceleration of  any point in the 
unsprung mass i s  greatly simplified compared t o  the calculation of the 
general motion of a rigid body as expressed in a freely rotating 
coordinate sys tem. 



In practical terms, the assumptions described above s t a t e  that 

the track and wheelbase remain constant when viewed from the 
direction. However, the influences of the translational motions of 
the sprung mass center with respect t o  the t i r e s  have been omitted in 
the calculations of t i r e  s l i p  angles. 

The la teral  constraint between the sprung and unsprung masses i s  
treated as a "horizontal" force in the y l  direction, acting a t  a given 
"roll  center height" for  each axle. The magnitude of this  force i s  
determined from the calculated values of the lateral  forces produced by 

the t i r e s  and estimates of the la teral  and yaw accelerations of the 
unsprung mass. For example, without going into de ta i l ,  the estimated 
la teral  acceleration of the front axle i s  given by the following 
equation: 

where 
" 

i s  the la teral  acceleration of the center of the f 
front axle . - 

V i s  the acceleration of the sprung mass 

Xu i s  the longitudinal distance from the unsprung mass 
center to  the front axle 

6. 

and i s  the yaw acceleration of the road axis ( i  . e . ,  

unsprung mass) system. 

I n  simplified terms, the force of constraint between the front axle 
and the sprung mass i s  given by an equation of the following form: 

where 

F ~ c  
i s  the force of constraint 

F ~ l  
i s  la teral  force from the lef t - front  t i r e  

$2 
i s  la teral  force from the right-front t i r e  



muf i s  the mass of the front axle 
.. 
f i s  given by Equation (C.5) 

Equations (C.5)  and (C.6)  are not the whole story, however. In 

the computer program "current" values of V and $ are not available a t  
the point in the computational sequence where F would be evaluated. 

Y C  
I n  fac t ,  F i s  being evaluated in order t o  evaluate V and $. Rather 

Y C  
than solving the appropriate equations simul taneously , estimates of 
- 
V and $ are used in computations of the form of (C.5) to  estimate y f .  

The quantities V and .$ are estimated from "current" values of the t i r e  
forces, the total  mass of the unit ,  and the total  yaw moment of iner t ia  
o f  the uni t .  

Calculations similar t o  the ones just  described are carried out 
for each of the axles making u p  the unsprung masses. 

I t  should be noted that the axles are allowed bounce and roll 
A A A 

degrees of freedom in the x l  yl  z, axis system. 

The general idea of the method for computing axle motions i s  
i l lustrated in Figure C.3. 

I uspens ion Forces 
and Moments 

- a J 

F ~ i  re Constraint 
i + Integrate 

+A z~ 
+ Forces 

4 $A d 

I 
and . . 
z~ 

t m 
v - 

C 

- 
A ~ i  re Estimates of 

Like Terms 

Figure C.3. Heuristic diagram for computation of axle 
motions. 



C.4 Tire Forces and Moments 

A semi-empirical t i r e  model i s  used t o  f i t  t i r e  data fo r  use in 

the simulation. A recent description of the t i r e  model i s  given in 
Reference [8]. The ver t ica l  load between the t i r e  and road i s  computed 
from ( 1 )  the distance from the wheel center to  the road plane in the 

direction and ( 2 )  the time r a t e  of change of t ha t  distance. 

The l a t e r a l  force from a t i r e  i s  primarily a function of the 
t i r e ' s  ver t ica l  load and s l i p  angle. The s l i p  angle f o r  a t i r e  i s  
given by 

- I  "i 
= tan (u) - d i  i  i  

where 
a i s  the s l i p  angle i  
v i  i s  the l a te ra l  velocity in the ii direction of the 

wheel center 

i  i s  the longitudinal velocity in the x i  direct ion of 
the wheel center 

and 6i i s  the s t e e r  angle of the wheel i f  i t  has one. 

The velocity components v i  and u i  of the wheel center in the ji and xi  
direct ions , respectively , are:  

i = (V ii) + ;xi ( C . 8 )  

and 
h 

u i = (Yo x i )  - iy i  ( C . 9 )  

where x i  i s  the distance from the center of the unsprung mass axis 
system t o  the i th  axle and yi i s  one-half of the track of the axle. 
(The signs of xi and yi are  chosen appropriately f o r  the location of 
the wheel involved. ) 



Tire aligning moment i s  computed using s l ip  angle and vertical 
load in a table l o o k - u p  routine. 

C. 5 Suspension Forces and Moments 

Suspension forces are assumed t o  act  in the z1 direction, which 
i s  normal t o  the road surface. Changes from the s t a t i c  equilibrium 
values of the spring forces on a level road are computed in the program. 
The values of these changes are based on empirical functions of the 

A 

changes in the "vertical" ( z l  direction) component of spring deflection 
and the time rates of change of the vertical components of spring 
deflection. 

The program contains provision for interaxle load transfer in 
tandem suspensions during braking maneuvers, b u t  th is  effect  is  not 
important in this study of turning without braking. 

Auxi 1 iary roll st iffnesses are included in the model t o  produce 
moments which usually oppose increases in the roll angle of the sprung 
mass with respect t o  an axle. These moments are in addition t o  those 
produced by the springs. 

With regard t o  roll moments acting on the sprung mass, the sus- 
pension forces receive special treatment i n  the model. Figure C.4 

i l  lustrates the manner in which the moments about an axis in the . x l  
direction through the sprung mass center are computed in the simulation. 
Note that the "lever arms" for the suspension forces (SF1 and SF2)  a n d  

the force of constraint ( F  ) changes as the roll angle ( 4 )  of the 
YC 

sprung mass changes. 

Using the approximation that ( h  sin $ ( S F 2 )  + h sin $(SFl) )  i s  
approximately equal t o  Wsh sin 4 ,  Equation ( C .  l o ) ,  shown in Figure C.4, 

may be reduced to the form 



x = (SF2)r - ( S F 1 ) a  - F ( h )  - (cos a )  
Y C  

Where 4 

Tx i s  the moment a b o u t  the x, axis,  
T is  the distance between spring connections on the 

axle involved, 
r  = T / 2  - h sin 4 
a = T / 2  + h sin 4 

( C .  10) 

Figure C.4. Sprung mass roll moment. 



T = (SF2  - S F 1 ) T / 2  - WSh sin 4 - Fych 
X 

where cos 4 4 1.0. 

I n  the simulation model, the forces and moments acting on the 
* A h  

sprung mass are expressed in the x l  yl z l  system and then transformed 
A l A  

t o  the x b  yb zb system. This procedure was followed for convenience 
sake when the program was f i r s t  written. 

C.6 Gravitational Forces and the Inclined Road 

In i t i a l ly ,  the computer program was written with a f l a t ,  level 
road in mind.  The suspension forces computed were actually the changes 
in suspension forces from the s t a t i c  forces needed to support the 
sprung mass. A similar idea was applied t o  the t i r e  vertical force 
characteristics.  Using this  approach, the sprung and unsprung masses 
were automatically a t  their  equilibrium positions a t  the s t a r t  of a 
calculation on a level road. Furthermore, the influence of gravitational 
forces could be omitted from the dynamic calculations. 

When an inclined road capability was added t o  the simulation, 
the gravitational forces did n o t  have t o  be perpendicular t o  the road 
surface. The direction of the gravity vector was specified as follows: 

A  

where g i s  a unit vector in the direction of the gravitational 
acceleration, and 

g,, g2, and g3 are the direction cosines of  g in the 
iner t ia l  axis system. 

Since the iner t ia l  and  road (or  unsprung mass) system differ  o n l y  

by the heading angle, $, a single rotation can be used t o  express the 
A  

gravitational direction vector, g, in the unsprung mass coordinate 
system, viz.:  



The i n c l i n e d  road  d i s c u s s i o n s  g i v e n  i n  [4 ]  on Pages 51-53 and 

[8] on pages 124-127 a r e  f o r  a  u n i t  v e h i c l e .  Arguments s i m i l a r  t o  

those used i n  [4 ]  and [8] can be a p p l i e d  t o  an a r t i c u l a t e d  v e h i c l e .  

The f o l l o w i n g  d i s c u s s i o n  i s  i n t e n d e d  t o  a i d  i n  unders tand ing  t h e  i n -  

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

I n  t h e  l e v e l  road  case, t h e  s t a t i c  l e v e l s  of  t h e  s p r i n g  f o r c e s  

" c a n c e l "  t h e  g r a v i t a t i o n a l  f o r c e s  f rom t h e  i n d i v i d u a l  masses. T h i s  

i d e a  may be expressed i n  equa t ions  as f o l l o w s  u s i n g  t h e  t r a c t o r  sprung 

mass as an example. 

where 

Fsus = F s US o  + AF ( t o t a l  suspension 
f o r c e )  

WS = w e i g h t  of t h e  sprung mass 

- A 

F5 = F5Ozn + AF5 ( t o t a l  5 t h  wheel 
f o r c e )  

and F  
suso + FsO + Ws = 0 

o r  ( f o r  a  l e v e l  road)  

( C .  13) 

( C .  14) 



Hence, i n  t h e  computer program dFSUs and aT5 a r e  computed. The 

i n i t i a l  c o n d i t i o n s  of t h e  sprung and unsprung masses a r e  then t h e  

s t a t i c  e q u i l i b r i u m  p o s i t i o n s  on a  l e v e l  road.  

To a v o i d  m o d i f y i n g  t h e  s i m u l a t i o n  t o  any g r e a t  e x t e n t ,  t h e  same 

i n i t i a l  c o n d i t i o n s  as were used i n  t h e  l e v e l  road  case a r e  used f o r  

comput ing m o t i o n  on an i n c l i n e d  road;  however, t h e  v e h i c l e  i s  n o t  

i n i t i a l l y  i n  s t a t i c  e q u i l i b r i u m  on an i n c l i n e d  road.  Furthermore,  

m o d i f i c a t i o n s  of t h e  f o r c e  equa t ions  must be cons ide red  i n  t h r e e  d i  r e c -  

t i o n s ,  n o t  j u s t  i n  t h e  v e r t i c a l  d i r e c t i o n ,  v i z . ,  

where 

and (as  b e f o r e )  

F suso ' F50 ' 's ' O 

o r  ( f o r  an i n c l i n e d  road)  

To use t h e  q u a n t i t i e s  aFSuS and dT5 as they  were used f o r  a  l e v e l  

road,  i t  i s  conven ien t  t o  r e w r i t e  (C.15) as f o l l o w s :  



B u t  Fsuso  + FS0 t Ws = 0, hence 

A h A rnv = GsUs t A F ~  + WS(glxn + g2Yn (g3-1)zn) (c .  16) 

Equation (C.16) indicates that the influence of an inclined road may 
be included into the calculation procedure used for  a level road by 
adding a force acting a t  the sprung mass center equal t o  

A procedure similar t o  the one discussed above i s  employed a t  
each mass center in the vehicle system when the inclined road option 
i s  used. S ta t ic  loads for a level road are computed and printed o u t  
a t  the beginning of a l l  simulation runs. 

C.7  Torsional Compliance in the Frames and Fifth Wheel 

The simulation model has been modified to t r ea t  torsional rol l  

compliance in the frames of the t ractor  and semitrailer.  These modi- 
fications are discussed in Appendix D .  Prior to the modification, 
a l l  rol l  coupling between the t ractor  and the semi t r a i l e r  was lumped 
into a so-called "fifth-wheel compliance." 



APPENDIX D 

A MOD1 FICATION FOR TORSIONALLY-COMPLIANT TRACTOR A N D  
SEMITRAILER FRAMES 

The Phase I1 ar t icula ted vehicle simulation used a " r o l l -  
spring" between the t r a c to r  and t r a i l e r  t o  approximate the e f fec t s  of 
f i f t h  wheel compliance.* A schematic diagram of t h i s  model i s  shown 
in Figure D .  1 .  The desire t o  more accurately model l a te ra l  load trans-  
f e r  has led t o  the addition of the torsionally-compliant t r ac to r  as 
we1 1 .  

A sketch of the modified t rac to r - t ra i  l e r  combination, with the 
t rac to r  and the t r a i l e r  assumed to  be f l ex ib le  in ro l l  w i t h  s t i f f -  
nesses XTT and TRSTF, respectively,  i s  shown in Figure D.2. The ro l l  
angle of the t r a c to r  i s  Y(19), t ha t  of the t r a i l e r  i s  Y(31). In 
addition, the ro l l  angle of the massless f i f t h  wheel i s  defined as Y45. 

Figure D.3 shows the forces and moments acting on the rear  area 
of the t r ac to r  sprung mass. Note i t  has been assumed that  the tor-  
sional ly-compl iant  element i s  midway between the hitch force,  PINY, and 
the l a te ra l  force,  SMY. Thus, s ince in the nomenclature of the com- 
puter program PINY is D above the cog .  and SMY i s  FRZ below the c . g . ,  
we have 

Q = 
D + FRZ 

2 ( D . 1 )  

Now the requirement fo r  equilibrium of the massless hitch 
yields 

where KRS i s  the auxi l iary  rol l  s t i f f ne s s ,  e a X l e  i s  the ro l l  angle of 
the axle,  M S F  i s  the moment applied by the suspension forces,  SF, and 
TP i s  the ro l l  moment acting on the t r ac to r  coming from the t r a i l e r .  

*See the Phase I1 Technical Report [4], p p .  48-50 and 
73-78. 
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X TT + Moment due t o  aux j  1 jary 
roll  s t i ffness 

Figure D.3 

Figure D.4 



Moment equi 1 i brium of the massless torsional t r a i l e r  element 

of Figure D.4 yields 

TP can be eliminated from Equations (D .2 )  and (D.3) t o  solve 

for Y45. 

Y45 = [XTT Y(19)  + M S F  + KRS e a X l e  + TRSTF Y(31) 

+ (PINY-SMY)Q]/(XTT + TRSTF + KRS) (D.4) 

Equation (D.4) i s  used in subroutine FCT t o  compute Y45. Y45, 

in turn, i s  used t o  locate the frame rai ls  for the calculation of 

suspension forces and moments. Further, Equation (D.3) yields T P  

which is  a roll  couple applied t o  the tractor and  t r a i l e r .  In the 

equations of motion in the simulation, TP replaces the moment formerly 

associated with the  "roll-spring" of Figure D . 1 .  

Throughout the discussion above, the spring rates have been 

treated as linear. However, in the program the springs nay be non-  
linear ( a n d ,  in fact ,  can be "springs with f r i c t ion") .  For nonlinear 

springs, the "local linearized spring rates" are computed and used in 

Equations (D.3) and ( D . 4 ) .  



APPENDIX E 

TRACTOR-SEMITRAILER STEADY TURNING RESPONSE 

The purpose of th i s  discussion i s  t o  communicate pertinent tech- 
nical matters which can be used to  evaluate and in terpre t  resul ts  
( e i t he r  measured or simulated) fo r  tractor-semi t r a i  l e r  vehicles per- 
forming constant velocity turns.  A simple model will be employed in 
the ensuing discussion to  i l l u s t r a t e  a number of useful ideas. The 
form of the model employed in t h i s  appendix might be described as a 
"three-wheel bicycle model ." In th i s  model there are three l a te ra l  
forces acting on the vehicle a t  three suspension reference points .  Each 
of these l a te ra l  forces represents the to ta l  t i r e  force generated by 
a l l  the t i r e s  on any axle ( o r  s e t  of axles i f  the vehicle i s  equipped 
with tandem suspensions). 

For a steady turn,  the "three-wheel bicycle model" appears as 
shown in Figure E .  1 below. For the small angles at tained in typical 

Figure E . 1  

maneuvers a t  highway speeds 



a = a2 - a1 + e l  r/V where i1 = t ractor  wheelbase (E.4) 

r = a3 - a2 + a2 r/V where e 2  = wheelbase between ( E . 5 )  

l a s t  two axles 

For a steady turn i t  can also be shown that the la teral  and vertical 
forces sa t i s fy  the following relationships*: 

In the linear range, t i r e  la teral  forces are related t o  the i r  s l i p  
angles by the i r  cornering s t i f fnesses ,  viz.:  

where C i s  the total  cornering s t i f fness  for a l l  the t i r e s  on the 
a : 

I 

i th  suspension. 

Thus, combining (E.4), ( E . 5 ) ,  (E .6 ) ,  and ( E . 7 )  yields: 

- - - -- - - 

*These relationships can be verified by envisioning the simi- 
la r i  t y  of the force diagrams for a side view (gravitational forces) 
and a t o p  view ( la te ra l  dlAlembert forces for  a steady turn) of a 
tractor-semi t r a i  1er vehicle. 



and 

and, consequently, the a r t i cu la t ion  gain i s  given by: 

( E .  10) 

The quant i t ies  

a re  cal led the "cornering compliances . " The difference between " f ron t  
and rear'  cornering compliances f o r  the t r a c to r  and the t r a i l e r  deter-  
mine the influence of l a t e r a l  accelerat ion on the s t e e r  and a r t i cu la -  
t ion angles required fo r  a specif ied turn. 

Using 

and equivalence between the s t e e r  angle equation fo r  a t r a c to r  and a 
s t r a i g h t  truck can be noted, viz. :  



V 6 = K , @  + - 1 where K1 i s  called the understeer ( E .  1 2 )  R 
factor for e i ther  a s t raight  truck 
or t ractor  of an articulated vehicle. 

I t  i s  also interesting to  note s imilar i t ies  between the t r a i l e r  
and tractor equations. ( A  physical understanding of these simi la r i  t i e s  
can be obtained by thinking of the t rac tor ' s  rear wheels as the "steered 
wheels" for  the t r a i l e r . )  If a " t r a i l e r  understeer factor" i s  defined 
as follows: 

then 

( E ,  14) 

Based on Equations ( E . 1 2 )  and (E.14), the steady turning per- 
formance of a tractor-semi t r a i  l e r  vehicle could be quantified by two 
experimental ly determined parameters, namely, K l  and K 2 .  

Nevertheless, a more comprehensive analysis shows that for  
vehicles with tandem axles the quantities e l  and a 2  measured t o  
points midway between the axles are approximately, b u t  not exactly, 

correct [ I l l .  The results of Reference [11]  indicate, however, that  the 
form of Equations (E.12) and (E.14) are appropriate and that four 
parameters ( i  .e., K 1 ,  K2, a l e ,  and "e, where el ,  and e2e are 
"effective wheelbases") need t o  be evaluated from te s t  data in order 
to specify steady turning performance. 

Theoretically, i f  velocity, yaw rate ,  art iculation angle, and 
front-wheel s teer  angle were measured for  two different steady turns, 
then the parameters K1, K 2 ,  e l e ,  and aZe  could be evaluated using 
Equations (E.12) and (E.14) to  solve for  the values of these parameters. 
However, accurate measurement of f ront-wheel s teer  ang 1e has proven 
t o  be d i f f i cu l t  i n  practice. Certainly, i t  i s  easier t o  measure 
steering-wheel angle than front-wheel angle. Yet, due to  ( 1 )  compli- 
ances and hysteresis in the steering system, ( 2 )  side-to-side differ-  
ences in front-wheel angles, and ( 3 )  rol l -s teer  e f fec ts ,  i t  i s  
d i f f i cu l t  t o  use steering-wheel angle t o  estimate front-wheel angle. 



An approach, which has been used t o  avoid the diff icul t ies  
associated with measuring properties and variables within the steering 
system, i s  t o  use a "reference front-wheel angle," which i s  simply 
the steering-wheel angle divided by the overall steering ratio.  I n  

this  approach, K, i ncl udes the i nf  1 uences o f  steering compl i ance, roll 
s teer ,  and other steering properties. A 1  t h o u g h  proceeding in this  
fashion does avoid dependence upon  measuring front-wheel angles, in 
practice, i t  s t i l l  produces t e s t  data with non-negligible scat ter  from 
run t o  run. 

Since ( 1 )  an equation of the form of ( E . 1 2 )  describes either a 
tractor or a s t raight  truck and ( 2 )  the steady turning properties of 

the straight-truck version of the tractor used i n  this study have been 
investigated in a previous project [ 7 ] ,  the properties of the articu- 
lation angle between tractor and t r a i l e r  will be emphasized in the 
following discussion.* 

Rewriting Equation (E.9) for articulation angle in terms of yaw 

rate ,  r ,  and velocity, V ( tha t  i s ,  the quantities which have been 
measured in vehicle tes t s  ) yields: 

where 

l z r  If - rV 
v >> ( K 2  6), then r is  nearly determined by the wheelbase, 

R 2 '  and the radiis , R ,  of the turn, i .e .  , 

r : a2/R radians 

*Also, i t  might be noted that investigating articulation angle 
avoids the necessity of accounting for the idiosyncracies of the 
steering sys tem. 

7 6 



For example, i f  the t r ac to r  rear  t i r e s  and the t r a i l e r  t i r e s  are  
equally 1  oaded and of identical l a te ra l  force character is t ics ,  then 
D2 D3, K1 : 0 ,  and r ePR. As a  typical example in which t rac to r  
and t r a i l e r  t i r e s  are not ident ica l ,  assume that  the following 
parametric values represent a  reasonable s i tua t ion .  

Example Val ues : 

C = 8(6001bs/deg) 
" 2  assumes 8  t i r e s  on 

C = 8(500 Ibs/deg) these suspensions 
"3 

V = 45 mph (66 f t / s e c )  

A = V r = 0 . 2 5  
Y 

t2  = 3 4 f t .  

For the Example Values: 

r  = 7O/sec D3 = 8.00 deg/g 

R = 541 f t .  K2 = -1.3 deg/g 

D2 = 6.67 deg/g r = 3.27 deg 

(This s i tuat ion could be referred to  as "oversteer" since less than 
the zero speed angle of 3.6" i s  required.) Or, i f  the t r ac to r  t i r e s  
are  switched with the t r a i l e r  t i r e s ,  then 

r = 3.93 deg 

I n  summary, these calculations indicate that  the ar t icula t ion angle 
i s  not expected to  d i f f e r  much from tha t  determined by the wheelbase/ 
turn radius i nfl uence fo r  low severi ty maneuvers. 

The fol lowing discussion goes into the detai 1s of investigating 
the steady turning behavior of an ar t icula ted vehicle based on an 



a n a l y s i s  o f  a r t i c u l a t i o n  a n g l e  g a i n  ( t h a t  i s ,  t h e  r a t i o  o f  a r t i c u l a -  

t i o n  ang le  t o  f r o n t - w h e e l  a n g l e ) .  

L e t  

where p o s i t i v e  r i s  d e f i n e d  as shown i n  t h e  f o l l o w i n g  sketch .  

T r a i  l e r  Ax i s  

>- 
T r a c t o r  Ax i s  

F o r  t e s t s  a t  f i x e d  s tee r i ng -whee l  ang le  and g r a d u a l l y  i n c r e a s i n g  

v e l o c i t y  AG e2/al f o r  V 2 O .  A t  l e a s t  m a t h e m a t i c a l l y ,  f o r  

t2 << I K2 1 V2  and el << / Kl 1 V 2  , AG + K2/Kl as V + -. The g a i n  

"blows up" ( i . e . ,  AG - 2 -)  f o r  K, < 0 and a, + K1V2 r 0. Severa l  -- 
types o f  graphs o f  AG versus  V2 a r e  p o s s i b l e ,  depending upon t h e  va lues  

o f  K1, K2, 2 , '  and a2 , v i z . :  

1 )  f o r  Kl > 0 and K2 > 0 Case 1: 

and 
A 

Case 2: 

K2 < Kla2/k1 



2) for K1 < 0 and K2 > 0 Vcr = critical speed 
for the tractor 
i.e., el+KIV& = 0 

1- --,7-- K2"' 

1 +May be physically unattainable 

3) f o r K 1  > O a n d  K Z < O  Vo = speed at which 
articulation angle 
equals zero, i.e., 
g2 + K2Vi = 0 

n 

4 )  for K, < 0 and K2 < 0 

I Jackknifing 
1 I 

I 
K1 - 

_ _ -  - - -  
I 

0 I 
I 

2 v 2  

I 1r May be physical ly 
unattainable 

I 

Case 1: 

K~ > K ~ ~ ~ / L ,  

Vcr = critical speed 
for the tractor 

Vp = speed at which 
articulation angle 
equals zero 



Note that the qualitative graphs for  cases 1 and 2 for  K1 < O and 

K2 < 0 are deduced as follows: 

A ~ b  
May be physically 

unattainable Case 2: 

a A ~  - K2L1 - K122 
TP- - ( a ,  + K ~ v ~ ) ~  

.. 
l 2  - 

(Note that (E.18) i s  true a t  a l l  velocities except V c r . )  

K2 < K1"//l 
- - - - - - --K2/K1 

I 

and a A ~  3F i f  K 2 < K l n 2 / a l  

I I ':r 
1 

-- - V2 

I Trailer Swing-Out 
I 
I 
i 

( E .  19)  

I n  order that ( 1 )  the slopes have the appropriate signs and ( 2 )  the 
curves go t o  inf ini ty  with the right polarity a t  Vcr, the graphs must 
have the qualitative shapes shown here. 

I t  seems intuit ively correct t o  define ( a )  cases in which AG 

goes t o  -- a t  V c r  as " t r a i l e r  swing-out" and ( b )  cases in which AG 

goes t o  +- a t  V c r  as "jackknifing," because in ( a )  the t r a i l e r  i s  
swinging outside the turn and i n  ( b )  the vehicle i s  folding u p  on 
the inside of the turn. Note that the t ractor  portion must be oversteer 



for either unlimited jackknifing or u n l  imi ted t rai  ler  swing-out t o  
occur. For unlimited t r a i l e r  swing-out t o  occur, V o  must be less - 
than V c r .  


