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1.0 INTRODUCTION 

In the 1977 f iscal  year, the Motor Vehicle Manufacturers'Asso- 
ciation ( M V M A )  granted support for  further research on the validity of 
the MVMA/HSRI Phase I I Straight Truck Di rectional Response Simulation 
in predicting directional response behavior. The work was supported as 
a part  of the continuing research program on "Motor Truck Braking and 
Handling Study" begun i n  1971; and was complementary to other planned 
programs which in total  will eventually evaluate the validity of trac- 
tor-trai  l e r  directional response simulation and simulation of combined 
braking and steering maneuvers. 

The specific objective of the study reported herein was to t e s t  
a suitably instrumented s t raight  truck, measure the vehicle properties 
necessary t o  describe i t  for  simulation purposes, and perform simula- 
tions of the t e s t  maneuvers to compare predictions of the computer model 
to  the actual vehicle behavior. 



2.0 BACKGROUND 

The o b j e c t i v e  o f  the  "Motor Truck Brak ing  and Handl ing Study" 

begun i n  1971 was development o f  methodology f o r  p r e d i c t i n g  how t r ucks  

and t r a c t o r -  t r a i  l e r s  respond t o  d r i v e r - i n i  t i a t e d  s t e e r i n g  and b rak ing  

i npu t s  as t o o l s  f o r  e v a l u a t i n g  new and e x i s t i n g  v e h i c l e  designs i n  t h e i r  

ab i  1 i ty t o  meet g iven performance s p e c i f i c a t i o n s .  The research focused 

on t h ree  a reas : 

Developing mathematical d e s c r i p t i o n s  o f  motor t r u c k  systems 

which were assembled i n t o  computer programs represen t ing  

s imu la t i ons  o f  t he  t o t a l  veh i c l e .  

Devel op i  ng methodology and hardware f o r  measuring v e h i c l e  

p r o p e r t i e s  necessary t o  descr ibe the  veh i c l e  i n  a s imul  a t i o n  

process. 

Comparing t he  performance o f  a c t u a l  veh ic les  t o  the c a l c u l a t e d  

r e s u l t s  f rom computer s i m u l a t i o n  models as a t e s t  o f  the  

v a l i d i t y  o f  the s imu la t i ons  developed. 

The ma jo r  products  of the Motor  Truck Brak ing  and Handl ing Study 

emerged as computer s imul  a t i o n  programs r e f l e c t i n g  t he  s t a t e  o f  develop- 

ment a t  each o f  t h ree  phases i n  the research. Phase I ,  ending i n  1972, 

produced a mathematical  model o f  the s t r a i g h t -  1 i n e  b r a k i  ng performance 

o f  t r ucks  and t r a c t o r -  t r a i  l e r s  [I]*. The b rak ing  model represented the  

veh i c l e  i n  the  p i t c h  p lane  w i t h  up t o  15 degrees o f  freedom f o r  a f i v e -  

ax l e  t r a c t o r  semi t r a i l  e r ,  and emphasized model ing o f  the ti re/wheel/ 

brake system. The Phase I program was the  bas is  f o r  development i n  1973 

of a Phase I 1  d i r e c t i o n a l  response s imu la t i on ,  o f  i n t e r e s t  here, and an 

improved Phase I11 b rak ing  s imu la t i on  model [2]  i n  1976. 

"Numbers i n  b racke ts  denote re ferences a t  end. 



The Phase I1 s imu la t i on  model [3]  was developed f r o m  the Phase I 

model by expansion o f  the program t o  i n c l  ude motions i n  the yaw and 

r o l l  degrees o f  freedom, development o f  t i r e  l a t e r a l  f o rce  models and 

modeling o f  the r o l  l- dependent s tee r ing  and moment p roper t ies  o f  axle/ 

suspension systems. A major aspect o f  t h a t  research was devoted t o  

i n v e s t i g a t i o n  o f  veh ic le  p roper t ies  i n f l  uenci ng d i  r e c t i o n a l  response, 

cu lminat ing i n  a  v a l i d a t i o n  study o f  the Phase I1 s imula t ion  model. 

V a l i d a t i o n  a t  t h a t  t ime was based on two vehicles-a 50,000-lb 

GVW, three-axle s t r a i g h t  t ruck  and a  46,000-lb GVW, three-axle t r a c t o r /  

40-foot t r a i l  e r  combination. The t e s t s  performed were s  teady-state 

tu rn ing  ( f i x e d  s t e e r  angle) and brak ing i n  a  turn.  With a  few except ions 

w i t h  the t r a c t o r  t r a i  l e r ,  the measured resul  t s  and the p red i c ted  resu l  t s  

were i n  very c lose  agreement. 

Nevertheless, i n  the i n t e r v e n i n g  years, as research on t ruck  

hand1 i ng cont inued and changes were made i n  the ti r e  model , the need f o r  

a  second v a l i d a t i o n  exerc ise arose. This r e p o r t  covers the second 

v a l i  d a t i  on o f  the s t r a i g h t -  t ruck  d i  rect ional-response s imu la t ion  

conducted i n  1977- 78. 



3.0 APPROACH 

In this  second val i dati on, the adopted i nten t was to  do more 
than simply compare calculations from the directional response simula- 
tion against t e s t  results for  another vehicle. Rather, in designing 
the project the choice was made to  look a t  validation from a broad per- 
spective in which the function of directional response simulation i s  
seen as the abi 1 i ty to  predict the relationshi p between steering inputs 
and vehicle response over an extensive range of maneuver levels, be they 
steady-state o r  transient. In this l ight ,  the areas in which validation 
needed cri t ical  testing were identified as follows: 

-Low speed cornering - evaluating the prediction of Ackermann 
s t e e r  angles as tes ts  of the geometric accuracy of the 
modeling equations, and the effects of tandem axles. 

.Steady-s ta te ,  high-speed cornering - evaluating the change 
i n  la teral  forces produced a t  each axle (understeer gradient) 
as la teral  acceleration levels are increased up to the limits 
of vehicle cornering. 

*Transient response - evaluating the modeling of the yaw and 
rol l  iner t ia l  effects tha t  determine i ni t i a l  response to 
steering inputs. 

Basically, the f i r s t  two areas are tes t s  of modeling of  the pri- 

mary factors determining di recti  onal res pons-the t i  re 1 ateral  forces 
developed as a resul t  of s l i p  angle and load, the overall factors de- 
termining s l i p  angle (gross vehicle motions, roll s t ee r  effects ,  etc. ), 
and the overall factors determining load (vehicle s t a t i c  load, and roll 
effects  as transmitted through the suspensions and axles) .  The remaining 
elements of the vehicle model ing are tested in the transient response- 
i . e . ,  the iner t ia l  response i n  the yaw plane resulting from time-depen- 
dent la teral  forces and the iner t ia l  response in roll  w i t h  the dependent 
effects  on axle rol l  s t ee r  and side-to-side load transfer. 



4.0 TEST PROGRAM 

For the testing program, a three-axle truck-tractor on hand a t  
the Ins t i tu te  was selected as the t e s t  vehicle. The relevant specifi-  

cations of the vehicle are given below. 

Specifications of the Test Vehicle 

1967 IHC Model COF-4000 D 

-COE w i t h  sleeper, 83" BBC 

142" wheel base 

-12,000 Ib, I-beam front  axle with 54" semi -el 1 i p t i  cal 
s tee l  leaf suspension 

*RA-335 38,000 I b ,  rear axles with a i r  spring 
suspension 

-1 0.00~22 Fi restone Transport 1 t i res  

08V71N Detroit Diesel engine 

ORTO 915 Roadranger transmission 

6 - 4 4  manual steering gear 

*45,000 lb gross vehicle weight rating 

The vehicle was prepared by inspection of the steering and sus- 

pension systems, instal la t ion of a load bed, and mounting new t i res  

a l l  around. 

4.1 Parameter Measurement 

The vehicle was p u t  through a series of parameter measurements 

to determine the properties needed as input for the simulation. After 

weighing the vehicle to determine the curb weights a t  front and rear 

axles, the vehicle was placed on the pitch plane swing to determine the 



sprung mass cen te r  o f  g r a v i t y  (c. g. ) l o c a t i o n  and p i t c h  moment o f  i n -  

e r t i a .  The yaw and r o l l  moments o f  i n e r t i a  were then est imated based 

on these measurements, and suggested methods f o r  es t ima t i ng  veh i c l e  

i n e r t i a l  p r o p e r t i e s  [4]. I n  o rde r  t o  determine the  unsprung masses of 

each ax le ,  each ax le  was, i n  turn,  p a r t i a l l y  disconnected from the  

chassis and suspended by a  l o a d  c e l l .  (Completely removing each a x l e  

i s  a  more accurate method b u t  invo lves  s u b s t a n t i a l l y  g rea te r  e f f o r t  t o  

remove s t e e r i n g  l inkages,  d r i v e l i n e s ,  e tc . ,  and then t o  r e a l i g n  and 

r e i n s t a l  1  the ax le .  I n  l i g h t  o f  the n o n c r i t i c a l  na tu re  o f  unsprung mass 

values i n  de te rmina t ion  o f  d i  r e c t i o n a l  behavior, the a d d i t i o n a l  e f f o r t  

i s  usua l l y  u n j u s t i f i e d . )  F igure 1  shows t he  na tu re  o f  the r e s u l t s  f o r  

the r e a r  axles when the  a i r  sp r ings  and shock absorbers are removed, 

l e a v i n g  o n l y  the d r i v e l i n e  and t r a i l i n g  arms connected. The ax le  i s  

l i f t e d  and lowered t o  d i sp lay  the coulomb f r i c t i o n  and res idua l  sp r i ng  

r a t e  i n  the l i nkages  s t i l l  connected and the we igh t  i s  determined a t  

the  normal r i d e  h e i g h t  pos i t i on .  

With the unsprung weights known, the r o l l  moment o f  i n e r t i a  f o r  

the axles was es t imated  by ca l cu la t i on ,  s ince  t h i s  parameter i s  l i k e w i s e  

n o t  c r i t i c a l  t o  d i r e c t i o n a l  response behavior.  For t he  est imate,  a  

" b a r b e l l "  model o f  the ax le  was assumed w i t h  the moment o f  i n e r t i a  

determined f r o m  t he  assumed mass d i s t r i b u t i o n .  For the f r o n t  axle,  the  

mass i s  assumed t o  be d i s t r i b u t e d  20% i n  the ax le  and 80% i n  the wheels. 

For  the r e a r  axles,  t h e  mass i s  assumed d i s t r i b u t e d  as 60% i n  the  ax le  

assembly (o f  which one-hal f  i s  considered a  p o i n t  mass a t  the cen te r  

and one-hal f  i s  un i f o rm ly  d i s t r i b u t e d  a long the  a x l e )  and the remaining 

40% i s  a l l o c a t e d  as mass o f  the wheels. 

The determi n a t i o n  o f  suspension parameters was made from measure- 

ments on the suspension parameter measurement f a c i l i t y  [5]. The p ro -  

p e r t i e s  meas ured and repor ted  i n  t h a t  re fe rence  were : 

1 )  V e r t i c a l  s p r i n g  r a t e  and hys te res i s  c h a r a c t e r i s t i c s  

2 )  R o l l  s t i f f n e s s  and hys te res is  c h a r a c t e r i s t i c s  
3) R o l l  cen te r  p o s i t i o n  
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Figure 1 Truck Rear Axle Weight Measurements. 



4) Roll s teer  properties 
5 )  Bounce s t ee r  properties 

6 )  Compliance s teer  response to aligning moment 
7 )  Compliance s teer  response to brake force 
8) Overall steering ratio 

A copy of that  report i s  included as Appendix A t o  this  report. 

The rear suspension parameters were measured on the same fac i l i ty .  
Only the rearmost axle was measured. The rearmost axle on this vehicle 
i s  rigidly clamped to  the t rai l ing arms,, resulting in a roll s t i f fness  
e f fec t  which i s  not duplicated on the forward rear axle which has pin 
joint connections to  the t rai l ing arms. The forward rear axle roll  
st iffness thus derives entirely from the spring rate and spring spacing 
and i s  duplicated in the simulation by input of those parameters. The 

parameters measured on the rear axle were: 

1 ) Vertical spring rate and hysteresis characteris t i c s  
2 )  Roll s t i f fness  and hysteresis characteristics 
3) Roll s teer  properties 
4) Bounce s t ee r  properties 

Bounce s teer  effects were negligible. Figures 2 ,  3, and 4 shcw results 
obtained for  the other three properties. 

One of the most essential parameters required fo r  describing the 
vehicle are the t i  re properties. The properties of the t i res  used on 
the vehicle were measured a t  the actual t e s t  s i t e  with the Ins t i tu t e ' s  
Mobile Tire Dynamometer [6]. Measurements of the la teral  force and 
aligning torque over a range of five s l i p  angles and five loads were 
obtained. 

The remai ni ng parameter measurements were primari ly geometric 
measurements such as wheelbase, track w i d t h  of front and rear axles, 
la teral  distance between springs, dual t i r e  spacings, etc. A complete 
' l i s t  of the computer input data for  the vehicle i s  included as Appendix 
B. 
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4.2 I ns t rumen ta t i on  and Safety  Equipment 

A f t e r  parameter measurement, the  veh i c l e  was prepared f o r  t e s t i n g  

by i n s t a l l  a t i o n  o f  s a f e t y  equipment and ins t rumenta t ion .  

The veh ic le ,  as a v a i l  able, i n c l  uded o n l y  the chassis and a s t e e l  

f l a t - b e d .  Since l i m i t  maneuvers were t o  be attempted, a r o l l b a r  and 

r o l l o v e r  o u t r i g g e r s  were considered e s s e n t i a l  equipment. The combined 

r o l l  ba r -ou t r i gge r  assembly, shown i n  F igure 5 ,  was designed, b u i l t ,  

and i n s t a l l e d  on the  veh ic le .  The main r o l l b a r  element i s  f a b r i c a t e d  

from s i x - i n c h  schedule 40 p i pe  b u i l t  t o  the  general  o u t l i n e  o f  the  cab. 

The r o l l b a r  and assoc ia ted braces serve a l s o  as at tachment po in t s  f o r  

a t h ree - l eg  o u t r i g g e r  brace. The o u t r i g g e r  f o o t  i s  a 20- inch convex 

s k i d  p l a t e  which contacts  the pavement. The top brace o f  the o u t r i g g e r  

inc ludes b a l l  ends screwed i n t o  the brace t o  a l l ow  adjustment o f  the 

o u t r i g g e r  h e i g h t  over  the range o f  0-2 f e e t  o f  ground clearance. The 

top brace i s  fastened by a p i n  connect ion a t  the o u t r i g g e r  f o o t  so i t  

can be disconnected and swung up on to  the l o a d  bed f o r  veh i c l e  t r a n s i t .  

A hand-operated winch ra i ses  t he  remainder o f  the  o u t r i g g e r  i n t o  the 

v e r t i c a l  p o s i t i o n  f i t t i n g  w i t h i n  a 96- inch o v e r a l l  w id th  f o r  highway 

t r a v e l .  

The o u t r i g g e r  system was used throughout a l l  t e s t i n g  w i t h  s a t i s -  

f a c t o r y  r esu l  t s .  Ou t r i gge r  touchdown occurred on numerous maneuvers, 

and was q u i t e  severe on one occasion. I n  those maneuvers, i t  adequately 

s t a b i l  i z e d  the veh i c l e  t o  a l l o w  recovery from the maneuver and caused 

no observable pavement damage. 

The i ns t rumen ta t i on  package i n s t a l  l e d  f o r  the  t e s t i n g  cons is ted  

o f  t ransducers,  condi t i o n i  ng amp1 i f i e r s ,  and an FM magnetic tape 

recorder .  The transducers i n s t a l l e d  were: 

F i f t h  wheel speed t ransducer  

*Yaw r a t e  gyro 

* R o l l  r a t e  gyro 

-Steering-wheel angle t ransducer  

R igh t  road-wheel angle t ransducer  





The speed, yaw ra te ,  and r o l l  r a t e  t ransducers are r o u t i n e  i n s  t r u -  

mentation. The s t e e r i  ng-wheel angle t ransducer  was a component o f  a  

s teer ing-wheel  l i m i t e r  system fab r i ca ted  t o  a1 low steer ing-wheel i npu t s  

t o  p rese lec ted  values. The s t e e r i  ng-wheel 1  i m i  t e r  shown i n  F igure 6 

was based on hardware developed a t  the I n s t i t u t e  under NHTSA sponsor- 

s h i p  171. Mod i f i ca t i ons  were made t o  a l l ow  i n s t a l l a t i o n  o f  a  21- inch 

t r u c k  s t e e r i n g  wheel and the l i m i t i n g  p i n  was mod i f i ed  t o  i nc l ude  a 

sp r i ng  re lease so t h a t  t h e  l i m i t i n g  f u n c t i o n  cou ld  be defeated w i t h  a  

touch of t he  re lease l e v e r  should t h e  v e h i c l e  g e t  o u t  o f  c o n t r o l .  Steer-  

ing-wheel angle i s  measured by a m u l t i - t u r n  po ten t iometer  b u i l t  i n t o  the  

s t e e r i n g  l i m i t e r  and geared d i r e c t l y  t o  the s t e e r i n g  sha f t .  

Growing concerns w i t h  t he  p o t e n t i a l  i n f l u e n c e  o f  s t e e r i n g  system 

compliance i n  the d i r e c t i o n a l  response o f  heavy veh ic les  [8], espec ia l  l y  

as a f a c t o r  i n  the understeer  g rad ien t ,  were cause f o r  the  a d d i t i o n  o f  

a  road-wheel angle t ransducer .  The angle was transduced by a s t r i n g  

po ten t iometer  i n s t a l l e d  on t he  ax le  and connected t o  t he  l e a d i n g  edge 

o f  the brake backing p l a t e .  

The s t e e r i n g  system and transducers were then c a l i b r a t e d  by 

p l a c i n g  t he  f r o n t  wheels on a s t e e r  angle t u r n t a b l e  and e x e r c i s i n g  the 

s t e e r i n g  system through t he  expected range o f  t r a v e l .  

4.3 T e s t i n g  

The v e h i c l e  was t es ted  empty ( w i t h  f la t -bed ,  r o l l b a r ,  and ou t -  

r i gge rs  i n s t a l l e d )  and loaded t o  a  44,500-1b gross veh i c l e  weight.  Load- 

i n g  was accomplished w i t h  c a s t  s t e e l  weights  stacked t o  r a i s e  the  sprung 

mass cen te r  o f  g r a v i t y  f rom 48 inches t o  62-114 inches above t h e  ground. 

The t e s t s  were conducted a t  the  Chrys le r  Corpora t ion 's  Chelsea Prov ing 

Grounds on the Veh ic le  Dynamics Test  F a c i l i t y ,  c o n s i s t i n g  o f  a  2-1/2-mi le 

ova l  enc los ing  an 800- foot  square aspha l t  pad. C i r c l e s  o f  50-, loo- ,  
and 250- foo t  rad ius  were l a i d  o u t  and marked on the pad, along w i t h  

500-foot rad ius  arcs tangent  t o  the approaches. 

Each c i  r c l e  was marked w i t h  cone- type de l i nea to rs  and the veh i c l e  

was d r i v e n  a t  cons tan t  speed on each c i r c l e ,  w i t h  speeds ranging f rom 





a  few mi les pe r  hour t o  the maximum possible. The recorded data was 

analyzed a t  the I n s t i t u t e  t o  determine the average s  teering-wheel and 

mad-wheel angle a t  each cond i t ion .  A t  the completion o f  each' tes t ,  

the  veh ic le  was steered t o  the st ra ight-ahead d i r e c t i o n  and stopped so 

t h a t  a  b r i e f  r o l l  r a t e  record was obtained f o r  i n t e g r a t i o n  t o  ob ta in  

the r o l l  angle dur ing tes t .  

Transient  t es t s  o f  the s tep-s teer  type were conducted a t  20 and 

50 mi les  p e r  hour. The steering-wheel l i m i t e r  was preset  t o  se lec ted  

1  i m i  t s  and, as the veh ic le  entered the s k i d  pad from the approach roads, 

l e f t  o r  r i g h t  s t e e r  inputs were appl ied. Steer  inputs  t o  l eve l s  beyond 

the l i m i t s  o f  veh i c le  s  t ab i  li t y  were appl ied.  I n  such maneuvers, the 

veh ic le  became yaw d ivergent  w i t h  ever  increas ing  s i d e s l i p ,  yaw ra te ,  

and r o l l  angle u n t i l  such time t h a t  ou t r i gge r  touchdown would occur 

and reaovery would be i n i t i a t e d .  

A l l  t o l d ,  approximately 200 tes ts  were performed. 



5.0 VALIDATION 

A t  t he  complet ion o f  t e s t i n g ,  runs were conducted w i t h  €he Phase 

I1 s t r a i g h t  t r u c k  d i r e c t i o n a l  response s imu la t i on  o f  the  t e s t  veh ic le  

t o  eva lua te  the  degree o f  agreement between the simul a t i o n  and expe r i -  

mental r e s u l t s .  The agreement was examined i n  the areas o f  v a l i d a t i o n  

discussed i n  Sect ion 3.0-low-speed corner ing;  s teady-s tate,  high-speed 

co rne r i  ng; and the t r a n s i e n t  maneuvers. 

5.1 Low-Speed Corner ing  

Fo r  two-axle vehic les,  low-speed corner ing  i s  dependent on ly  on 

geometry frm which der ives the Ackermann angle. For  heavy t rucks  w i t h  

tandem axles and dual  t i r e s ,  t he  ax les must scrub even dur ing low-speed 

corner ing  and, hence, dependence on ti r e  s t i f f n e s s  parameters can be 

expected, i .e. : 

6 = l i  
R WB f (ax1e  loads, ti re s t i f f n e s s ,  ax l e  geometry) 

where 

6 = s t e e r  angle ( r ad )  

- ' = pa th  curva tu re  ( I / f t )  
R 

WB = wheelbase ( f t )  

F igure  7 shows the r e l a t i o n s h i p  between front-wheel s t e e r  angle and pa th  

c u r v a t u ~  f o r  the empty and loaded t r u c k  as determined exper imenta l l y  

on 50-, loo-,  250-, and 500- foot  rad ius turns,  and as p r e d i c t e d  by the 

s imu la t ion .  The exper imental  values are shown as t he  data p o i n t s  and 

are p l o t t e d  a t  the g iven rad ius p l  us the h a l f - w i d t h  o f  the t ruck ,  s ince  

i t  was run on a rad ius j u s t  ou t s i de  o f  the cones d e l i n e a t i n g  the g iven 

rad ius.  The s imu la t i on  p r e d i c t i o n s  are shown as the l i n e s  which are 

l i n e a r  and are es tab l i shed  by running the s imu la t i on  a t  severa l  values 

of s t e e r  angle over  the range and n o t i n g  the s teady-s ta te  rad ius o f  t u rn .  



Path Curvature (FT- ' )  

Figure 7 Comparison of Experimental and Simulated Results for Low 
Speed Cornering 



E x c e l l e n t  agreement i s  obtained. To show the r e l a t i v e  magnitude o f  the 

ti r e  scrub e f f e c t s  w i t h  tandem-axle vehi c les  , a broken 1 i n e  represen t ing  

t he  t u r n i n g  o f  a two-axle v e h i c l e  o f  the same wheel base i s  shown. The 

e f f e c t s  which are nomina l l y  o f  a 10% r e l a t i v e  magnitude a re  thus simu- 

1 a ted  q u i t e  accu ra te l y  i n  the program. 

I t  i s  worth n o t i n g  t h a t  a d d i t i o n a l  ana l ys i s  was performed t o  v e r i f y  

t h i s  e f f e c t  and t o  eva lua te  t h e  most s i g n i f i c a n t  causat ive f a c t o r s  [9]. 

Tandem-axle scrub, which i s  modeled i n  d e t a i l  i n  t he  s imu la t ion ,  was 

found t o  be the dominant cause. Dua l - t i  r e  al igning,moments ( t h e  moment 

a r i s i n g  from the two t i r e s  r o l l i n g  a t  the  same speed on paths o f  d i f f e r -  

e n t  r ad ius ) ,  which i s  n o t  i nc l uded  i n  the  model, f o r t u n a t e l y  tu rned  ou t  

t o  have an i n s i g n i f i c a n t  e f f e c t .  

Aside f rom the  i m p l i c a t i o n s  r e l a t i n g  t o  v a l i d a t i o n  o f  the computer 

program, the reader  m igh t  f i n d  t h e  above d iscuss ion  o f  i n t e r e s t  w i t h  

regard  t o  p r e d i c t i n g  the maneuverab i l i t y  o f  a veh i c l e .  ~ a n u f a c t u r e r s  

o f t e n  s p e c i f y  a curb- to-curb t u r n i n g  diameter f o r  a v e h i c l e  as one o f  

the s p e c i f i c a t i o n s  t o  be considered by p o t e n t i a l  customers. For  three-  

ax l e  heavy vehic les,  t h e  t u r n i n g  diameter i s  n o t  s o l e l y  dependent on 

the Ackermann s t e e r  angles (hence, maximum wheel c u t  and wheel base), b u t  

a l so  on the  t i r e s ,  tandem geometry, and t h e  v e h i c l e  l o a d  cond i t ions .  

Thus the computer s imu la t i on  (o r ,  a1 t e r n a t i v e l y ,  t he  a n a l y t i c a l  s o l u t i o n  

g iven  i n  Reference [9 ] )  may be considered as a means t o  p r e d i c t  minimum 

t u r n i n g  diameter f o r  var ious v e h i c l e  combinations i n  l i e u  o f  exper imenta l  

t e s t s  o r  the less  accurate Ackermann s t e e r  ca l cu la t i ons .  

5.2 Steady-State Corner ing 

As speed and, hence, 1 a t e r a l  acce le ra t ion ,  bu i  l d s  up, the corner-  

i n g  behav io r  o f  a veh i c l e  changes w i t h  the bu i  ld -up  o f  i nc reas ing  s l i p  

angles a t  the  f r o n t  and r e a r  ax les,  Comparing the understeer  g rad ien ts  

o f  a s imu la t i on  aga ins t  t h a t  o f  an ac tua l  v e h i c l e  represents  a very  c r i -  

t i c a l  t e s t  because the understeer  g r a d i e n t  depends n o t  so much on the 

a b i l i t y  t o  c a l c u l a t e  the  abso lu te  values o f  l a t e r a l  f o r c e  generated a t  

each axle,  b u t  on the d i f f e rences  between the l a t e r a l  forces c a l c u l a t e d  



f o r  the f r o n t  and r e a r  axles. The accuracy o f  exper imenta l l y  measured 

unders t e e r  g rad ien ts  i s  o f t e n  quest ioned because o f  the v a r i a b i l i t y  

o f  g rad ien ts  measured on t h e  same veh i c l e  a t  d i f f e r e n t  t e s t  s i t e s .  Never- 

the less,  t h e  f a c t  t h a t  the  t i r e  c h a r a c t e r i s t i c s  were measured on the 

s i t e  where t e s t i n g  was performed woul d  be expected t o  e l i m i n a t e  some o f  

those sources o f  v a r i  a  ti on. 

The unders teer  cha rac te r i s  t i c s  o f  the empty and loaded v e h i c l e  

were determined f rom the  cons tan t  speed/constant rad ius  t es t s .  For each 

t e s t ,  the average s t e e r  angle ( r oad  wheel and s t e e r i n g  wheel ) was deter -  

mined from the recorded measurements. Then f o r  each rad ius,  the  change 

i n  s t e e r  angle ( f r om the low speed s t e e r  angle) was determined as a 

f u n c t i o n  o f  l a t e r a l  acce le ra t ion .  The g r a d i e n t  o f  s t e e r  angle w i t h  

l a t e r a l  a c c e l e r a t i o n  i s  de f ined  as the understeer  g rad ien t .  

Understeer t e s t s  w i t h  t h e  s i m u l a t i o n  were performed by conduct ing 

runs a t  constant  s t e e r  angle o f  severa l  d i f f e r e n t  l e v e l s .  When the 

s i m u l a t i o n  v e h i c l e  reached near  steady s ta te ,  the  rad ius  o f  turn,  

l a t e r a l  acce le ra t ion ,  and s t e e r  ang le  was noted. For  the rad ius  o f  t u r n  

achieved, the low-speed s t e e r  angle was determined by the  methods de- 

s c r i b e d  i n  the preceding sec t ion .  Thence, the change i n  s t e e r  angle 

( r u n  s t e e r  angle minus low-speed s t e e r  angle)  was obtained. 

F igure 8 shows the  observed behavior  f o r  t he  loaded t ruck.  The 

upper p l o t  shows the change i n  road-wheel s t e e r  angle as a f u n c t i o n  of  

l a t e r a l  acce le ra t ion ;  the data p o i n t s  represent  exper imental  t e s t  values 

and the curve i s  obta ined from a number o f  s i m u l a t i o n  runs. Again, good 

agreement i s  obtained. Both s i m u l a t i o n  and exper iment i n d i c a t e  a nominal 

zero degree/g understeer  a t  low l a t e r a l  a c c e l e r a t i o n  leve ls ,  w i t h  nega- 

t i v e  t rends (ove rs tee r )  a t  h i ghe r  l eve l s .  The exper imental  data p o i n t s  

extend on l y  t o  t he  1/3 g l e v e l  because t he  veh i c l e  became too unstab le  

a t  t h a t  p o i n t  t o  pe rm i t  h i g h e r  l e v e l  tes ts .  Likewise, the  s imu la t i on  

evidences i n s t a b i l i t y  a t  the  same l e v e l ,  r e s u l t i n g  i n  l i f t - o f f  o f  the 

i n s i d e  r e a r  wheels. 





The bottom plot shows the understeer characteristics measured a t  
the steering wheel. The simulation does not determine steering-wheel 
angles, however, this  plot i s  included t o  show the significant influences 
of steering system characteristics on the handling of the vehicle. 
Though the understeer effects are nearly symnetric l e f t  and right a t  
the road wheel, a t  the steering wheel the effects are dependent on radius 
of turn and considerable asymmetry i s  observed. For right-hand turns 
for which the l e f t  road wheel produces most of the e f for t ,  relatively 
consistent performance i s  observed. For left-hand turns for  which the 
right road wheel produces most of the e f for t ,  the radius of curvature 
influences the behavior. The probable causes of the asymmetry are the 
differences in the roll  s t ee r  properties right and l e f t  and the differ- 
ence in compliance between the steering wheel and the l e f t  and right 
road wheels, respectively. 

The plots of roll s teer  effects shown in Figure 6 of Appendix A 

show a definite asymnetric roll s t ee r  characteristic with the greatest 
range of variabili ty in the right-hand roll/left-hand s teer  situation 
(the l e f t  turn portion of the plot in Figure 8) .  The roll  s teer  coeffi- 
cient i s  zero a t  13' l e f t  road wheel angle, equivalent t o  the 50-foot 
radius turns, hence, the understeer gradient a t  the steering wheel and 
road wheel are understandably the same. On the other hand, near zero 
degrees road-wheel angle, a roll s t ee r  effect  equivalent t o  understeer, 
i s  evident from Figure 6 of Appendix A. Thus, an understeer e f fec t  a t  
the steering wheel would be expected a t  the 1 arge radius turns, such as 
500 feet.  Though the observed roll s teer  and understeer characteristics 
of the vehicle are in qualitative agreement, the numerical values are 
not accurate enough to allow deeper analysis of the physical mechanisms 
involved. 

The understeer characteristics of the empty truck were measured 
as well, and are shown in Figure 9. Again, good agreement between the 
vehicle tes ts  (data points) and the simulation were obtained i n  the upper 
plot. A s l igh t  asymmetry of the empty truck behavior i s  evident, which 
does not show up in the simulation. The understeer characteristics 
measured relative to  the steering-wheel angle are shown in the bottom 
plot of Figure 9 .  Much more consistent performance i s  obtained, undoubtedly 





because o f  much lower  r o l l  angles and l ess  o f  the  asymnetr ic  r o l l  s t e e r  

e f f e c t s .  Th is  data pvovides a  good o p p o r t u n i t y  t o  assess the  t y p i c a l  

s t e e r i n g  compliance e f f e c t  on unders t e e r  g rad ien t .  The measured road 

wheel unders t e e r  g r a d i e n t  i s  nomina l l y  4.25 deg/g. The s t e e r i n g  wheel 

understeer  g r a d i e n t  of  250" sw/g, when co r rec ted  f o r  the  37 t o  1  s tee r -  

i n g  r a t i o  measured i n  c a l i b r a t i o n ,  r e s u l t s  i n  6.75 deg/g. Thus i t  i s  

seen t h a t  the e f f e c t  o f  r o l l  s t e e r  and s t e e r i n g  system compliance i s  

approximately 2.5 deg/g o f  understeer  on t h i s  v e h i c l e .  

The s  teady-s t a t e  corner ing  t e s t s  a l s o  p rov ided  the  oppor tun i  ty t o  

eva lua te  t he  s i m u l a t i o n ' s  a b i l i t y  t o  p r e d i c t  sprung mass r o l l  e f f e c t s .  

The t e s t  veh i c l e  r o l l  angle was determined by i n t e g r a t i n g  the r o l l  r a t e  

s i g n a l  a t  the end o f  the s teady-s ta te  co rne r i ng  t e s t  as the v e h i c l e  was 

re tu rned  t o  a  s t r a i g h t  path.  The 1  a t e r a l  acce le ra t i on  was determined 

from t h e  recorded yaw r a t e  and v e l o c i t y .  F igure  10 shows the loaded 

t e s t  v e h i c l e  r o l l  c h a r a c t e r i s t i c s  ob ta ined  from a  b e s t - f i  t s t r a i g h t  

l i n e  through t h e  t e s t  data p o i n t s .  Shown a l so  i s  the r o l l  c h a r a c t e r i s t i c  

f o r  the s i m u l a t i o n  ob ta ined  by n o t i n g  the r o l l  a n g l e - l a t e r a l  a c c e l e r a t i o n  

i n  the  s  teady-s ta te  t u r n i n g  s imu la t ions .  Reasonable agreement i s  ob- 

ta ined.  I t  i s  considered doub t f u l  t h a t  the d i f f e r e n c e  i n d i c a t e s  any 

e r r o r  i n  the  s i m u l a t i o n  model, b u t  r a t h e r  i s  t h e  r e s u l t  o f  exper imenta l  

e r r o r  i n  the  measurements and probable e r r o r  i n  knowledge o f  the exac t  

v e h i c l e  c h a r a c t e r i s t i c s  f o r  i n p u t  t o  t he  s imu la t ion .  

5.3 T rans ien t  Maneuvers 

Tests o f  the  s i m u l a t i o n ' s  v a l i d i t y  a t  p r e d i c t i n g  t r a n s i e n t  p e r f o r -  

mance were made by comparing r e s u l t s  i n  a  s e r i e s  o f  s t ep -s tee r  maneuvers. 

The v e h i c l e  maneuvers were accomplished by a l l ow ing  t he  v e h i c l e  

t o  achieve a  s  t ra igh t -ahead s teady-s ta te  c o n d i t i o n  as i t  en te red  the s k i d  

pad and then t u r n i n g  the  s t e e r i n g  wheel up aga ins t  t h e  l imi ter  a t  the 

maximum r a t e  poss ib le .  A s  tep-s teer  e f f e c t  was achieved. 

I n  s i m u l a t i o n  of these maneuvers, t he  comparable approach i s  t o  

i n p u t  a  road-wheel s t e e r  angle equ i va len t  t o  t h e  s tep  s teer ,  a l l o w i n g  

the s i m u l a t i o n  t o  d u p l i c a t e  t h e  r o l l  s t e e r  e f f e c t s  assoc ia ted w i t h  the 

r o l l  dynamics o f  t h e  veh i c l e .  



& i i i  i i i i i ' i : i I ' i '  I i ' i  ' I  1 i  I ~ i*ifi!/::.1 

F igu re  10 Comparison o f  Exper imental  and S imu la t ion  Veh ic le  R o l l  
C h a r a c t e r i s t i c s .  



Figures 11 and 12 show t h e  comparison o f  t ime h i s t o r i e s  f o r  s t e e r  

angle, yaw ra tes ,  and r o l l  angles f o r  the  loaded veh i c l e  i n  sub- l im i  t and 

l i m i t  l e v e l  r igh t -hand  turns.  I n  t he  s t e e r  angle p l o t ,  the tap l i n e  

represents the s tep -s tee r  i n p u t  t o  t he  road wheels i n  the  s imu la t ion ,  

the " s imu la t i on  s t e e r  angle" represents t he  s t e e r  angle ad jus ted  f o r  r o l l  

s t e e r  e f f e c t s ,  and t he  bottom 1 i n e  shows t he  exper imenta l l y  measured 

s t e e r  angle.  The divergence of  the exper imenta l l y  measured s t e e r  angles 

f r o m  t he  s imu la t i on  cannot be exp la ined  by the measured r o l l  s t e e r  

e f fects ;  however, the exper imental  road-wheel s t e e r  angle was measured 

r e l a t i v e  t o  the ax le  and the ax le  can s t e e r  as w e l l  as bend dur ing  such 

severe maneuvers, w i t h  the p o t e n t i a l  f o r  e r r o r s  i n  measurement o f  the 

s t e e r  angle. Since the  s i m u l a t i o n  i s  i n  such c lose  agreement w i t h  t he  

veh i c l e  performance i n  yaw r a t e  and r o l l  angle, t h i s  d i f f e r e n c e  was d i s -  

regarded as an e r r o r  i n  measurement. 

Figures 13 and 14  show s i m i l a r  comparisons i n  a l e f t - h a n d  tu rn .  

Fo r  the s u b - l i m i t  case o f  F igure  13 very  good agreement i s  obtained. 

F igure  14  represents a l i m i t  maneuver w i t h  the  veh i c l e  going yaw d i ve r -  

gen t  ( i .e. ,  beginn ing t o  s p i n  o u t ) .  The s i m u l a t i o n ' s  p r e d i c t i o n s  o f  

the i n s t a b i l i t y  are q u a l i t a t i v e l y  co r rec t ,  d i f f e r i n g  on l y  i n  the r a t e  

a t  which the divergence occurs. Note t h a t  the s imu la t i on  reaches the 

p o i n t  where r o l l o v e r  begins ( i n s i d e  r e a r  wheel leaves t he  ground) a t  

approximately t he  same magnitude o f  r o l l  angle and yaw r a t e  as the maxi- 

mums achieved i n  t es t i ng ,  which was terminated as the  veh i c l e  began t o  

r o l l .  

Addi t i o n a l  s imul a t i  on runs were made t o  examine the  sensi  t i v i  t y  o f  

yaw divergence r a t e  t o  t he  t e s t  va r iab les  o f  speed and s t e e r  angle i n  

o r d e r  t o  e x p l a i n  the d i f f e r e n c e  i n  divergence ra tes  seen i n  F igure  14. 

F igure 15 shows the i n f l u e n c e  on yaw r a t e  of  th ree  s t e e r  angles and a 

two m i l es  p e r  hour  decrease i n  assumed t e s t  speed. Both f ac to r s  c l e a r l y  

have a s t r ong  i n f l u e n c e  on yaw divergence ra te ,  i n d i c a t i n g  t h a t  e r r o r s  

i n  the  exper imenta l  measurements d e f i n i  ng the t e s t  condi t i o n s  coul  d 

r e a d i l y  account f o r  the  observed d i f f e rences  i n  yaw r a t e .  
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I n  the Figures 11 through 15 shown so f a r ,  one observes t h a t  the 

s imu la ted  r o l l  angle and yaw r a t e  may tend t o  l ead  t h e  measured values 

a t  t h e  beginn ing o f  a  maneuver. F igure  16, which shows t h e  measured and 

s imu la ted  yaw ra tes  f o r  a  t y p i c a l  20- and 50-mph step s teer ,  demon- 

s t r a t e s  the  dependence o f  t h i s  e f f e c t  on t e s t  speed. The source o f  t h i s  

e r r o r  i s  the  1  ack o f  model ing o f  t i r e  r e l a x a t i o n  l e n g t h  e f f e c t s  i n  t he  

s imu la t i on .  In the s imu la t i on ,  t i r e  l a t e r a l  fo rces  a re  determined f r o m  

instantaneous s l i p  angle cond i t ions ,  whereas on an ac tua l  v e h i c l e  i t  i s  

recognized t h a t  a  t i r e  must r o l l  some d is tance  t o  achieve the l a t e r a l  

d e f l e c t i o n  which i s  p r e r e q u i s i t e  t o  produc ing a  l a t e r a l  fo rce .  Th is  

phenomenon, cha rac te r i zed  by the  term " t i r e  r e l a x a t i o n  length,"  r e s u l t s  

i n  a  delay i n  t h e  bu i l d -up  o f  l a t e r a l  f o r ce  e q u i v a l e n t  t o  approx imate ly  

one - th i r d  o f  a  wheel r e v o l u t i o n .  A t  50 mph, t h i s  means a  de lay o f  

approx imate ly  0.04 second and a t  20 mph, 0.1 second, the  approximate 

delay magnitudes seen i n  F igure 16. The consequence o f  t h i s  shortcoming 

i n  t he  model i s  u s u a l l y  m inor  as l ong  as i t  i s  recognized by  the user.  
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

I n  t o t a l ,  the r e s u l t s  o f  t h i s  v a l i d a t i o n  s tudy are p o s i t i v e ,  

demonstrat ing t h a t  the Phase I 1  s t r a i g h t  t r uck  d i r e c t i o n a l  response 

s imu la t i on  i s  capable o f  d u p l i c a t i n g  the response o f  an ac tua l  veh i c l e .  

That conc lus ion i s  s u b j e c t  t o  the f o l l o w i n g  th ree  cond i t ions :  

1 )  The s i g n i f i c a n t  veh i c l e  parameters requ i red  f o r  program 

i n p u t  must be accura te ly  determined. 

2) The v a l i d i t y  can o n l y  be assured f o r  the mot ion var iab les  

measured and compared. 

3)  The program ou tpu t  must be i n t e r p r e t e d  knowledgeably. 

The need f o r  the accuracy i n  the  i n p u t  d e s c r i p t i o n  o f  a  veh i c l e  

i s  very c r i t i c a l  when a  v a l i d a t i o n  i s  be ing performed. As seen i n  

F igure 15, normal exper imental  e r r o r s  i n  speed o r  s t e e r  angle can s i g -  

n i f i c a n t l y  i n f l u e n c e  the  apparent agreement obtained. I n  the process 

o f  v a l i d a t i o n ,  an i t e r a t i v e  process i s  o f t e n  i nvo l ved  as the f i r s t  com- 

par isons o f  s imu la t i on  and t e s t  reveal  unexpected d i f fe rences ,  which, 

when examined, a re  t raced  to inaccurac ies o r  e r r o r s  i n  the exper imental  

measurements o r  program inpu t .  For tuna te ly ,  the usefulness o f  these 

s i m u l a t i o n  programs are n o t  dependent on every user go ing through the 

same process. I n  most app l i ca t i ons ,  t he  user  can assume, f o r  example, 

a  g iven  ti r e  c h a r a c t e r i s t i c  and i n v e s t i g a t e  d i  r e c t i o n a l  response w i t h  

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

t o  any s p e c i f i c  t i r e  on hand. Much o f  t h e  u t i  li ty o f  computer s imula- 

t i o n  programs der ives n o t  f rom absolute p r e d i c t i o n  o f  a  c e r t a i n  veh ic le /  

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

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

veh i c l e  parameters. 

The statement l i m i t i n g  v a l i d i t y  t o  on l y  the measured and compared 

mot ion var iab les  i s  made t o  s t r e s s  t o  t h e  reader t h a t  v a l i d a t i o n  i s  

based on comparison o f  the o v e r a l l  veh i c l e  performance. The s imu la t i on  



necessarily calculates and puts out a number of other variables (accel- 
erations,  t i r e  conditions, e tc . )  which, by implication, must be system- 
a t ica l ly  correct, b u t  when compared on a point-for-point basis may not 
appear as accurate as the results shown here. Hence, in use of the 
program, the user must be aware and informed as to the degree of accuracy 
to  be expected w i t h  each of the many motion variables. 

The l a s t  condition expands on this  notion that  the output of the 
simulation program must be interpreted knowledgeably. As discussed in 
the previous sections, the di rectional response simulations do not model 
t i r e  relaxation length effects ,  nor i s  the simulation as complete as may 
be desired i n  modeling the steering system between the steering wheel 
and road wheels. Hence, the use of the simulation's response predic- 
tions i s  only valid when these shortcomings are recognized and the re- 
sul t s  are interpreted appropriately. 

Considering the uti Ii ty of the directional response simulations, 
and recognizing that vehicles are directional ly controlled by inputs 
a t  the steering wheel, i t  i s  recommended that  more thorough modeling 
of the steering system be considered. Such a model would add to the 
overall uti 1 i ty of the di rectional response programs by a1 lowi ng inves- 
tigation of s teer i  ng-sys tem performance characteristics as they infl  u- 
ence handling, and a t  the same time, would allow program operation by 
specification of steering-wheel input which i s  more closely associated 
with the actual operation of a vehicle. I t  i s  c lear  from the loaded 
truck tes t s  tha t  the steering system i t s e l f  plays a vi ta l  role in the 
handling characteris t ics  of heavy trucks. 
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Survey of Single-Ax1 e  S tee r i ng  and Suspension P rope r t i es  - 
MVMA P r o j e c t  #1.31 

The S ing le -Ax le  Suspension Measurement F a c i l i t y  (SASMF) 

has been completed and has been exerc ised  us ing  t h e  I n t e r n a t i o n a l  

Harvester  highway t r a c t o r  owned by H S R I .  The v e h i c l e  i s  shown 

i n  p o s i t i o n  f o r  t e s t i n g  i n  F igure  1. 

As can be seen i n  F igu re  1 ,  t h e  t e s t  v e h i c l e ' s  frame i s  

r i g i d l y  a t tached t o  t he  f i x e d  frame o f  t h e  f a c i l i t y  d u r i n g  

t e s t i n g .  The suspension i s  then  exerc ised by v e r t i c a l  l y - o r i e n t e d  

h y d r a u l i c  c y l i n d e r s  l oca ted  beneath each f r o n t  wheel. The l e f t  

s i d e  v e r t i c a l  c y l i n d e r  i s  j u s t  v i s i b l e  i n  F igu re  2. Normal loads 

on t he  t i r e s  a r e  transduced by load  c e l l s  ( no t  v i s i b l e  i n  F igu re  

2) l oca ted  a top  these c y l i n d e r s ,  and r e s t r i c t i o n s  on con tac t  

pa tch  mot ion  i n  t h e  ground p lane  a re  e l im ina ted  by h y d r o s t a t i c  

bear ings seen i n  F igure  2 t o  be loca ted  immediately beneath t h e  

wheels. T i r e  shear f o r ces  and moments a r e  a l s o  generated by 

h o r i z o n t a l  l y - o r i e n t e d  c y l  i nde rs  a c t i n g  on t h e  upper element o f  

t h e  h y d r o s t a t i c  bear ings.  Forces and moments so produced a re  

transduced by l oad  c e l l s  l oca ted  on t he  c y l i n d e r  rods. A lso  

v i s i b l e  i n  F igu re  2  i s  one o f  t h e  po ten t i ome t r i c  road  wheel s t e e r  

angle t ransducers.  In F igu re  1, t h e  s t r i n g  potent iometer  used t o  

t ransduce v e r t i c a l  wheel s p i n d l e  p o s i t i o n  i s  a l s o  v i s i b l e .  

The t r a c t o r  employed as a  t e s t  v e h i c l e  has been used by t he  

I n s t i t u t e  u n t i l  r e c e n t l y  as t he  base v e h i c l e  f o r  our  Mobi le  T i r e  

Tes te r  (passenger ca r  t i r e s ) .  Measurements of t he  f o l l  owing 

p r o p e r t i e s  were made on t he  f r o n t  suspension and s t e e r i n g  system. 

1. V e r t i c a l  s p r i n g  r a t e s  and h y s t e r e t i c  (Coulomb 

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

2. R o l l  s t i f f n e s s  and h y s t e r e t i c  p r o p e r t i e s .  

3. R o l l  cen te r  p o s i t i o n .  

4. R o l l  s t e e r  p rope r t i es .  







5 .  Bounce s t e e r  p r o p e r t i e s  

6. Compl iance  s t e e r  response t o  a1 i g n i n g  moment. 

7. Compliance s t e e r  response t o  brake f o r ce .  

8. Ove ra l l  s t e e r i n g  r a t i o .  

A b r i e f  rev iew o f  t h e  parameter da ta  gathered appears i n  

F igures  3  through 10. 

The da ta  d i s p l a y s  some i n t e r e s t i n g  q u a l i t i e s ,  F i r s t ,  t h e r e  

i s  s u b s t a n t i a l  asymmetry between l e f t -  and r i gh t -hand  spr ings .  

T h e i r  r a t e s  a r e  d i f f e r e n t  as a re  t he  l e v e l s  o f  compressive f o r c e  

r e q u i r e d  t o  con tac t  t h e  bump stops. Th is  behavior  may r e s u l t  i n  

p a r t  f r om t h e  p rev ious  use o f  t h i s  v e h i c l e .  As a  mob i le  t i r e  

t e s t e r ,  i t  spent a  g r e a t  dea l  o f  t ime t r a v e l i n g  a counter-c lockwise 

ova l  course on va r i ous  t e s t  t r acks .  

The r o l l  r a t e  da ta  i n d i c a t e s  t h a t  t h e r e  i s  a  s u b s t a n t i a l  

amount o f  " a u x i l i a r y  r o l l  s t i f f n e s s "  present  i n  t h e  suspension, 

even though no ant i -sway bar  i s  present .  Based on a  s imp le  model 

o f  two v e r t i c a l  sp r ings  a c t i n g  on t he  s o l i d  a x l e  a t  t h e  32- inch 

l a t e r a l  spacing, t he  s p r i n g  r a t e  da ta  would p r e d i c t  a  suspension 

r o l l  s t i f f n e s s  o f  9050 in- lb /deg.*  Measuring r o l l  s t i f f n e s s  

d i r e c t l y ,  a  va lue  o f  13,070 in - lb /deg*  was found. The 4000 

i n - l b /deg  o f  a u x i l i a r y  r o l l  s t i f f n e s s  i s  r e a d i l y  exp la ined by t h e  

t o r s i o n a l  s t i f f n e s s  o f  t he  i n d i v i d u a l  l e a f  sp r ings  when subjected 

t o  r o t a t i o n s  about t h e i r  l o n g i t u d i n a l  a x i s  because o f  t h e  r e l a t i v e  

r o l l  mot ion  o f  a x l e  and frame (see F igure  11) .  Formulat ions 

presented by Timoshenko [I] p r e d i c t  t h a t  t h i s  l e v e l  o f  a u x i l i a r y  

r o l l  s t i f f n e s s  cou ld  d e r i v e  almost complete ly  f rom t h e  t o r s i o n a l  

f l e x i n g  of t h e  upper leaves alone. A d d i t i o n a l  s t i f f e n i n g  by t h e  

l e a f  s tack  and s o f t e n i n g  by t h e  shackles, brackets ,  frames, and 

bear ings apparen t l y  o f f s e t  one another .  

*These q u a n t i t i e s  a re  based on sp r i ng  r a t e s  f o r  l a r g e  d e f l e c t i o n s  
about a  nominal a x l e  load  o f  8000 1b. 
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F i g u r e  h Roll  center p o s i t i o n .  



Figure 6. Roll steer characteristics as a function of nominal 
steer angle; 10,000 Ib. axle load. 

Figure 7. Roll steer characteristics as a function of 
axle load; 0" nominal steer angle. 



F igu re  8. Bounce s tee r  c h a r a c t e r i s t i c s  as a 
f u n c t i o n  o f  nominal s tee r  angle. 
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The r o l l  cen te r  p o s i t i o n ,  as measured, was found t o  be 

s l i g h t l y  below t h e  p o s i t i o n  which Cole [2 ]  es t imates f o r  s o l i d  

ax l es  l oca ted  by l e a f  sp r ings  (see "est imated r o l l  cen te r "  i n  

F i gu re  5 ) .  Cons ider ing the  l e v e l  o f  Coulomb f r i c t i o n  p resen t  i n  

t h e  suspension, t h e  cons is tency  o f  t h i s  measurement f o r  d i f f e r e n t  

a x l e  loads i s  somewhat s u r p r i s i n g .  

R o l l  s t e e r  (degrees s teer jdegrees  r o l l )  was found t o  be a  

s t r o n g  f u n c t i o n  o f  nominal s t e e r  angle  as w e l l  as a x l e  load  and 

r o l l  ang le  (F igures  6 and 7 ) .  Bounce s t e e r  (degrees s tee r j i n ches  

o f  a x l e  bounce) was a l s o  found t o  be a  s t r ong  f u n c t i o n  o f  nominal 

s t e e r  ang le  (F i gu re  8 ) .  

F i gu re  9* shows t he  r e a c t i o n s  o f  t h e  s t e e r i n g  and suspension 

system t o  a l i g n i n g  moment. I n  these t e s t s ,  equal moments were 

app l i ed  t o  bo th  wheels s imul taneous ly .  The s lope  o f  t h e  l e f t  

wheel t r a c e  (based on t o t a l  moment) i n d i c a t e s  t he  compliance o f  

t h e  s t e e r i n g  column, gearbox, and drag l i n k  mechanism. The 

d i f f e r e n c e  i n  s lopes (based on "per wheel" moment) o f  t h e  r i g h t  

and l e f t  wheel t r aces  i s  t he  compliance o f  t h e  t i e  !rod assembly. 

S tee r i ng  system l ash  a l s o  appears c l e a r l y  i n  t h i s  datak*. Note 

t h a t ,  w h i l e  l ash  appears smal l  i n  F i g u r e  9, i t  i s  o f  a  magnitude 

which represen ts  a  l a r g e  p o r t i o n  of t o t a l  s t e e r i n g  d e f l e c t i o n  i n  

F igures 6, 7,  8, and 10. 

F i gu re  10 shows s t e e r i n g  r e a c t i o n  t o  app l i ed  brake f o r ce .  

Th is  behav io r  e s s e n t i a l  l y  r e s u l t s  f rom geometry changes assoc ia ted 

w i t h  l e a f  s p r i n g  wrap-up, r a t h e r  than f rom t r u e  compliance o f  t h e  

s t e e r  i ng sys tem. 

-- pp 

*This  T i gu re  i s  a  d i r e c t  photocopy o f  t h e  X-Y p l o t t e r  record ing .  
I n  a l l  o t h e r  f i g u r e s  we have presented t r a c i n g s  o f  X - Y  p l o t t e r  
r eco rd i ngs  t o  improve 1  eg i  b i  1  i t y  . 

**Lash had been ad jus ted  t o  a minimum i n  t he  b a l l  j o i n t s .  Most 
o f  t h e  l a s h  shown i n  t he  f i g u r e  i s  i n  t h e  gearbox. 



P a r t l y  as a  r e s u l t  o f  exper ienced gained d u r i n g  t h i s  

i n i t i a l  t e s t  a c t i v i t y ,  severa l  m o d i f i c a t i o n s  a r e  be ing made t o  

t h e  SASMF t o  enhance i t s  ope ra t i ona l  c h a r a c t e r i s t i c s .  Fo l low ing  

t h i s  a c t i v i t y ,  measurements w i l l  be made on a d d i t i o n a l  veh i c l es .  

We expect  t o  be reques t i ng  t e s t  veh i c l es  o f  member companies i n  

t h e  near f u t u r e .  
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APPENDIX B 

TEST VEHICLE DATA INPUT L I S T  



-- - - -- - _  . _  ..- - --- - -  

LOADED IHC TRACTOR 5OMPH SEPl9 1978,SIYULATIOB OF RUN 
0 2 KEY 

AAl 24.0 
24.0 A A 2  
1.0 AA4 
1.0 A A 5  
0. A A 6  
0. AA7 
0. AA8 
61-42 '1 1 
80.58 A2 
20.3 ALPHA1 
20.3 ALPHA2 
0.25 AX1 
0.25 AN 1 
0.25 
10.0 C 1 
20.0 C 2 
10.0 c3 
20.0 C4 
-1. CALF 
500- CF1 
100. CF2 
40000. CSl 
40000. C S 2 
40000- C S  3 
27.6 DELTA1 
13-0 DT2 
0006 FA 1 
-006 FA2 
-006 FA3 
33852. IXX 
120000. IYY 
120000. IZZ 
0.0 I xz 
5307. JAl 
11088. JA2 
244.6 JS1 
393.2 J S 2  
393.2 JS3 
1012-5 I( 1 e 

3000- K2 
4000. K R S  1 
0. KRS(2) 
75000. A K R S  
-5700. K T  1 

- 2 .--_, 5TOO*-- KT2 
- - -7 -  - - - _ _ _ _  _ _ _ -  _ _  - - - 



. - -  - 
K T ~  
S I D E - T O - S I D E  KEY 
N U Z E R O  KEY 

PW 
P J 1  

P J 2  
P J 3  
PX 

PY 
RCHl  
RCH:! 
R S 1 

R S C l  
RSC2 

SY 1 
SY 2 

T I M F  
TRAl 

TRA2 
VEL 

W 
WS1 
WS2 
WS3 
T Q  
TQ 
T Q  
TQ 
TQ I 

TQ 
T I F ~ E / P R E S S U R E  



A L I G N I N G  T O R Q U E  T A B L E  K E Y  





- 

16. ,452. 
8, STEP STEEP O F  P E A K  1.84DCG 
0.0,o.o 
0.1,o.o 
0.2,-0.1 
0.3,-0.8 

1 0.4,-1.74 
0.5,-1e.84 
0.6,-1.84 
2.89-1.84 
8, 
0.0,o.o 
0.1,o.o 
0.2,-0.1 
0.3,-0.8 
0.4,-1.72 
0.5,-1.84 
0.6,-1.84 
2.8,-1.84 
06, Tire Lateral Force Tables 
0*,0. ,0.5,10. 
3000. ,540. ,0.5,10. 
4500.,645*,0.5,10* 
6000*,685.,0.5,10. 
7500., 710. ,0.5,10. 
3 0 0 0 ~ ~ 7 6 0 ~ , 0 ~ 5 , 1 0 ~  
06, 
0.,0.,0.5,10. 
3000.,540.,0.5,10* 
4500.,645*,0.5,10. 
6000.,685.,0.5,10. 
7500.,710~,0.5,10~ 
9000.,760.,0.5,10. 
06, 
0.,0.,0.5,10. 
3000.,540.,0.5,10. 
4500*,645.,0*5,10. 
6000.,685.,0.5,10. 
7500. ,710.,0.5,10. 
9000. ,760. ,0.5,10. 
06, 
0.,1.10 
3000., 1.08 
4500.,1.03 
6000.,0.95 
7500.,0.93 
9000.,0.90 

__ --_ - - -  - -  



- - -  --- 
-0  6 ,  
0.,1.10 
3000. ,1 .08 
4500.,1.03 
6000.,0.95 
7500 .  ,O.93 
9000 .  ,Om90 
06 ,  
0 . , 1 * 1 0  
3 0 0 0 * , 1 . 0 8  
4 5 0 0 . , 1 * 0 3  
6 0 0 0 .  , O .  9 5  
7500. ,0 .?3 
9000. ,0 .9@ 
0.0 
0. r, 
02  
0.1 
0 
I). 

G 1 
G 2 
N O  W I N D  

T I M C  
K O  PLOT 
TRU C K  


