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PROJECT SUMMARY 

TITL,E: Articulated Bus Dynamic Analysis 

SPOhlSOR: Ontario Ministry of Transportation and Communications 

PERIOD: November 1980 - January 1981 
Computer simulation was used in this study to provide the basis 

for a pretest evaluation of the dynamic response characteristics o f  a 
specific articulated bus design of particular interest to the Ontario 
Ministry of Transportat ion and Communications. Hypothesized control 
challenges (e.g., instability caused by wheel lock when braking in a 
turn, etc.) were developed, examined through computer simulation, and 
to t:he extent possible, compared with the performance of a standard 
transit bus, a tractor-semi trailer vehicle, or an articulated bus with- 
out any special device for controlling articulation angle. The results 
were reviewed to suggest vehicle tests which would verify the accuracy 
of tihe analytical predictions of (1) basic capabilities and (2) any 
cont:rol probl ems. 
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1 .0  INTRODUCTION 

This report presents (1  ) a pretest  evaluation of the dynamic 
response characteristics of a specific articulated bus of particular 
interest  to  the Ontario Ministry of Transportation and Communications 
(MTC) and ( 2 )  t e s t  procedures for examining the response of th i s  bus 
t o  control inputs. These resul ts  are  based on analytical work per- 
formled by the Highway Safety Research Inst i tute  (HSRI) of The Univer- 
s i ty  of Michigan. 

The following methodology was employed in analyzing the response 
of the articulated bus t o  control inputs a t  the steering wheel, brake, 
and accelerator. F i r s t ,  a l l  available data describing the bus and i t s  
components were studied t o  deduce parametric values suitable for use 
in computer calculations. A computerized model [ I ]  developed by HSRI 
for simul ating the braking and steering dynamics of tractor-semi t r a i l e r  
vehicles was revised and extended t o  include appropriate control fea- 
tures a t  the articulation jo in t ,  thereby providing a computerized model 
of the bus. Through a process consisting of ( 1 )  developing the vehicle 
model, ( 2 )  estimating parametric values for  describing the bus, ( 3 )  

performing 1 inear analyses and simp1 ified braking calculations , ( 4 )  

discussing conditions that may be challenging to  bus drivers,  and ( 5 )  

making engineering judgments concerning practical vehicle t e s t s ,  the 
fol lowing matters were chosen for examination using computer simulation: 

a )  directional response in sudden turning and obstacle- 
avoidance (1 ane-change) maneuvers, 

b )  response to  a perturbation during high speed, s t raight-  
l ine driving, 

c )  cornering with drive thrust on  a low fr ic t ion surface 
with and wi thout  wheel spin, and 

d )  control d i f f i cu l t i e s  arising during braking-in-a-turn 
maneuvers. 



The nex t  s e c t i o n  o f  t h i s  r e p o r t  (Sec t ion  2.0) presents  an evalua- 

t i o n  o f  t h e  response o f  t h e  sub jec t  v e h i c l e  based on a n a l y t i c a l  p red i c -  

t i o n s .  Sec t ion  3.0 discusses t e s t  procedures t h a t  would ( 1 )  v e r i f y  t h e  

accuracy o f  t h e  a n a l y t i c a l  p r e d i c t i o n s  and ( 2 )  serve t o  d e l i n e a t e  con- 

t r o l  problems, Concluding statements summarizing t he  f i n d i n g s  o f  t h i s  

s tudy a r e  presented i n  Sec t ion  4.0. 

The main body o f  t h e  r e p o r t  i s  supported by appendices c o n t a i n i n g  

(a )  t h e  paramet r i c  va lues used t o  descr ibe  t h e  veh i c l e ,  ( b )  t ime  h i s t o r i e s  

f rom t h e  m a t r i x  of runs performed i n  ana lyz ino  t h e  veh i c l e ,  ( c )  r e -  

s u l t : ~  f rom 1 i n e a r  analyses o f  d i r e c t i o n a l  response, and (d )  simp1 i f i e d  

ca1c:ulat ions used f o r  es t ima t i ng  b rak ing  performance. 



2.0 PREDICTIONS OF THE RESPONSE CHARACTERISTICS OF 
THE ARTICULATED BUS 

This section presents resul ts  of the computer simulation study 
that: was used to  predict the response of the articulated bus in six 
different vehicle maneuvers. The basic configuration of the articu- 
lated bus examined here i s  similar t o  that of a three-axle t ractor-  
semi t r a i l e r ,  b u t  differing in having: ( a )  a non-powered two-ax1 e lead 
unit;, ( b )  a powered single-axle rear unit connected t o  the lead unit 
by a,n art iculation joint located well a f t  of the center axle, and ( c )  an 
active torque control device a t  the articulation pivot. The two impor- 
tant properties of rear-axle drive and active articulation angle control 
make th i s  a particularly unique vehicle. I n  this  regard, comparison 
of vehicle responses w i t h  other more conventional vehicles may not seem 
entirely just i f ied or appropriate, b u t  nevertheless, i s  done i n  some 
inst:ances in th i s  section. I t s  main purpose i s  only t o  verify no 
unus,ual departures in basic response numerics of the articulated bus 
from those of somewhat similar vehicles. 

All simulation resul ts  and numerics summarized in th is  section 
(see Appendix B for  the complete se t  of time his tor ies)  include the 
influences of the articulation controller and used the original axle 

load estimates provided by the MTC. Exceptions t o  this  basic vehicle 
condition (e.g. , subsequent axle load measurements referred t o  as "New 
Load Data" and cases excluding the articulation control 1 e r )  are noted 
in the following summary of resul ts  and in the tables of simulation runs 
l i s ted  in Appendix B. 

Base1 ine data se ts  for the PHASE 4 computer model are 1 isted in 
Appendix A for both the empty and loaded vehicle. A1 so 1 isted in 
Appendix A are  data sets  for  the "New Load Data" condition, the Standard 
Bus (single u n i t ) ,  and the baseline data se t  containing the analytical 
t i r e  model ( in  place of t i r e  data tables) used for  the low f r ic t ion  and 
traction/braking simulation runs. 



2.1 Directional Response in Turning Maneuvers 

2.1 .I Steady Turning Performance. One of the most important 
directional properties of a vehicle is its behavior in a steady turn. 
The path curvature achieved in a steady turn is primarily determined 
by (1) the level of steering input, (2) the wheelbase of the vehicle, 

(3) velocity of travel , and (4) the mechanical properties of the tires 
relative to the load they carry. 

The simulated, steady-turning response of the articulated bus is 
shown in Figure 2.1. In this figure the lateral acceleration level in 
a steady turn is plotted as a function of the steering-wheel angle for 
the fully loaded and empty conditions, at forward speeds of 50 and 100 
KPH. Figure 2.1 indicates that the lateral acceleration gain is very 
sensitive to both the speed of travel and the loading condition. The 
empty bus exhibits a much greater sensitivity to steering input than 
the loaded bus, 

A broader understanding of the steady-turning qualities of a 
vehicle and their imp1 ications to stability can be gained by inspecting 
the basic relationship which exists between the steady- turning response 

of tihe vehicle and its design parameters and operating conditions. The 
path curvature of the articulated bus can be expressed by the following 
classical relationship: 

where 
R = radius of curvature of the turn (ft) 

'SW 
= steering-wheel angle (deg) 

NG = steering gear ratio 

'1 e = effective wheelbase of the lead unit (ft) 

K, = underr/versteer gradient of the lead unit (deg/g) 

U = forward velocity of the vehicle (ft/sec) 

g = acceleration due to gravity (32.2 ft/sec2) 





W i t h  reference t o  Equation (1  ) , the vehicle i s  said t o  be "under- 
steer" when K1 i s  positive, 'neutral steer" when K1 i s  zero, and "over- 
steer" when K, i s  negative. An understeer vehicle exhibits a stable 
and f i n i t e  steady turning response for a l l  forward velocities.  In the - 
case of an oversteer vehicle, the denominator of the expression on the 
right- hand side of Equation (1 ) decreases with increasing velocity until 
a value termed the "cr i t ica l  velocity" i s  reached. A t  the c r i t i ca l  
velocity, the denominator goes to zero and the path curvature tends t o  
inf ini ty .  The oversteer vehicle i s  therefore said to  be "divergently 
unstable" for  velocities greater than the c r i t i ca l  velocity. 

Steady turning resul t s  (e i ther  from simul ations of steady turns 
or from steady-turning experiments) can be used in conjunction w i t h  

Equation ( 1 )  to  determine the two parameters, K1 and a l e .  Results from 
stealdy-turning simulations of the articulated bus are shown in Fisure 
2.2 for  the empty and loaded conditions. The axes chosen t o  represent 
the steady-state resul ts  in Figure 2 . 2  are such that the slope of the 
l ine  which joins the steady-turning equilibrium parts i s  the "under/ 
oversteer gradient," K , ,  and the intercept on the ordinate i s  the 
effective wheelbase, , of the lead unit. 

We note that  the articulated bus has an understeer level of 4 . 0  

degfg when empty. When fu l ly  loaded the understeer level of the bus i s  
further increased to  10.3 deg/g. The steady-turning response of a 
standard 35-foot "single unit" bus in the empty condition i s  also shown 
in F'igure 2 . 2 .  I t  can be seen that the understeer level of the empty 
articulated bus i s  almost twice as much as the standard 35-foot bus 
when empty. 

The effective wheelbase predicted by the simulation can also be 
seen to be very close t o  the longitudinal distance of 235 inches which 
exists between the front and rear axles of the lead u n i t .  

Although no low speed, minimum turning diameter simulation runs 
were performed i n  t h i s  study, resul ts  of the low speed (10 f t l s e c ) ,  low 
fr ic t ion turning-with-drive-thrust runs (see Section 2 .4 )  indicated that  
both the loaded and empty vehicle would turn w i t h i n  a 70-foot diameter 





for  38 degrees of front wheel angle. The la teral  acceleration level 

achieved in each of these runs was about 0.10 g ' s .  Interpolating the 
above resul t  to 33 degrees of front wheel angle suggests a minimum 
turning diameter of approximately 80 feet  i f  the front wheel angle i s  
1 imi ted t o  a maximum of 33 degrees. Higher f r ic t ion  surfaces and lower 
speeds (understeer contribution gradient) should both work to  further 
reduce the minimum turning diameter indicated above. 

The steady-turning response o f  the t r a i l i ng  unit of  the articu- 
lated bus i s  similar t o  that of a single-unit vehicle which has the 
rear axle of the lead u n i t  as i t s  steerable axle. Hence, the steady- 
turning response of the t r a i l e r  can be expressed by an equation which 
i s  similar to ( I ) ,  v iz . :  

where 
r i s  the ar t iculat ion angle (deg) 

i s  the effective wheelbase of the t ra i l ing  
a2e unit ( f t )  

K2 under/oversteer gradient of the t r a i l  ing 
unit (deg/g) 

Analysis performed in Reference [ ] indicates that K p  does 
not have the same stabi 1 i ty connotation as the under/oversteer gradient, 
K,, of the lead unit. While K1 i s  the vehicle characteristic which 
establishes whether the articulated vehicle i s  s t a t i ca l ly  stable or not, 
K2 determines the nature of the ins tab i l i ty ,  e ,  whether the i n -  

s t ab i l i t y  would resu l t  in a t ractor  jackknife or a t r a i l e r  swing. 

The steady-turning behavior of the t ra i l ing  unit i n  the fu l ly  
loaded and empty conditions i s  presented in Figure 2.3. The t ra i l ing  





unit i s  found t o  exhibit an oversteer level of -.06 deg/g when empty. 
The oversteer level of the t r a i l e r  increases t o  -0.8 deg/g when ful ly  
loaded, These results indicate tha t ,  for a turn of fixed radius, R ,  

the articulation angle would decrease a small amount as the forward 
velocity i s  increased. The effective wheelbase of the t ra i l ing unit 
i s  only s l ight ly smaller than the longitudinal distance of 281.7 inches 
which exists between the tractor rear axle and the t r a i l e r ' s  axle. The 
fact  that  the t r a i l e r  i s  predicted t o  be oversteer i s  probably not signi- 
ficant.  The finding that / K ~ /  i s  small corresponds t o  the situation for 
a typical tractor-semi t r a i  l e r  vehicle and i s  the basis for predicting 
that the articulation angle will be determined primarily by the wheel- 
base between the middle and rear axles of the bus and the radius of the 
turn a t  a l l  forward speeds-in other words, the tracking of the t r a i l -  
ing unit of the bus should be very good in a steady turn. 

2 . 1 . 2  Response Time in Ramp-Step Maneuvers. Computer simulation 
numerics for the ramp-steer t e s t  described in Section 3.1 are presented 
in Tab1 es 2.1-2.4. Corresponding time histories are shown in Appendix 
B as Runs #I  , I - 1  -12 .  Each table corresponds to a different loading or 
velc~city condition. The f i r s t  two columns in each table l i s t  the 
steering-wheel angle input and the resulting steady-state la teral  
acceleration. The yaw rate and 1 ateral acceleration response times, 
shown in columns 3 and 4 ,  are defined as the length of time from when 
the steering-wheel input reachei 50 percent of i t s  steady input level 
to when the response (yaw rate/ la teral  acceleration) reaches 90 percent 
of i t s  steady-state value. The Yaw Rate % Overshoot numeric i s  simply 
the percent by which the yaw rate overshoot exceeded i t s  steady-state 
value. Yaw Rate Oscillation Period i s  an approximate measure of the 
period of oscil lation ( i f  any) displayed by the yaw rate  response. 

I n  addition to  the response numerics shown for the articulated 
bus, Table 2.1 includes similar numeric calculations for an empty 
standard (single-unit) bus a t  100 KPH. Comparison of the standard bus 
and articulated bus step-steer numerics, indicates about 20 percent 
slower response times in both yaw and lateral  motions for the standard 
bus. This result  should suggest that drivers of standard buses would 



Tab1 e 2.1. Ramp-Step Steer Numerics 
(Empty, 100 K P H )  
Runs #1.1-1.3, 1 . 1 2  

S.S. Yaw Rate 
Steering- Lateral Yaw Rate Lateral Accel . Yaw Rate Qscil  lation 
Wheel Accel . Response Time Response Time % Period 
Input (9)  (sec) (sec) Overs hoot ( sec) 



Tab1 e 2 .2  Ramp-Step Steer Numerics 
(Loaded, 100 KPH) 
Runs #I -6-1.8, 1 . 1 1  

S. S. Yaw Rate 
Steering- Lateral Yaw Rate Lateral Accel . Yaw Rate Osci 11 ation 
Wheel Accel . Response Time Response Time % Period 
&I t ( 9 )  (sec) (set) Overs hoot  (set) 

-0 
85 a, 

-I (No 
Cont:rol 1 e r )  



Tab1 e 2.3. Ramp-Step Steer Numerics 
(Empty, 50 KPH) 
Runs # I .  4-1.5 

S.S. Yaw Rate 
Steering- Lateral Yaw Rate Lateral Accel . Yaw Rate Oscillation 
Wheel Accel . Response Time Response Time % Period 
~npu t  ( 9 )  (set> (set> Overs hoot k c )  



Tab1 e 2.4. Ramp-Step Steer  Numerics 
(Loaded, 50 KPH) 
Runs # I .  9-1.10 

S.S. Yaw Rate 
S teer ing-  L a t e r a l  Yaw Rate L a t e r a l  Accel . Yaw Rate Osc i l  l a t i o n  
Wheel Accel . Response Time Response Time % Per iod  
Input ( 9 )  ( sec ) (sec)  Overs hoot  (sec)  



not find i t  necessary t o  make unusual adjustments t o  their  basic con- 
trol  strategy when operating the articulated bus examined here. The 
articulated bus should seem to respond s l ight ly quicker to  s teer  in- 
puts, b u t  require somewhat greater steering-wheel input for  the same 
turn (lower gain).  

In another comparison, an on-going study by HSRI for the Federal 
Highway Administration [ 31, which involves testing of various tractor- 
t r a i l e r  combination vehicles, indicates that  a particular three-axle 
t rac tor - t ra i le r  vehicle (with 12,000/20,000/20,000 I b axle loadings) 
exhi b i t s  1 i t t l  e or no t r a i l e r  oscil l  ations during ramp-step maneuvers, 
b u t  possesses very similar yaw rate  response times as the articulated 
bus. 

2 .2  Response to  a Perturbation 

Numerics for the computer simulation resul t s  of the pul se-s teer 
maneuver (Test #2) ,  described in Section 3.2, are l i s ted  in Table 2 .5 .  

(See Appendix B ,  Runs #2.1-2.6 for  the corresponding time histories.  ) 
The rat ios  shown in th is  table are rat ios  of the first-to-second peaks 
for each of the respective responses ( t r a i l  unit yaw ra t e ,  la teral  
acceleration, and articulation angle). The l a s t  column 1 i s t s  the time 
between correspondina peaks of the articulation angle response. 

These resul ts  re f lec t  the increased yaw and ar t iculat ion damping 
(1  arger ra t io  val ues) that  accompany decreased vehicle velocity. Re- 
moval of the ar t iculat ion hinge controller i s  seen t o  have 1 i t t l e  effect  
on the yaw and articulation damping. Presence of the controller pri-  
mari ly  acts to increase 1 ateral  acceleration damping and decrease the 
period of osci l la t ion.  The "New Load Data" run (see Appendix A ) ,  which 
resulted in a rearward s h i f t  of the t r a i l  unit c.g. from approximately 
two fee t  in front of the rear axle to about one foot, exhibits reduced 
yaw, ar t iculat ion,  and la teral  acceleration damping from i t s  base1 ine 
counterpart (Run  #2 .1)  . 



Tab1 e 2.5. Pul se-Steer  Numerics 
(120" S tee r  Level) 

Tra i l  Unit 
T r a i l  Unit Art icula-  Lateral Time Between 
Yaw Rate t ion  Angle Acceleration r Peaks 

Test Condition - Ratio Ratio Ratio (set) 

Empty, 100 K P H ,  
Run #2.1 2.9 2.2 11.8 0.9 

Empty, 50 KPH, 
Run  #2.2 5.0 6.2 5.9 1 . O  

Empt:y, 100 K P H ,  
No (:ontroll  e r  
Run #2.5 2.9 2.4 5 . 3  1 .2  

Loaded, 100 K P H ,  
Run #2.3 2.0 1 . 7  3.1 0.9 

Loaded, 50 K P H y  

Run 02.4 5 . 7  8.4 12.9 1.1 

Ernpt:y, 100 K P H y  

New Load Data, 
Run #2.6 2.1 1.7 4.1 1 . O  



2.3 Closed-Loop Response in Accident-Avoidance Lane Changes 

Vehicl e-re1 ated numerics derived from the simulated cl osed-loop 
t e s t  maneuver described i n  Section 3.3, are presented in Tables 2 . 6  

and 2.7. (Corresponding time histories appear in Appendix B as Runs 
#3.1-3.10.) The numerics 1 isted in these tables are essentially open- 
loop measures of the lead vehicle response in yaw and lateral  accelera- 
tion t o  steering-wheel inputs. Table 2.6 shows the influence of varying 
the distance (column 1 )  in which t o  perform the 12-foot lane change for  
both the empty and loaded vehicles a t  a speed of 100 KPH, Table 2.6 

indicates how driver preview ("look-ahead time") infl  uences the manner 
in which the driver/vehicle system (empty and loaded) responds in per- 
forrriing the 12-foot lane change within a fixed distance of 150 feet .  
The principal influence of each of these parameter variations i s  t o  
cause different levels of peak la teral  acceleration to be achieved dur- 
ing the maneuver. Even though none of these runs produced peak la teral  
acceleration 1 eve1 s above 0.2 g Is,  the basic maneuver scenario pre- 
sented here would appear t o  he a f a i r ly  representative and common high- 
speed maneuver performed on freeways for  purposes of obstacle avoidance 
or simple maneuvering. None of the computer runs performed for  th is  
t e s t  maneuver indicated any control problems for the driver/vehicl e 
sys tem examined here, 

The cross-correlation lags appearing in Tables 2 .6  and 2 . 7  repre- 
sent that amount of time lag between steering-wheel input and the 
resulting response variables (lead u n i t  yaw ra t e ,  la teral  acceleration) 
t o  produce maximum cross-correlation. The values shown here were 
obtained by simple manual shift ing of the steering-wheel time history, 
w i t h  respect t o  the response variable time history, t o  obtain an "eye- 
bal1"maximum correlation. The Amp1 i f icat ion Ratio, column 4 ,  i s  simply 
the r a t io  of peak t r a i l  unit la teral  acceleration t o  peak lead unit 
1 ateral  accel eration experienced during the simulated maneuver. 

The cross-correlation numerics shown in Tables 2.6 and 2 .7  

demonstrate 1 i t t l  e sensi t ivi ty  t o  e i ther  1 oad condition or parameter 
variations, although some of th i s  apparent insensi t ivi ty  probably 



Table 2.6. High-Speed Lane-Change Numerics 
(Empty, 100 KPH, Preview 
Parameter = 1 .75 sec) 

Cross-Correl a t i o n  Lags 

Lead U n i t  Amp1 i f i c a t i o n  
Ra t i o  Average Peak 

Yaw Rate/ Lead l l n i t  Acce le ra t i on  o f  
Lane-Change Steer  L a t e r a l  Acce le ra t ion /  A / A  Lead U n i t  
Distance ( f t )  (set) Steer (sec) Y 2  Y1 ( 9 )  

125 
(Run #3.1) 0.4 

150 
(Run #3.3) 

175 
(Run #3.5) 

(Loaded, 100 KPH) 

125 
(Run #3.6) 0.4 

150 
(Run #3.8) 0.4 

175 
(Run #3.10) 0.4 





derives from the limited range of maneuver severity achieved in th is  
matrix of runs. The Amplification Ratio numeric does show sensi t ivi ty  
t o  b o t h  vehicle loading and level of peak la teral  acceleration. For 
purposes of comparison with a vehicle somewhat similar in configuration, 
values of yaw rate  cross-correlation lag and amplification ra t io  
measured for  the three-ax1 e t ractor- t rai l  e r  (Federal Highway Admini s- 
tratiion study) referenced above in Section 2.1.2, are approximately 25 
percent lower than the corresponding values for the simulated articu- 
lated bus (loaded) shown in Tables 2.6 and 2 .7 .  

2.4 Cornering with Drive Thrust on a Low Friction Surface 

Simulation resul ts  of a descriptive nature, appearing in Table 
2.8, attempt to  categorize the yaw response of the articulated bus in 
terms of stab1 e/unstabl e character is t ics ,  fol 1 owing the appl ication of 

rear-axle drive torque on a low fr ic t ion surface (l_l=O.l 5 ) .  (See Appen- 
dix B y  Runs iY4.1-4.10 for the corresponding time h is tor ies . )  The 
uniqlueness of this  particular vehicle, with regard to i t s  rear-axle 
drive, tends to promote " t r a i l e r  swing" as a frequent form of direc- 
tional instabil i ty ,  particularly when drive toraue suff ic ient  t o  spin 
up  the rear wheels i s  appl ied. This potential problem i s ,  of course, 

only present on very low f r ic t ion  surfaces such as ice and snow. By 
- 

contrast, t rac tor - t ra i le r  vehicles with "center-ax1 e drive" would 
exhibit t ractor  "jackknife" ins tab i l i t ies  under similar circumstances. 
A question that i s  posed by the comparison i s  whether or not drivers 
of "center-axle drive" vehicles would have an advantage in these cases 
to miore quickly s tabi l  ize the vehicle because of immediate motion cues 
provided t o  himlher by the unstable lead unit. 

The empty and loaded vehicle descriptors of vehicle directional 
s t ab i l i t y  shown in Table 2.8 are l i s ted  in ascendins order of applied 
drive torque (column 1 ) .  The precise definit ions of terminology used 
in the table are  l i s ted  on the page following Table 2.8. The results 
presented i n  the table f a l l  into two basic categories: ( 1 )  those in 
which no rear-axle wheel spin occurs and ( 2 )  those that  do involve 
rear-wheel spin. The empty and loaded vehicles remain essentially 
stable following appl ication of rear-axle drive torque in which no 



Table 2.8. Corner ing w i t h  Accel era t ion/Low F r i c t i o n  Numerics 
(Empty, 10 KPH, 0.15 Mu) 

D r i v e  A r t i c u l a t i o n  Lead U n i t  T r a i l  U n i t  
Torque Angle Yaw Rate Yaw Rate Rear Ax le  
( i n - 1  b )  - Response Response Response Wheel Spin 

20, ClOO S tab le  S t a b l e  S tab le  No 

40, ClOO S tab le  +S t a  b l  e S tab le  No 

60,ClOO -Unstab le  +Stab le  +Unstable Yes 

80, ClOO -Unstab le  +Stab1 e tuns tab1  e Yes 

40, ClOO 
No Arti . 
Cont ro l  1 e r  tuns tab1  e +Unstable S tab le  N o 

80, ClOO 
No A,rti . 
Cont : ro l l  e r  -Unstab le  +Stab1 e tuns tab1  e Yes 

(Loaded, 10 KPH, 0.15 Mu) 

28,800 S tab le  Stab1 e Stab1 e No 

57,600 S t a b l e  +Stab1 e S t a b l e  N o 

86,400 -Unstable +Stab le  +Unstabl e Yes 

115,200 -Unstab le  +Stab1 e t u n s t a b l e  Yes 



Definition of Table 2.8 Terminology 

"Stable" -L i t t l e  or no change from levels or trends prior 
to appl ication of drive/brake torque 

"+Stab1 e" -Some increase, of a non-divergent characteris- 
t i c ,  from the level prior to application of 
drive/brake torque 

"-Stab1 e" -Some decrease, of a non-divergent characteris- 
t i c ,  from the level prior t o  application of 
drive/ brake torque 

"+Unstable" -Divergent growth from the level achieved prior 
to  appl ication of drive/brake torque 

"-Unstabl e" -Divergent reduction from the level achieved 
prior t o  appl ication of drive/brake torque 



rear-axle wheel spin occurs, provided the ar t iculat ion hinge control - 
l e r  i s  employed. Removal of the hinge controller under these conditions 

causes a lead unit "jackknife" response t o  occur due t o  the uncon- 

tested destabilizing moment applied t o  the lead unit from the forward 

thrust of the t r a i l  unit. For runs in which rear-axle wheel spin does 

occur, "trailer-swing" instabil i t y  i s  the resul t .  

2.5 Straight-Line Braking 

A few calculations were made for predicting conditions that will 

lead t o  wheel lockup a t  various axles. The method outlined in Appendix 

D was used in these analyses. The analytical resul ts  were verified 

using the fu l l  computerized model. The estimated characteristics (brake 

torque versus treadle pressure) assumed for  each brake on each axle 

are i l lustrated in Figure 2.4.  The followinp table 1 i s t s  operating 

conclitions that are  predicted t o  resul t  in wheel lock on various axles. 

Approx. Tread1 e Ti re/ Bus Retarder 
Decel . Pressure Road Full or On or Ax1 e 
g's psi Friction Empty Off Locked Up 
0.28 20 0 .3  Empty On Rear 

0.28 22 0.3  Empty Off Middl e 

0.2Ei 32 0.3 Full On Rear 

0.59 3 8 0.6 Empty On Middle and 
Rear* 

0.50 4 0 0.6 Empty Off Middle 

0.47' 56 0.6 Ful  1 On Rear 

*Both the middle and rear brakes are on the verge of 
1ock:ing u p .  

2.6 Control Difficulties in Braking-in-a-Turn Maneuvers 

A summary of simulation resu l t s ,  similar t o  those presented in 

Sect,ion 2.4, are presented in Tables 2 .9  and 2.10 t h a t  describe the 

directional s t ab i l i t y  of the articulated bus following the application 

of braking. (Appendix B shows the corresponding time histories as 

Runs #6.1-6.13.) The level of braking used in these runs was based on 

the straight-1 ine braking resul ts  of Section 2.5 and  intended t o  produce 
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some wheel locking in order t o  challenge the ab i l i t y  of the ar t icula-  
tion angle controller to  l imit  any resulting vehicle ins tab i l i ty .  As 
i s  demonstrated i n  these runs, such items as the manner in which brakes 
are proportioned, which wheels lock up  and the i r  order of lock u p ,  and 
the nature of the steering-wheel response (e .g . ,  open-loop versus 
closed-loop) , can significantly infl uence the resul ting vehicle response. 
The variety of braking-in-a-turn responses, that  are presented in 
Appendix B and summarized here, are seen as a reasonable mixture of 
the kind of directional ins tab i l i t ies  that can occur for the examined 
articulated bus under such operating conditions. These resul ts  would 
theiFefore seem t o  present an appropriate se t  of evidence by which to 
evaluate the effectiveness of the articulation controller to  l imit  
large excursions of ar t iculat ion angle during such ins tab i l i t ies .  

Results of the open-loop simulation runs shown in Table 2 .9  f a l l  
into two basic categories: ( a )  those displaying primarily lead-uni t 
"jackknife" in s t ab i l i t i e s  (plus unstable articulation angle responses) 
on the higher f r ic t ion  surface (P = 0.6) and ( b )  those displaying 
primarily "trailer-swing" instabil  i t i e s  on the lower fr ic t ion surface 
( u  = 0.3).  These two categories largely ref lect  the tendency of the 
vehicle, as proportioned, t o  lock wheels on ( a )  the center axle or ( b )  

the rear axle. In each of these runs, the hinge controller was able 
t o  l imit  the articulation angle following the onset of the particular 
instabi l i ty .  Runs #6.5 and 6.11 did n o t  achieve large enough articu- 
lation angles during the simulation run to  activate the load-limit 
feature of the hinge controller.  In Runs #6.2 and 6.3, with and without 
a retarder on the rear axle,  the presence of the retarder significantly 
a l t e r s  the brake proportioning on the lower f r ic t ion  surface, so as to 
cause rear-axle lockup and " trailer-swing" instabi 1 i ty ,  in contrast t o  
center-axle lockup and "jackknife" ins tab i l i ty  without the retarder.  

The closed-loop, braking-in-a-turn resul ts ,  summarized in Table 
2.10, d i f f e r  from those of Table 2.9 i i  having present during the in- 
s tabi l  i ty ,  an active driver model steering response which attempts t o  

s teer  the lead u n i t  along the prescribed circular path. Column 6 of 
Tab1 e 2.10 describes the general steering behavior of the driver model 



following the application of braking. The response of the driver model 
i s  seen to  play an important role in determining whether or n o t  the 
hinge controller i s  able t o  1 imi t large articulation angle excursions. 
Closer examination of these simulation runs reveals that the counter- 
s teer  behavior by the driver model can a l t e r  the yaw moment (from the 
open-loop, fixed-steer case) on the lead unit so as to exceed the 
torque o u t p u t  capabil i ty  of the hinge control l e r ,  thereby preventing 
the hinge controller from locking the lead and t r a i l  units together. 
However, i t  i s  not ent i rely clear  from these resul ts  that the best 
strategy to s tab i l ize  the vehicle i s  simply to prevent large ar t icula-  
tion angles. I t  m i g h t  be true that under certain conditions, larger 
increases in articulation angle should be sacrificed i n  order t o  help 
stabil  ize the directional control of the lead unit .  Furthermore, simple 
corrective counter-steering by a driver may, in some cases, greatly 
reduce la teral  acceleration and yaw rate  levels achieved during braking 
and thereby eliminate the need for the hinge controller t o  intercede. 
An example of such a case i s  given by Run 46.9 and can be compared with 
the open-loop version, Run #6.4. 

Aside from the additional s t ab i l i t y  that  i s  lent to the lead 
unit by the corrective counter-steering ac t iv i ty  of the driver model, 
the overall trend of precipitating "jackknife" or " t r a i l  er-swi ng" in- 
s t a b i l i t i e s  i s  strongly linked, as in the open-loop runs, to which 
particular wheel combinations 1 oc k u p  during braking. 



3.0 RECOMMENDATIONS CONCERNING VEHICLE TESTING 

These recommendations contain outlines for six suggested test 

procedures. The proposed tests have been selected to examine the 

response of the bus to steering-wheel , brake, and accelerator inputs 
at various loading conditions, vehicle speeds, and tire/road friction 
levels. The results of these tests should (1) verify the accuracy of 
the analytical predictions presented in Section 2.0 and (2) serve to 
demonstrate the influence of the articulation controller on vehicle per- 
fornlance at the 1 imi ts of tirelroad friction capabi 1 i ty. 

The thrust of these tests is to develop an overall picture of 
the maneuvering performance of this unique type of vehicle. The tests, 
entitled "Turning Response, Ramp-Step Input" (Test #I) and "Straight- 
Line Braking" (Test #5), are conventional open-loop tests that are 
often appl ied to a11 types of highway vehicles. Test #2 provides a 
simplle means for examining the damping of lateral disturbances of the 
trailing unit of an articulated vehicle. A pulse input at the steering 
wheel is chosen to excite a trailer oscillation in Test #2. The ability 
of a driver to control the articulated bus in lane-change maneuvers 
that might be required to resolve traffic conflicts is challenged in 
Test #3. Tests #4 and 6, entitled "Cornering with Acceleration on a 
Low Friction Surface" and "Braking-in-a-Turn," respectively, have been 
tailored to exercise the properties of the articulation control 1 er in- 
corporated in the design. Hence, the proposed complement of tests 
includes both conventional tests that might be applied to a wide range 
of vehicle types and specialized tests applicable primarily to combina- 
tion vehicles with (1) an articulation control device and (2) drive 

thrust applied to the rear axle of the trailing unit. 

Since this bus has not been tested previously, maneuvers 
involving high acceleration levels should be approached with discretion 
using a process of gradually increasing the severity of the test condi- 
tions. Even though the predicted responses obtained from the computer- 
ized model do not indicate an unusual propensity for rollover, the 
possibility that a vehicle may roll over should be guarded against by 



using the resul ts  of previous tes t s  to judge the safety of any new 
t e s t  or any increase in the severity of the maneuver being studied. 
The numerical order given to these t e s t s  ( i . e . ,  #I  through #6) ref lects  
the recommended order for enhancing the safety as well as the ease of 
performing the t e s t  program. 

The f i r s t  three t e s t s  are  structured t o  study the influences of 
steering inputs on a good road surface. The level of steering-wheel 
input used in the ramp-steer t e s t  should be gradually increased t o  
achieve maneuvers a t  specified 1 eve1 s of 1 ateral acceleration. Test 
resul ts  rather than simulation results should be used t o  se t  s teer  
levels. Low-speed t e s t s  should be performed before high-speed t e s t s .  
After an understanding of the vehicle's turning properties are obtained 
from Test # 1 ,  then Test #2 can be performed to  evaluate the oscil latory 
tendencies o f  the directional response of the rear unit .  Once the 
level of s t ab i l i t y  of the motion of the rear unit has been assessed, 
enough information will be available t o  judge the wisdom of attempting 
a mctderately severe lane-change maneuver. With practice in the 1 ane- 
change maneuver, the driver i s  expected t o  become proficient i n  steer- 
ing the bus a t  h i g h  speed. 

The f i r s t  reduced f r ic t ion  t e s t  proposed i s  a low-speed cornering 
maneuver w i t h  drive thrust applied. Although not direct ly  related to  
the s t r a i  ght-1 ine bra king and bra ki ng-in-a-turn t e s t s ,  the performance 
of th is  t e s t  gives the driver experience operating the vehicle on a 
s l  ippery surface. 

The braking t e s t s  are believed to  be the ones most l ikely t o  
e l i c i t  drast ic  vehicle responses. The locking of wheels on a single 
axle1 may lead t o  vehicle ins tab i l i t ies  that are  d i f f i cu l t  to  control. 
The directional response of the bus in the s t raight- l ine braking t e s t  
i s  not expected t o  be as rapid as in the braking-in-a-turn t e s t ,  b u t  i t  
nay be more unexpected in that the brake pressure causing wheel lock i s  
not known t o  the driver. Since the brake pressure that will cause 
wheel lock (and, possibly, the axle on which wheels lock) varies w i t h  

the frictional level of the tire/road interface,  the driver may be 



surprised i f  he extrapolates from results on one surface t o  predict 
what will happen on another surface. In addition, tes t s  with and 
without the retarder may yield entirely different types of ins tab i l i t ies  
on s l  ippery surfaces. In summary, be prepared for unexpected responses 
in tes t s  involving 1 ocked wheel s--proceed with caution. 

Finally, the ful l y  loaded bus i s  expected t o  perform differently 
than the empty bus. After operating the empty bus, the loaded bus may 
seen1 1 ike a new vehicle with i t s  own control requirements. If time and 

funds permit, the following tes t s  are recommended for b o t h  the empty and 
the ful ly  loaded bus. 

3.1 Test # I  : Turning Response, Ramp-Step Input 

This t e s t  provides measures of the steering gain and responsive- 
ness of the vehicle. A t e s t  of th is  type i s  used by the General Motors 
Corporation for evaluating passenger cars and i t  has been proposed t o  
the International Standards Organization as a recommended t e s t  for 
quanltifying transient directional response. The yaw rate and 1 ateral 
acceleration response times are determined from the in i t i a l  part of the 
response to  a sudden, step-1 i ke increase in steering-wheel angle, while 
the steady turning gain i s  evaluated af te r  the transient has set t led.  

For most vehicles (including this  bus) the response times and 
steady-state gain will vary significantly with changes in forward 
velocity. In addition, vehicle loading will influence the results and 
nonl ineari t ies  in the shear force properties of the t i r e s  will cause 
changes in response characteristics as the level of la teral  acceleration 
i s  increased. Hence, Test # I ,  as outlined i n  Table 3 . 1 ,  includes a 
sequence of ramp-step maneuvers a t  two speeds, three accel eration 1 eve1 s , 
and two loading conditions. 

An extensive instrumentation system i s  needed t o  record the 
variables l is ted in Table 3.1. Although no attempt i s  made here to 
specify the type and quality of the transducers involved, the trans- 
ducers should be comparable t o  those used i n  passenger car work. How- 
ever, for a complete evaluation, transducers are needed for b o t h  the 



Table 3.1 

Tes t  #I 

T i t l e :  Turn ing  Response, Ramp-Step I n p u t  

Desc r i p t i on :  

A ,  I n p u t s  

Constant v e l o c i t i e s :  50 and 100 Km/hr 

S tee r i ng  Waveform: 

9 
i 

B ,  Run Ma t r i ces  

Empty Bus 

1.  A = 0.15 g (6,, es t imate  120') 
Y 

2 .  Ay = 0.30 g (sSw es t imate  240') 

100 Km/hr 

3. A = 0.15 g (asw es t imate  40") 
Y 

4. A = 0.30 g (a,, es t imate  85") 
Y 

, ,5 .  
A = 0.45 g (6,, es t imate  130') 

Y 

Q) 

Loaded Bus 0 
F 

-- o 50Km/hr  
L 

L 6. A = 0.15 g (6,, es t imate  160') 
0 +. Y 

~1 7. A = 0.30 g (6,, es t imate  320") 
3 Y 
0 

c 100 Km/hr 
U 

8. A = 0.15 g  (6,, es t imate  85') 
S Y 

9. A = 0.30 g (a,, es t imate  170') 
Y 

10. Ay = 0.45 g (6,, es t imate  225') 



Table 3.1 ( ~ o n t . )  

C .  Variables Recorded 

1. Velocity, V 5  

2 .  Steeri  ng-Wheel Angle, sSw 

3. Articulat ion Angle, r 

4 .  Tractor Yaw Rate, rl 

5. Tra i l e r  Yaw Rate, r p  

6. Tractor Lateral Acceleration, A 
YI 

7 .  Tra i l e r  Lateral Acceleration, A 
~2 

8. Roll Angle, @ 

Minimum: sSw, r l ,  V 5 ,  r2 ,  r, Ay 
7 

D. Numerics 

-Yaw r a t e  gain 

-Articulation angle gain 

-Yaw r a t e  response times 

-Lateral acceleration response times 

-Percentage overshoot 

-0sci 1 l a t ion  periods 



forward and t ra i l ing  units of articulated vehicles. Judgments as t o  
whether even the "minimum" l i s t  of variables f i t s  within available 
resources may be needed. 

The numerics outlined in Table 3.1 correspond t o  those used in 
Section 2 . 1 .  Figure 3.1 presents calcrllated resul ts  i l lus t ra t ing  the 
meas,urement of yaw rate  numerics from time hi story information. 

3.2 Test #2: Damping of Lateral Disturbances, Pul se-Steer Input 

The form of th i s  t e s t  corresponds to  a type of  t e s t  that has been 
recommended to the U.S. National Hiuhway Traffic Safety Administration 
for evaluating the s t ab i l i t y  of the t ra i l ing  units employed in car- 
t r a i l e r  or recreational vehicle combinations. The intention of th is  
test: i s  to  excite a trailer-swinging osci l la t ion.  A "pulse" of steering- 
wheel input, as proposed for th is  t e s t ,  i s  a very simple means for 
exciting t r a i l e r  osci l la t ions.  In this  maneuver, the rat ios  of the 
magriitudes of the excursions of articulation angle and t r a i l e r  yaw rate  
and la teral  acceleration (see Figure 3.2) provide measures of the 
damping of the trailer-swinging mode of osci l la t ion.  

Table 3.2 presents detailed specifications for  Test #2. 

3.3 Test #3: High-Speed Lane Change 

In contrast t o  Tests #1 and #2,  this  t e s t  requires driver control 
in f'ol lowing a predetermined path. A1 though the 1 ateral accel eration 
and yaw ra te  response times (as predicted i n  Section 2.0) for the articu- 
lated bus are  shorter than those predicted for a standard "straight" 
bus, the articulated bus i s  much slower t o  respond than a passenger car. 
In order t o  perform a lane change such as the one described in Table 
3.3, calculated resul ts  indicate that the driver will need t o  estimate 
his trajectory for  more than one second into the future. Apparently, 
drivers of standard buses do  learn t o  provide th is  much "lead" in the i r  
cant-rol actions. Nevertheless, Test #3 i s  intended to challenge the 
dr iver ' s  ab i l i t y  t o  handle the articulated bus in a moderately demand- 
ing control task. 
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Table 3.2 

Test #2 

T i t l e :  Damping of a Lateral Disturbance, Pulse Steering I n p u t  

Description: - 
A .  Inputs 

Constant ve loc i t i e s :  50 and 100 Km/hr 

Ssw+ Steering waveform: (The desired i n p u t  i s  a rapid pulse 
of s teer ing t ha t  i s  returned t o  zero 

/206 - as quickly and accurately as possible)  

C .-P? r0.J 

--I I---- / e s s  
) f i m e  

B ,  Run Matrix 

Empty 

1. 50 Krn/hr 
2 .  100Km/hr 

Loaded 

3. 50 Km/hr 

4. 100 Km/hr 

C.  Variables Recorded 
Same as Test #1 

D .  Numerics 

-Ratios of f i r s t  t o  second peaks o f  r 2 ,  r ,  and A 
~2 

-Time between peaks 



Table 3 .3  

Test #3 

Title:  High-Speed lane Change -- 
Description: - 

A .  Inputs: Desired vehicle path. (This i s  a closed-loop t e s t  
performed with driver control. The driver should practice 
a t  lower speeds, attempting to reach 100 Km/hr a f te r  "learn- 
i ng" the maneuver. ) 

B.  Run Matrix 
Loaded and empty a t  100 Kmjhr 

C.  Vari a bl es Recorded 
Same as Test tl 

D. Numerics 
-Lane exceedances (cone s t r ikes)  

-0ri ver opinions 

-Analysis of steering waveforms, rat ios  amongst 
f i r s t ,  second, and third peaks 

-Cross-correla t i o n  1 ags ( time interval s between maximums 
and minimums of inputs and responses), e. g.  , 6,, t o  

- .  

Ayi>  A y 2 3  
r2 ,  r and r t o  r2  and A 

~ 2 '  
These cross- 

correlation lags are open-loop measures in that they 
evaluate the forward loop ( i . e . ,  the vehicle) i n  the 
cl osed-7 oop driver-vehicl e system. 



Experience on the t e s t  f ac i l i t y  may indicate that  the lane change 
specified in Table 3.3 i s  e i ther  too mild or t o o  severe. The experi- 
menter may want to  consider modi fying the geometry of the predetermined 
path based upon t e s t  resul ts  and driver reactions. 

The numerics suggested in Table 3.3 include ( 1 )  subjective 
opinions, ( 2 )  closed-loop numerics such as the number of cone s t r ikes  
and the number and magnitude of major steering reversals, and (3) cross- 
correlation measures of the lags between input and output quantit ies.  
Figure 3.3 i l l u s t r a t e s  how t e s t  data may be processed graphically t o  
obtain those numerics that can be estimated from time history informa- 
t ion, For successful lane-change maneuvers, experience in vehicle 
testing has shown that the yaw rate  and la teral  acceleration waveforms 
are almost the same shape as ( i . e . ,  closely correlated to)  the time 
history of steering-wheel input. The primary differences between the 
steering input and the yaw rate  and acceleration outputs are the time 
delays associated with the response time of the vehicle in th is  maneuver. 
Estimates of the lengths of these time delays are a means for assessing 
the responsiveness of the vehicle in an emergency maneuver that  might 
be performed on the highway. 

3.4 Test #4: Cornering w i t h  Acceleration on a Low-Friction Surface 

This t e s t  addresses problems related to  applying drive thrust t o  
the wheels on the rear-most axle of the articulated bus. I f  the road 
surface i s  slippery and the vehicle i s  attempting a right-angle turn, 
the presence of drive thrust might tend to  either ( 1 )  jackknife the 
vehicle or ( 2 )  cause the t r a i l  ing unit t o  swing out into an adjacent 
lane. The predictions presented in Section 2 .4  indicate that under 
certain operating conditions, the t r a i l i ng  unit of the bus will swing 
outside of the turn when the drive thrust i s  suff ic ient  to  spin the 
rear wheels of the vehicle. The outline of Test #4 (see Table 3.4) 
gives instructions for attempting t o  dupl ica t e  these hazardous operat- 
ing conditions. 
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Table 3.4 

Test #4 

Ti t le :  Cornering w i t h  Acceleration on a Low Friction Surface 

Description: - 
A .  Inputs: ( 1 )  t ire/road fr ic t ion = 0.15 

( 2 )  i n i t i a l  velocity: 7 mph (10 f t / s ec )  

(3)  steering input: for  a t ight  turn (something 
l ike 30' a t  the front wheels or about 1 0 0 0 O  

a t  the steering wheel) 

( 4 )  accelerator inputs : 1 ow, intermediate, and high 

B ,  Run Matrix: 
Loaded and empty for 3 levels of accelerator input- 
a total  of 6 runs 

Special Instructions: Drive into the turn for approximately 4 

seconds then apply the accelerator. The highest level 
of accelerator input should be sufficient t o  spin the 
rear wheels. 

C .  Variables Recorded 

6,,, V5'  r ,  r l '  9' A y l '  Ay2Y A x p  

Minimum: V y  r ,  r l  

Extra: u3, speed of the rear wheels 

6a , accelerator position 

D. Numerics 

- Articulation angle ( r )  change a f t e r  thrust i s  applied 
-0f f~ t rackin9  of the rear unit w i t h  respect t o  the lead 

u n i t  



3.5 Test #5: Straight-Line Braking 

The braking capability of any vehicle i s  of interest .  However, 
an additional purpose of this  t e s t  i s  to provide information for  use 
in Test #6. The desired information consists of ( 1 )  the pressure 
levels that will cause wheel lock on various t e s t  surfaces and ( 2 )  

knowledge of which wheels lock u p  under various operating conditions. 

A1 t h o u g h  straight-1 ine braking tes t s  are  conceptual ly simp1 e,  
practical matters can cause d i f f icu l t ies  in obtaining meaningful results.  
The brakes need to be burnished to a reasonable extent. The torque 
capabili t ies of heavy vehicle brakes of nominally the same type may 
differ  considerably. Furthermore, these brakes may require special 
care t o  obtain proper adjustment. None of these matters i s  addressed 
in the outline provided in Table 3.5. In th is  case, we have assumed 
that the experimenters have their  own procedures for conducting braking 
tests .  

Table 3.5 primarily provides guidance as t o  the operating condi- 
t i o n  wanted. Clearly, various fr ic t ion 1 eve1 s are not easily suppl ied, 
so the tes t s  will have t o  be conducted on the surfaces available. 
However, the frictional characteris t i c s  of the surfaces used for the 
straight-l ine braking tes t s  should be relatable t o  (or  the same as)  
the frictional characteristics of the surfaces employed in the braking- 
in-a-turn tes t s .  

Careful attention should be paid t o  any directional responses or 
instabil i t i e s  that occur during Test #5. If wheels lock, severe 
directional responses might ensue. Any unstable tendencies should be 
noted for use in guiding the conduct of Test #6, 

3 .6  Test #6:  Braking-in-a-Turn 

In this  study, the purpose of recommending braking-in-a-turn tes t s  
i s  to excite directional ins tab i l i t ies  of sufficient magnitude t o  
exercise the 1 imi t i n g  properties of the articulation angle control 1 er .  

For th i s  t e s t ,  the experimenters may have to  exercise considerable 
judgment i n  finding t e s t  conditions and operating procedures that are 



Table 3.5 

Test #5 

Ti t le :  Straight-Line Braking 

Description : 

A ,  Inputs: ( 1 )  i n i t i a l  velocities:  50 and  100 Krn/hr * 

( 2 )  tire/road f r ic t ion:  p = 0.1, 0.3, a n d  0.6 

( 3 )  steering input: s~~ = 0 (vehicle may turn 

s l ight ly t o  the r ight )  

( 4 )  various treadle pressures, PB 

B .  Run  Matrix 

Attempt t o  establish the level o f  brake pressure for lock 

u p  on = 0.3 and 0.6 surfaces for the loaded and empty 

vehicle with and without the retarder turned on .  

On t h e  0.1 = p surface see i f  the retarder will lock 

the rear wheels. (The retarder i s  most effective when the retarder 

i s  cold.)  

C.  Variables Recorded 

V, PB, A x l y  r l y  r ,  e l  (pitch angle),  u l ,  u 2 ,  u3 (wheel speeds) 

D, Numerics 

Wheels unlocked stopping distance or deceleration 

1 eve1 

* For 100 Km/hr., t e s t s  on a surface with 11 : 0.3  may be impractical 
and/or dangerous. 



both  u s e f u l  and safe.  Tab le  3.6 p rov ides  guidance based on a  1  i m i  t ed  

number o f  c a l c u l a t i o n s  (see Appendix B, Sec t ion  B. 6 ) .  However, a wide 

v a r i e t y  o f  d i r e c t i o n a l  responses i s  poss ib le ,  depending upon which 

wheels l o c k  and i n  what o rde r .  Appropr ia te  combinat ions o f  pressures 

and sur faces  w i l l  p robab ly  have t o  be i d e n t i f i e d  d u r i n g  t he  t e s t i n g  

opera t ion .  

Tes t  #6, as de f i ned  i n  Table  3.6, has been d i v i d e d  i n t o  two p a r t s  

f o r  s a f e t y  reasons. The r e s u l t s  ob ta ined  a t  an i n i t i a l  v e l o c i t y  o f  50 

Km/hr on a  pa th  o f  approx imate ly  430- foot  r a d i u s  w i t h  a  su r f ace  f r i c t i o n  

O f  'peak 2 0.3 may be s u f f i c i e n t l y  dramat ic  t o  p rec lude  t e s t s  s t a r t i n g  

a t  100 Km/hr on a  h i g h - f r i c t i o n  surface. Never the less,  i f  deemed sa fe  

t o  perform, t h e  high-speed, h i g h - f r i c t i o n  case has a r e a l  wor ld  analog 

i n  d e c e l e r a t i n g  r a p i d l y  on a  freeway e x i t  ramp entered a t  t he  speed 

l i m i t .  I n  bo th  p a r t s  o f  Tes t  #6, t h e  r e s u l t s  f rom Tes t  #5 a r e  t o  be 

used i n  s e l e c t i n g  brake pressure l e v e l s  t h a t  w i l l  cause wheels t o  l ock .  

Nevertheless , t h e  d r i v e r  should exe rc i se  c a u t i o n  and per fo rm t e s t s  

be1 ow 1  oc ked-wheel v a l  ues o f  brake pressure be fo re  a t t emp t i ng  1  ocked- 

wheel runs. 



Table 3.6 

Test #6 

Tit le :  Braking in a Turn -- 
Description: - 

Part 1 

A .  Inputs 
Surface: 'peak " 0.3 

A t  50 Km/hr (45.6 f t / s ec ) ,  travel on a path of radius 
R = 430 f t  (about 0.15 g )  for approximately 3 seconds be- 
fore applying the brakes. 

B .  Run Matrix 

'Or 'peak 2 0.3, the empty vehicle with the retarder in 
use should lock wheels a t  the rear axle a t  a brake pressure, 
PB, of about 22 psi ,  i f  the estimated brake torques used in 
the simulation are accurate. In any event, the straight- 
1 ine braking tes t s  should indicate the PB value for  wheel 
lock. Make a run a t  wheel lock. (This may be violent and 
bring the articulation angle l imiter into use.) 

Make another t e s t  without the retarder i n  use. The middle 
axle should lock for the empty vehicle a t  PB : 25 psi. A 

violent jackknife may s t a r t  until the articulation angle 
1 imi t e r  takes over. 

Make a third t e s t  for the loaded vehicle with the retarder 
i n  use on the 0.3 surface. The rear wheels should lock for 
PB psi. 

This maneuver can be run both open- and closed-loop. In 
the open-loop version, the driver holds the steering fixed 
a f t e r  the brakes are  appl ied. 

C .  Variables Recorded 

V ,  P B y  Ax l  9 r l ,  r29 r ,  Ayl  , Ay2 

a1 5 a23 a3, 8 3  m ,  ss, 



Table 3.6 ( C o n t . )  

D .  Numerics 

1 .  Open Loop 
-changes from steady turn values for r l ,  r 2 ,  

' ¶  "1 AY2 

-path deviations 

2. Closed Loop 
-path deviations (cone s t r ikes)  

-steering act ivi ty  

-braking act ivi ty  ( i f  allowed) 

3. Articulation control 1 e r  performance 
-maximum articulation angle 

Part 2 

A .  Inputs 
Surface: ppeak 2 0.6 

A t  100 Km/hr, travel on a path of radius R = 1720 f t  
(a 0.15 g turn) .  Travel on the path for 3 seconds t o  establ ish 
a steady turn, then apply the brakes. 

B. Run Matrix 
Be careful not to rollover. Work up  t o  a lockup braking 

level only i f  i t  i s  safe. 
For p = 0.6 and a t  PB = 63 psi for  the loaded vehicle, 

rear wheels should lock u p  a t  PB 44 psi for the empty 
vehicle. 

These maneuvers can be run bo th  open- a n d  closed-loop. 
In the open-loop version, the driver holds the steering fixed 
a f t e r  the brakes are applied, 

C.  Variables Recorded 
Same as Part 1 

D. Numerics 
Same as Part 1 



4.0 CONCLUDING STATEMENTS 

The calculated r e su l t s  obtained in t h i s  study provide a compre- 

hensive prediction of the di rect ional  response propert ies of the 

a r t i cu la ted  bus.  The following 1 i s t inu  summarizes the principal r e su l t s  

fo r  (1 )  steady turning performance, ( 2 )  direct ional  response time in 

sudden turns ,  and ( 3 )  damping o f  t r a i l  ing u n i t  osci 11 a t ions  : 

*Steady Turning 

Lead un i t  unders t e e r  : 

empty 4 deg/g 
f u l l  10 deg/g 

Steering gain: 

empty a t  100 Km/hr, 0.35 g per 100" of steering-wheel angle 

f u l l  a t  50 Km/hr, 0.09 g per 100" of steering-wheel angle 

Articulat ion angle s ens i t i v i t y  to  1 a t e ra l  accel era t ion:  

empty -0.1 deg/g 

f u l l  - 0.8 deg/g 

-Rarnp/Step Steer (approximately 0.15 g steady s t a t e )  

90% response time f o r  the yaw r a t e  of the lead uni t  
a t  100 Km/hr: 

empty 0.9 sec 

f u l l  0.6 sec 

*Pulse Steer  

Osci l la t ion reduction factor  f o r  the yaw r a t e  o f  the 
t r a i l i n g  u n i t  a t  100 Krn/hr: 

(Reduction fac to r  = r / r  ) 
P m 

--PI 

empty 2 .9  i d I M ~  

f u l l  2.0 



The steady turning results l is ted above indicate a wide range 
of steering gain depending upon vehicle speed and loading condition. 
This finding i s  t o  be expected for a vehicle w i t h  the understeer levels 
predicted for th is  bus. An example calculation for a typical straight 
bus w i t h  dimensions corresponding t o  the forward unit of the articu- 
lated bus yields an understeer value of 2 deg/g when the straight bus 
i s  empty. Hence, the steering gain of the articulated bus i s  predicted 
t o  be noticeably less than that  of a comparable s t raight  bus. 

However, the predicted yaw rate response time ( 0 . 9  sec) for the 
articulated bus i s  faster  than the response time of 1 . 1  sec estimated 
for a comparable s t raight  bus. These response times are much longer 
than passenger car response times ( i  .e. , approximately 0.2 sec) . Never- 
theless, the findings for both steering gain and response time appear 
t o  indicate t h a t  the handling qualit ies of the articulated bus will be 
similar t o  those achieved by s t raight  buses in turning maneuvers typi- 
cal of normal driving. 

Since the subject bus i s  art iculated, the turning performance 
of the t ra i l ing  unit needs t o  be examined. With regard to steady turns, 
the articulation angle i s  predicted t o  be largely independent of 
lateral  acceleration ( the influence being less than 1 degree of articu- 
lation angle per "g" of lateral  acceleration). Hence, the t ra i l ing  
unit i s  expected t o  track a desired curve with an articulation angle 
that i s  nearly proportional to path curvature. In other words, the 
tracking of the t ra i l ing  unit i s  predicted to be good in steady turns a t  
roadway speeds. 

Combination vehicles with the hitch point located behind the rear 
axle of the lead u n i t  tend t o  exhibit l ight ly  damped yaw oscillations 
of the t ra i l ing  unit. The results obtained for the articulated bus 
indicate the presence of t r a i l e r  swinging in response to a pulse of 
steering-wheel input. In the worst case studied, the amp1 itude of the 
yaw oscillation of the t r a i l  ing unit i s  decreased by a t  leas t  50 percent 
during the f i r s t  half cycle of the osci l la t ion,  In regard to this  
oscil lation, the damping provided by the articulation control l e r  helps, 
b u t  i t  i s  not large enough t o  have a major influence, The distribution 



of weight in the t ra i l ing  unit i s  important. The damping of the yaw 
oscillation of the t ra i l ing  unit will be reduced from the level pre- 
dicted by the simulation i f  the actual load distribution results in the 
location of the center of gravity of the t ra i l ing  unit being closer t o  
the rear axle than the value used in the computerized model. In con- 
t r a s t  t o  the predicted behavior of the articulated bus, a typical com- 
mercial tractor-semitrailer will have a heavily damped yaw response of 
the semi t r a i l e r .  Nevertheless, the damping of the yawing motion of the 
t ra i l ing  unit of th is  bus appears t o  be large enough t o  prevent trouble- 
some l ight ly damped oscil lations from persisting for  many seconds as can 
happen for some car-trai  l e r  combinations. 

In addition t o  the above findings concerning the basic nature of 
the directional response to  steering, certain matters related t o  control 
d i f f icu l t ies  and potential accident si tuations were pursued in this  
study. The specific situations addressed were (1  ) sudden lane changes 
to resolve t r a f f i c  confl ic ts ,  ( 2 )  accelerating in a turn on a sl ippery 
surface, and (3)  severe braking (re1 at ive to  the frictional potential 
of the tire/road interface) during a turn. 

Since the bus i s  slow t o  respond, the ab i l i t y  of drivers t o  avoid 
obstiacles by sudden steering maneuvers (e.g. ,  a rapid lane change) may 
be somewhat limited. Based on calculated results for traveling a t  100 
Km/hsr, a driver that i s  "looking" a t  leas t  1.5 seconds ahead should be 
able to change lanes successfully (without an undue amount of t r a i l e r  
swinging or other undesirable response) thereby avoiding the obstacle. 
Presumably, t h i s  i s  the type of performance that  drivers of s t raight  
busels have learned t o  use w i t h  acceptable resul ts .  

A unique feature of th i s  articulated bus i s  that the rearmost 
axle i s  driven. In this  sense, the articulated bus differs  from almost 
a l l  other combination vehicles. Due to the presence of drive thrust 
a t  the rear axle, t i r e s  on the t ra i l ing  unit may experience reduced 
side force capability during acceleration. If the rear wheels begin 
to spin on a slippery surface, the rear unit o f  the vehicle will 
straighten out w i t h  respect t o  the front unit. I n  th i s  case, the rear 



u n i t  may s t r i k e  adjacent vehicles,  This behavior may be something t ha t  
bus dr ivers  will need t o  be aware of in order t o  prevent low-speed 
accidents when turning a t  icy s t r e e t  corners. I t  i s  worth noting t h a t  
the force developed by the a r t i cu la t ion  control ler  wil l  tend t o  in- 

crease the  r a t e  a t  which the rea r  u n i t  s t ra ightens  out during accelera- 
t ion in a turn on a s1 ippery surface. However, the same basic 
phenomenon (straightening out)  wi 11 occur i f  the a r t i cu l a t i on  control l e r  
i s  completely disabled. 

Not surpr is ingly ,  the a r t i cu la ted  bus i s  d i rec t iona l ly  unstable 
i n  bra king-in-a-turn maneuvers a t  braking 1 eve1 s su f f i c ien t  t o  cause 
wheel lockups on the rea r  o r  middle axle.  (Almost a1 1 highway vehicles 
a r e  unstable i f  wheels lock on axles other than the f ron t  ax le . )  How- 
ever,  predicted r e su l t s  fo r  bra king-i n-a-turn maneuvers provide the 
means fo r  examining the performance of the a r t i cu la t ion  con t ro l l e r  i n  

preventing the bus from "folding up." Based on the predicted r e su l t s ,  
the c:ontroller has su f f i c i en t  torque capabi l i ty  t o  l im i t  the a r t i cu l a -  
t ion angle t o  a preset  value of approximately 8 degrees i f  the  d r ive r  
does not s t e e r  t o  t r y  t o  regain the or ig inal ly  intended path. 
In teres t ingly ,  i f  the d r ive r  does s t e e r  t o  attempt t o  achieve the de- 
s i red  path, there a re  cases in which the simulated values of the maxi- 
mum torque capabil i t y  of the a r t i cu la t ion  control 1 e r  a r e  not large 

enough to  l imi t  the a r t i cu la t ion  angle t o  8 degrees. In pract ice ,  
the d r i v e r ' s  control act ions a r e  very d i f f i c u l t  t o  predict  when the  
vehicle i s  e ssen t ia l ly  out of control .  Possibly, the  dr iver  will 
attempt t o  modulate the braking level t o  eliminate wheel lock. In t ha t  
c a se ,  the f a c t  t ha t  the a r t i cu la t ion  control l e r  prevents or  s i g n i f i -  
cantly reduces the tendency f o r  the a r t i cu la t ion  angle t o  grow beyond 
reasonable bounds may provide the d r ive r  w i t h  an opportunity t o  regain 
directional  control .  The dr iver  would not have had t h i s  opportunity 
i f  a rapid jackknife or  a large unobserved t r a i l e r  swing had occurred. 

Incidenta l ly ,  in establ ishi ng braking levels  t ha t  would cause 
wheel lock, the performance of the bus with and without a re tarder  was 
examined. The basic observation resul t ing from this examination i s  that  
the brake proportioning ( f ron t  t o  rea r )  i s  be t t e r  when the  re tarder  



torque i s  present. Without the retarder,  the middle axle of the 
vehicle will lock up considerably before the other axles do, thereby 
causing the vehicle t o  have a strong jackknifing tendency. 

Although the predictions presented in this  report are based on a 
comprehensive vehicle model, they are t o  be viewed as guides for 
developing plans for  testing the prototype bus. Certain c r i t i ca l  
vehilcle parameters were not known exactly. Accordingly, estimated 
values were used in the computerized model. In particular,  the steady 
turning resul t s  (understeer, etc.  ) are highly dependent upon the com- 
pliance in the steering system. The distribution of mass and the c.g. 
location for  the t ra i l ing  unit may d i f f e r  between the prototype vehicle 
and the simulated bus. Hence, the swinginq tendency of the t r a i l  i n g  

u n i t  may be under- or over-estimated in the predicted resul ts .  Para- 
metric values associated w i t h  the articulation controller were based on 
cal ci~lations--not component t e s t s .  Possibly, the representation of 
the controller may not be completely correct. Furthermore, the torque 
capalhil i t i e s  of the installed brakes may n o t  be very close to those 
estimated. Obviously, accurate predictions of vehicl e performance 
depend upon obtaining accurate data describing the vehicle. Neverthe- 
less ,  the predicted resul ts  are very useful in that they provide a 
foundation for determining i f  vehicle t e s t s  are  yielding resul t s  that 
are  ei ther  explainable or unexpected. 

The t e s t  procedures recommended in Section 3 .0  are structured to  
allow the experimenters t o  make maximum use of the predicted resul ts  
obtained in th i s  study. I n  t h i s  regard, the understanding and experi- 
ence gained by HSRI in simulating the vehicle could be used t o  MTC's 
advantage i f  HSRI were t o  participate in the testing of t h i s  bus. 



REFERENCES 

1. MacAdam,C.C.,Fancher,P.S.,Hu,G.T.,andGillespie,T.D. 
"A Computerized Model for Simulating the Braking and Steering 
Dynamics of Trucks, Tractor-Semitrailers, Doubles, and Triples 
Combinations. User's Manual - PHASE 4." MVMA Project 1 1  97, 
Highway Safety Research Institute, University of Michigan, 
Report #UM-HSRI-80-58, September 1980. 

2. Ervin, R.D., et al. "The Yaw Stability of Tractor-Semitrailers 
During Cornering. " Final Report, Contract DOT-HS-7-01602, 
Highway Safety Research Institute, University of Michigan 
Report #UM-HSRI-79-21, June 1 979. 

3 .  Proposal Response to RFP No, '523-8, "Measurement of Pavement- 
Truck Interaction Under Experimental Conditions. " Submitted 
to Federal Highway Administration by Highway Safety Research 
Institute, University of Michigan, October 10, 1978. 
(Contract No. FH-11-9577) 


